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Thesis summary 
 

Understanding the impacts of land-use change and management decisions 

within oil palm on insect assemblages in Peninsular Malaysia and Borneo 
 

Matina Faika Harianja 

 

Being one of the world’s biodiversity hotspots, Southeast Asia’s rainforest is home to an 

extremely high density of species. However, the region has lost a high proportion of its 

rainforest as a result of logging and conversion to agriculture since the early 1970s, 

causing declines in species diversity across wide-ranging taxa. Studies have found that 

this loss has been driven by changes in microclimatic conditions, resources (for feeding, 

breeding, protection against predators, and refuge during extreme weather events), and 

connectivity. Invertebrates, in particular, have been found to decline in richness, 

abundance, and biomass with land-use change (although logging seems to have much 

less of an impact than converting forest to agriculture), causing concerns over the various 

functions they support in the ecosystem, including nutrient recycling, pollination, and 

biological control.  

Despite an increasing number of studies, the effects of habitat change and 

alternative management options on many invertebrate taxa remain unknown, making 

studies assessing them a priority for informing targeted and successful conservation 

efforts. In this thesis, I investigated the impacts of rainforest logging and conversion to 

oil palm on semi-aquatic bugs (Gerromorpha, Hemiptera), representing aquatic 

communities, as well as management decisions by oil palm smallholders within existing 

plantations on butterflies (Rhopalocera, Lepidoptera), representing terrestrial 
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communities. Studies took place in Sabah, Malaysian Borneo for semi-aquatic bugs 

(Chapters 2 – 4) and Selangor, Peninsular Malaysia for butterflies (Chapters 5 & 6). 

In Selangor, I also studied the effects of environmental conditions at a smaller scale, 

particularly how habitat structure and complexity within smallholder plantations 

affected the resource-use behaviour of butterflies.  

 In Chapter 2, I developed length-biomass equations which can be used to predict 

the biomass of semi-aquatic bugs from their body lengths. Biomass can be a good 

indicator of ecosystem function but obtaining these data can be costly and difficult. I 

found that power regression equations gave the most accurate estimations of biomass 

across life stages, particularly when taking into account the body forms of semi-aquatic 

bugs. In Chapter 3, I investigated the impacts of forest conversion for logging and oil 

palm on semi-aquatic bug communities. Despite being sensitive to anthropogenic 

disturbance and ecologically important (they are predators of invertebrates and prey for 

some invertebrates and vertebrates), semi-aquatic bugs are little studied in the region. 

The abundance and species richness were lower following forest conversion, whilst total 

biomass was not affected, potentially indicating the robustness of prey availability for 

predators of semi-aquatic bugs. In Chapter 4, I assessed the effects of within-stream 

physical structure and maintaining forested margins around oil palm streams on semi-

aquatic bugs. I found that, at the small-scale (along 10-meter transect), there was a 

significantly higher abundance of semi-aquatic bugs in oil palm streams with forested 

margins than those without, as well as significantly different community composition. 

However, species richness and total biomass remained unaffected.  

In Chapter 5, I investigated the effects of smallholder management decisions, in 

terms of replanting and crop choices after replanting (monoculture vs polyculture), on 
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butterfly assemblages. I found that smallholders managed their plantations in widely 

different ways, resulting in differing habitat structure and complexity across plantations, 

but that broad management decisions (immature monoculture, immature polyculture, 

and mature monoculture plantations) did not significantly impact the density or species 

richness of butterflies. Despite this, finer scale differences, such as more understory 

vegetation, including nectar sources for adult butterflies, as well as polyculture farming, 

increased the density of butterflies. In Chapter 6, I studied the impacts of habitat 

structure and complexity, associated with management decisions, on the resource-use 

behaviour of butterflies. Although data were limited, I found that the novel methods 

developed for this chapter are promising and can provide detailed information at a small 

scale, which could be applied in other habitat types. 

 In conclusion, this thesis found that semi-aquatic bugs are sensitive to rainforest 

logging and conversion to oil palm. I also demonstrated that conservation management 

around streams (by maintaining forested margins) and within plantations (by 

maintaining understory vegetation including hostplants and nectar sources, as well as 

polyculture farming) can increase the abundance of semi-aquatic bugs and butterflies, 

respectively. I also demonstrated that agricultural habitats do not support forest-

dependent species, at least within the two taxa studied here. Therefore, in addition to the 

evident negative impacts on many other taxa that existing studies have found, this 

confirms that preventing further forest conversion remains a priority for biodiversity 

conservation. Nevertheless, conservation management options I have identified open up 

opportunities to better support persisting species within altered habitats, particularly oil 

palm systems, potentially increasing biodiversity and associated ecosystem processes 

across the wider landscape.  
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samples. Matthew Hayes contributed to the photographs of semi-aquatic bugs in the 

“Methods and materials” section of Chapter 2. Yoav Zemel and Lennie Wells, based in 

the University of Cambridge's Statistical Laboratory, helped Martina F. Harianja with 

biomass estimation using power regressions (Chapter 2) as well as coding for the 

reproducibility of Canonical Correspondence Analysis (CCA) outputs (Chapter 3 and 4) 

in R, respectively. 

 

 

Chapter 5 & 6:  

Studies were conceptualised by Martina F. Harianja and Edgar C. Turner. Development 

of methods for the butterfly survey and environmental data were prepared by Martina F. 

Harianja, Edgar C. Turner, Jake Stone, and Sarah H. Luke. The establishment of 

smallholder network was conducted by Jake Stone, Martina F. Harianja, Wan Zaki Wan 

Mamat, Muhammad A. Hadi, and Badrul Azhar. All butterfly surveys for both chapters 
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Hadi, with Jake Stone helping at the beginning of data collection for Chapter 6. 

Environmental data for Chapter 5 were collected by Jake Stone, Wan Zaki Wan Mamat, 

and Muhammad A. Hadi, whilst for Chapter 6 data were collected by Martina F. 

Harianja, Wan Zaki Wan Mamat, and Muhammad A. Hadi. Environmental data for 

Chapter 5 were curated by Jake Stone and Martina F. Harianja, whilst for Chapter 6 data 
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Data analysis and preparation of figures and tables were conducted by Martina F. 

Harianja, with advice from Edgar C. Turner. Maps of the study sites were generated by 
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inputs from Edgar C. Turner, Jake Stone, Badrul Azhar, Wan Zaki Wan Mamat, 

Muhammad A. Hadi, and Sarah H. Luke. Four anonymous reviewers provided feedback 

for each chapter, which have helped improved the contents (eight reviewers for Chapters 
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provided guides which have helped with the identification of understory vegetation 

within the smallholding plantations. Matthew Lewis helped Martina F. Harianja with 

trialling the method used in Chapter 6.  
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Chapter 1: General introduction – threats to biodiversity and 

ecosystem functions in Southeast Asia, with an emphasis on insects 

and Peninsular Malaysia and Borneo 

 

Abstract 

Southeast Asia is one of the most biodiverse regions on earth but has experienced among 

the highest rates of forest conversion. Modifications of natural systems by humans in the 

region have altered environmental conditions, the structure of ecological assemblages 

and ecosystem processes. A growing number of studies have assessed the impacts of 

anthropogenic disturbance on taxa, but much attention has focussed on charismatic 

vertebrates, such as elephants, orangutans, and tigers, with other taxa, such as insects 

(Hexapoda, Arthropoda), which carry out numerous ecological functions, often being 

understudied. In this chapter, I lay out a general overview of the state of biodiversity in 

Southeast Asia, including existing studies on insect diversity, as well as persisting threats 

to wildlife in the region, including insects. I also discuss the functions insects play in the 

environment and explain the importance of conservation of insects for the stability of 

ecosystem functioning, including provision of ecosystem services for humans. To 

complete this chapter, I provide taxonomic, life history, and ecological information on 

the two focal taxa investigated in this thesis: semi-aquatic bugs (Gerromorpha, 

Hemiptera) and butterflies (Rhopalocera, Lepidoptera). I finish with summaries of all 

data chapters (Chapter 2 – 6). 
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1.1 | Current state of biodiversity and ecosystem functioning in 

Southeast Asia  

 

1.1.1 What is the level of biodiversity in Southeast Asia? 

Southeast Asia is estimated to have had (prior to conversion) primary vegetation 

covering as large an area as 4,307,800 square kilometres, with 56,120 and 6,220 plant 

and vertebrate species found in the region, respectively (Myers et al., 2000 - this 

estimation included Yunnan province in China, eastern Bangladesh, and north-eastern 

India, which are considered parts of Indo-Burma). Among these species, 29,332 and 

2,276 endemic plant and vertebrate species have been recorded (Myers et al., 2000). 

Information on the exact number of invertebrate species found in the region is lacking 

(Giam et al., 2010), but it is estimated to be much higher than the vertebrate species, 

with insects (Hexapoda, Arthropoda) making up around 95% of all species (Myers et al., 

2000).  

Sodhi et al. (2004) outlined several drivers for the extremely high level of 

biodiversity in Southeast Asia, of which the rise and fall of sea level throughout 

geological times is thought to be the most important factor (Sodhi et al., 2004). 

Geographical isolation during times of high sea level (Sodhi et al., 2004) are likely to 

have driven reproductive isolation and speciation, while falls in sea level may have 

reconnected populations and facilitated migration into the region from temperate 

Northern Asia (Sodhi et al., 2004). Finally, the warm climate and high level of 
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precipitation in the region is likely to have allowed organisms to grow and reproduce 

throughout the year, potentially resulting in high speciation rates (Sodhi et al., 2004).  

 

1.1.2 Ecology of tropical rainforests 

Tropical rainforests in Malaysia are evergreen and characterised by humid microclimate 

and tall tree canopy (45 meters or more) (Alias, 1995; Edwards et al., 2014), with rains 

that fall throughout the year (Hewitt et al., 2010). There are no distinct differences in 

radiation, temperature, or precipitation within a year (Kumagai et al., 2005). The average 

annual air temperature and precipitation in the rainforests in Southeast Asia is 27-degree 

Celsius and 2,800mm, respectively (Daisuke et al., 2013). Southeast Asian lowland 

rainforests are dominated by broadleaf trees of the Dipterocarpaceae family (Brown & 

Whitmore, 1992; Hewitt et al., 2010; Whitmore, 1984), and contain epiphytes (Alias, 

1995). Malaysia’s rainforest is estimated to contain over 8,000 flowering plant species, 

200 mammal species, 600 bird species, 110 snake species, and thousands of insect 

species (Alias, 1995).  

Rainforests play numerous functions, ranging from provision of oxygen and food 

sources for both terrestrial and aquatic organisms (e.g., from inputs of leaf litters into 

waterways), carbon sequestration, control of surface runoff, and water conservation 

(Kumagai et al., 2005). For wildlife, rainforests provide more microhabitats than any 

other biomes, one key reason for the extremely high biodiversity they contain, and why 

disruption to or removal of rainforests causes declines in species diversity (Gardner et 

al., 2009; Spitzer et al., 1993). However, Southeast Asia lost about 14.5% of its forest 

cover between 2000 and 2010 (Hughes, 2017; Miettinen et al., 2011), compared to the 
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73% of forest cover across the total land area that was still present in the region in 1973 

(Hughes, 2017). 

 

1.2 | Effects of logging and oil palm in Southeast Asia 

1.2.1 Effects of logging  

Globally, intact forest landscapes (continuous forest with no evidence of human 

influence and a minimum size of 500 square kilometres) have declined by 1.5 million 

square kilometres since the 2000s (Kan, et al., 2023). The major drivers for this loss are 

logging, agriculture, mining, and construction of facilities for energy, and all these 

factors are influenced by international demands (mostly from timber markets [51%] and 

mining and energy needs [26%]) (Kan et al., 2023). In Southeast Asia, the rate of 

deforestation is the highest compared to other tropical regions (Giam et al., 2010), and 

logging (with Dipterocarps dominating markets of tropical timbers, Krishnapillay, 2004) 

has been one of the main drivers (Wilcove et al., 2013). Historically, the growth of 

industrial-level logging at the global scale started around the 1940s, i.e., post second 

world war, and was characterised as clear-cutting (Shearman et al., 2012). In Southeast 

Asia, industrial-level logging started around the 1970s (Gaveau et al., 2014), and the 

region is the main producer of tropical timbers globally (Asner et al., 2009). The main 

product from logging is timber for infrastructure and furniture, while the rest is used for 

production of paper (Pasternack et al., 2022). In Sabah (one of the states in Malaysian 

Borneo), 47% of the land area (around 36,049 km square) is categorised as Permanent 

Forest Estate (PFE), but 74% of this is used as production forest, while the rest is 
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protected (Hewitt et al., 2010). In the eastern part of Sabah, most of the cleared land has 

been planted with oil palm, with other areas are used for timber production (Hewitt et 

al., 2010). 

 Logging alters the vertical and horizontal structural complexity of forests, with 

closed canopy conditions being lost when trees are cut down for timber, (Riutta et al., 

2018), causing the loss of microhabitats for canopy-dwelling taxa (Willott et al., 2000). 

The recovery of canopy cover to its initial state can take decades. Furthermore, the 

development of road access can cause destruction to the vegetation where the roads are 

developed, as well as compaction of topsoil and subsoil, reducing the amount of water 

stored below ground (Douglas, 2022). Such compaction also results in more surface 

runoff and hence erosion (Douglas, 2022). Furthermore, logging can change the 

vegetation composition of an area (Hamer et al., 2003), with some species benefitting 

from the higher light (such as climbers/ vines), but others declining (Edwards et al., 

2014). One study conducted in Sabah, Malaysian Borneo found a differing assemblage 

composition of fruit-feeding butterflies between primary forest and forest that had been 

selectively logged 10-12 years before, but there was no significant difference in the 

diversity of butterflies (Hamer et al., 2003). In particular, the selectively logged forest 

was dominated by butterflies that preferred gaps, with reduction of butterflies that 

preferred shade (Hamer et al., 2003).  

In addition to the above examples, there is mounting evidence that logging in the 

region has driven a decline in species diversity (Gibson et al., 2011; Meijaard et al., 

2020; Wilcove et al., 2013) and altered community composition across terrestrial and 

aquatic taxa (Wilcove et al., 2013; Luke et al., 2014). Apart from of the loss of 

microhabitats and resources required by wildlife because of logging, the creation of 
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logging roads has made it easier for poaching to take place (Edwards et al., 2014). The 

high rate of rainforest loss in Southeast Asia represents a significant threat to 

biodiversity, particularly because of the high number of species and level of endemism 

in the region (Myers et al., 2000). For invertebrates (including insects), understanding 

this issue is urgent because, despite their many functions in the ecosystem, insects are 

understudied (Luke et al., 2023) and rarely legally protected (Strayer, 2006). 

Besides affecting wildlife, anthropogenic disturbance on land and water often has 

impacts on humans as well. Many studies and cases have provided evidence for such 

cascading effects (e.g., Jha et al., 2013; Wu et al., 1999). For example, forest clearance 

around the great lake in Cambodia, resulted in lower fish catches (Dudgeon, 2000; 

Welcomme, 1979). However, despite all these impacts, logged forests can still be 

valuable for conservation and provide more and better microhabitats and resources for 

wildlife than agricultural landscapes or even primary forests (particularly that are 

isolated or surrounded by other land-uses, causing loss of connectivity) (Edwards et al., 

2014). For example, some species can benefit from the canopy gaps created from timber 

harvesting (Edwards et al., 2014). Logged forests also can store more carbon (Riutta et 

al., 2018) and often have lower local air temperatures than agricultural landscapes 

(Edwards et al., 2014). Nevertheless, although some species appear to benefit from 

logging, other taxa can still be disadvantaged. Therefore, further studies assessing the 

impacts of logging on understudied taxa are needed.  
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1.2.2 Effects of rainforest conversion to oil palm 

The leading agricultural drivers for rainforest conversion in Southeast Asia are rubber 

(Hevea brasiliensis) and oil palm (Elaeis guineensis) cultivation (Wilcove et al., 2013). 

Palm oil is the most consumed vegetable oil source worldwide (210Mt), used as cooking 

oil, feed for animals, ingredients for food and beverages, cosmetics, and biofuel 

(Meijaard et al., 2020). Additionally, oil palm is the most efficient source of vegetable 

oil (in terms of oil production per hectare), far higher than other oil-producing crops, 

such as soybean and rapeseed (Meijaard et al., 2020). In particular, the annual average 

oil palm yield is 4.2 tons ha-1 year-1, whilst soybean and rapeseed produce 0.4- and 1.2-

tons ha-1 year-1, respectively (Comte et al., 2012). Globally, the highest production of 

palm oil occurs in Malaysia and Indonesia (accounting for 70% of total crop area 

globally, Gómez et al., 2023). Oil palm was first introduced to Southeast Asia in the 

1950s from tropical Africa (Meijaard et al., 2020) and its global area coverage has tripled 

since the 1980s (Comte et al., 2012). The initial expansion of oil palm resulted in large-

scale deforestation and caused the loss of biodiversity (Foster et al., 2011; Meijaard et 

al., 2020). For example, the expansion of oil palm is calculated to have contributed to 

50% of rainforest loss in Malaysian Borneo between 1972 and 2015 (Meijaard et al., 

2020). 

Species declines can be driven by a change in habitat features or loss of 

microhabitats. For instance, in Sumatra, Indonesia, rainforest conversion to rubber or oil 

palm changes the community composition of canopy ants (Nazarreta et al., 2020) and 

reduces the species richness, abundance, and average biomass (mg/ m2) of parasitoid 

wasps (Azhar et al., 2022). Such a loss or decline in species can reduce prey availability 
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for larger organisms, as well as impacting functions that these species contribute to in 

the system, such as being predators and decomposers (ants) or predators and parasitoids 

of pests (wasps). 

How plantations are managed have impacts on the environment, affecting 

biodiversity and ecological processes. Management of oil palm plantations include 

management during replanting, as well as soil, crop, and within-plantation management. 

Oil palm is a perennial crop that is replanted approximately every 25 years (Snaddon et 

al., 2013). Canopy cover and complexity of the crop develops as oil palm ages, helping 

to maintain relatively cooler microclimatic conditions, particularly in comparison to 

newly replanted or younger plantations (Luskin & Potts, 2011). Consequently, less 

extreme microclimatic conditions in older plantations can support a wider range of 

species, particularly those that depend on a relatively cool temperature and higher 

humidity. For instance, a study conducted in industrial oil palm plantations in Sumatra, 

Indonesia have shown that mature plantations can support more frog species than 

immature plantations (Kurz et al., 2016). 

The application of fertilizers as well as herbicides and pesticides within oil palm 

plantations are known to be harmful for soil and aquatic biota (Darras et al., 2019; Izah 

et al., 2016), and cause health problems to people who spray the chemicals (Sulaiman et 

al., 2019). Furthermore, different management of within-plantation conditions by 

growers can have varying impacts on microclimatic conditions and local organisms. For 

instance, some growers leave understory vegetation in their plantations (Luke et al., 

2020; Tohiran et al., 2019), while others regularly cut or spray them with herbicides 

(Allen et al., 2015), causing loss of microhabitats and resources for some species (e.g., 

Azhar et al., 2015; Luke et al., 2019a). Additionally, leaving the plantation floor clear of 
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understory plants can increase surface runoff, which results in the loss of material that is 

important for soil cycling, such as silicon (Greenshields et al., 2023).  

Large-scale oil palm plantations tend to grow oil palm only (monoculture), while 

smallholders also grow oil palm as a polyculture (Shuhada et al., 2020). Polyculture is 

often practiced during the early years of oil palm cultivation to gain additional income 

before oil palm begins to produce fruit bunches, usually at three years of age. As the oil 

palm matures, smallholders generally switch to monoculture. Such variability in crop 

management can affect the population dynamics of species occupying the agricultural 

landscape. For instance, oil palm polyculture with fruit crops can support higher numbers 

of fruit-feeding butterfly species (Asmah et al., 2017) as well as butterflies that use other 

parts of the crop as their host plants, such as caterpillars of Erionota thrax (Hesperiidae) 

that feed on banana leaves (Okolle et al., 2006).  

 

1.2.3 Ecology of and threats to lotic ecosystems in the region 

(streams and rivers) 

Of the global land surface, freshwater ecosystems cover only 2.3% (Reid et al., 2019), 

with insects in the order of Diptera being the major freshwater animal taxon worldwide 

(Covich et al., 1999). Tropical streams and rivers in Southeast Asia (including Malaysia) 

are usually permanent (filled with water all year long) and provide a habitat for numerous 

species (Dudgeon, 2000). For instance, the Kapuas River in Borneo is known to contain 

290 species of fishes (Dudgeon, 2000). Additionally, there are many terrestrial species 

that are closely linked to riverine habitats in the region, including proboscis monkeys 
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(that occupy trees along riverbanks), tapirs, elephants, and rhinoceros (Dudgeon, 2000). 

However, the exact number of species of freshwater invertebrates in Southeast Asia is 

unknown (Dudgeon, 2000, Strayer, 2006). Some common freshwater invertebrates that 

can be found in the region include polychaetes, amphipods, isopods, bivalves, 

gastropods, decapods (crabs, shrimps, prawns), and a range of freshwater  insects (e.g., 

chironomids, caddisflies, hemipterans, plecopterans, damselflies and dragonflies, and 

moths) (Dudgeon, 2000).   

Within lotic systems, invertebrates play numerous functions, such as being food 

for other species or predators of other organisms, litter decomposers, and contribute to 

nutrient cycling (Covich et al., 1999; Spence & Andersen, 1994; Macadam & Stockan, 

2015; Malmqvist, 2002). For instance, benthic invertebrates are known to decompose 

approximately 20 – 73% of leaf litter that enter headwater streams (Covich et al., 1999). 

Furthermore, due to their high sensitivity to environmental disturbance, such as metal 

pollution, some aquatic insects are good indicators of stream condition (e.g., those in the 

order of Ephemeroptera, Plecoptera, and Trichoptera, Batty et al., 2010), and are used as 

a tool to assess water quality (such as the Biological Monitoring Working Party scores, 

Maltby et al., 2010). Finally, freshwater insects also provide many other services for 

humans, including being inspiration for producing arts and literatures (Macadam & 

Stockan, 2015). 

Environmental conditions of streams and rivers are affected by several factors, 

ranging from climate, geology, topography, to modifications by humans (Tang et al., 

2020). In Southeast Asia, monsoon winds have important roles in the ecology of streams 

and rivers. They can control the amount of precipitation and water flowing in streams 

(“seasonal flow”), causing drought during the dry season in some areas (although the 
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dry season is generally not distinct in tropical wet climatic areas [Kishimoto-Yamada & 

Itioka, 2015]), but flooding during the wet season (Dudgeon, 2000). Such dynamics can 

change the species assemblage between seasons, although an aseasonal pattern in 

assemblage composition is more common in areas with a tropical wet climate 

(Kishimoto-Yamada & Itioka, 2015), where there are no significant differences in 

macroclimatic conditions throughout the year (Kumagai et al., 2005).  

The condition of catchment and riparian areas (areas that surround a water body) 

can also have a large influence on freshwater biota (Dudgeon, 2000; Tang et al., 2020). 

This is because freshwater systems receive impacts and inputs from the catchment and 

riparian areas (“land-water continuum”), which then affect freshwater assemblages. For 

instance, studies have found that deforestation alters the dynamics of seasonal flow in 

tropical Asian streams by increasing surface runoff, which then causes sedimentation 

and increases the intensity of flash floods during the wet season (Dudgeon, 2000). 

Additionally, erosion and siltation increase water turbidity and reduce primary 

productivity (Dudgeon, 2000; Welcomme, 1979), as well as changing the physical 

characteristics of freshwater systems (such as a reduction in channel width and depth 

due to sedimentation, Luke et al., 2017a). Consequently, aquatic species that are highly 

dependent on the natural state of water characteristics or specific features within a stream 

can be lost or reduced in abundance (e.g., Kano et al., 2019; Konopik et al., 2015; Luke 

et al., 2017b; Mercer et al., 2014). For instance, forest loss can cause declines in fish 

species, due to siltation and loss of allochthonous inputs, such as woody debris and leaf 

litter (Lo et al., 2020). Considering all these factors, impacts of anthropogenic 

disturbances therefore can be more severe on freshwater than terrestrial ecosystems, with 
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the rate of loss of freshwater species being up to three times higher than their terrestrial 

counterparts (Birnie-Gauvin et al., 2023). 

 Cultivation of oil palm also impacts streams and rivers. Oil palm plantations have 

ditches for drainage and often have streams and rivers running through them. Runoff of 

nutrients and pollutants (such as herbicides, pesticides, and wastewater) into waterways 

can alter chemical and physical conditions of stream or river (Comte et al., 2012). 

Consequently, this can cause declines in species richness or abundance (e.g., Carvalho 

et al., 2018; Deere et al., 2022; Luke et al., 2017b), and altered assemblage or community 

composition of aquatic species (e.g., Chellaiah & Yule, 2018; Dias-Silva et al., 2020a). 

Furthermore, deforested riparian areas tend to cause more erosion, sedimentation (de 

Paiva et al., 2017), hotter water temperature (Rojas-Castillo et al., 2023), and result in 

lower allochthonous inputs for freshwater animals (Juen et al., 2016; Luke et al., 2017b; 

de Paiva et al., 2017; Rojas-Castillo et al., 2023). Considering all the above, 

understanding the specific impacts of oil palm management can help to improve efforts 

to increase the sustainability of palm oil production, as well as make it more effective 

by tailoring management options to the type of stakeholders (industry or smallholding). 

Other threats to freshwater biota come from modifications of waterways by 

humans through abstraction, channelization, and dam constructions (Dudgeon, 2000). 

All these modifications can alter or reduce the flow regime of waterways, and impact 

freshwater species (Poff, 2009). For instance, construction of dams can alter the flood 

regime in rivers, which naturally occur during the wet season in monsoonal Asia 

(including Southeast Asia) (Dudgeon, 2000), limiting peak flow which river organisms 

are naturally adapted to (Dudgeon, 2000; Scott et al., 2019). Additionally, pollution, such 

as wastewater from agriculture, industries, and housing (Dudgeon, 2000) as well as 
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plastics (Azevedo-Santos et al., 2021), contaminate waterways and affect freshwater 

biota by changing or removing their microhabitats. Overharvesting (Dudgeon, 2000) and 

biomass burning of peat and rainforest (Chaturvedi & Mansi, 2022) are also threats to 

freshwater species in the region. Finally, climate change can exacerbate the existing 

impacts that are already caused by human actions (to Bühne et al., 2021; Dudgeon, 

2000). For instance, increasing water temperature, which can result from both more-

open conditions during forest disturbance as well as from the impacts of climate change, 

can affect the physiology and reproduction of fishes, potentially causing loss of sensitive 

species (Ficke et al., 2007). 

 

1.3 | Conservation efforts in altered systems in Southeast Asia 

In addition to protecting intact forest areas, conservation efforts in Southeast Asia have 

been conducted within altered systems, such as logged forest and agricultural 

landscapes. To reduce the negative impacts of logging, approaches have been suggested, 

such as leaving old-growth fragments within logged forest areas as refuges for canopy-

dwelling and temperature-sensitive taxa and preventing rapid conversion and loss of 

logged forest to other habitats (Edwards et al., 2014). Additionally, programs have been 

initiated to encourage and provide incentives for protection of forests, such as the 

REDD+ (Reduce Emissions from Deforestation and forest Degradation, and enhance 

carbon stocks), which include carbon credit schemes (Duchelle et al., 2018). 

In the context of oil palm, The Roundtable on Sustainable Palm Oil (RSPO) was 

founded to improve the sustainability of palm oil production. The RSPO was founded in 
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2004 and provides advice (principles and criteria) for industries and smallholders on 

managing oil palm to promote the sustainability of its production, covering economic, 

environment, and social aspects (RSPO, 2018). Stakeholders (companies and 

smallholders) receive certification of their products once they fulfil the criteria set by the 

RSPO. For ecosystem health and biodiversity, several recommendations are included in 

Principle 7, ranging from integrated pest management (IPM), waste, soil, and water 

management, reduction of air pollution and greenhouse gas (GHG) emissions, 

prohibition of fire use, as well as advice related to practices for land clearing (RSPO, 

2018). For water management, the principle and criteria are accompanied by the “RSPO 

Manual on BMPs (Best Management Practices) for the management and rehabilitation 

of riparian reserves”, which provides detailed advice and information on more-

sustainable management of freshwater systems within plantations (Barclay et al., 2017).  

Maintaining riparian buffer strips along streams/ rivers within plantations is 

included in the RSPO’s principle and criteria for water quality protection, bank 

stabilisation, flood protection, carbon storage and sequestration, and biodiversity 

conservation (Barclay et al., 2017). The size of riparian buffer strips within agricultural 

landscapes depends on the regulations within each country, but when absent, the RSPO 

recommends waterways to maintain or restore at least five meters of riparian buffer strips 

on each side of one to five-meter permanent water bodies, with larger buffers 

recommended for larger waterways (Barclay et al., 2017). However, the recommended 

minimum size of buffer strips for water quality protection and bank stability may not be 

sufficient to protect biodiversity (Barclay et al., 2017; Luke et al., 2019b), making 

assessments of the impacts of buffer strips on differing taxa an important conservation 

question to improve protection for wildlife. 
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1.4 | Knowledge gaps 

Despite a growing number of studies assessing ecological impacts of anthropogenic 

disturbances on biodiversity, understanding of the responses to land-use change of 

several functionally important taxa, such as insects, is still lacking (Lo, et al., 2020). 

Furthermore, despite the potential conservation value of logged forests (Edwards et al., 

2014; Struebig et al., 2013), there is still a gap in understanding of how differing taxa 

respond to logging. Addressing these gaps can improve strategies for biodiversity 

conservation. There are also gaps in understanding of the impacts of management within 

oil palm systems on biodiversity and ecosystem processes (Popkin et al., 2022).  

Widely differing management practices within industrial and smallholding oil 

palm plantations can have substantial but different effects on local species. For example, 

the impacts of replanting on persisting taxa within oil palm plantations are relatively 

understudied (Popkin et al., 2022). Understanding of how environmental disturbance and 

management decisions affect different taxa is required urgently to make restoration 

projects successful. To achieve this goal, indicator taxa are often used to simplify 

monitoring of different management approaches. However, comprehensive evidence, 

based on a wider range of taxa, is needed for understanding patterns, because protection 

that is based on a single species may not always benefit other taxa (Borgelt et al., 2022). 

This is because different species may have differing requirements. Similarly, varying 

management practices can result in different impacts, thus understanding how they can 

benefit different taxa is useful to improve conservation efforts. 
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1.5 | Ongoing ecological projects for improving biodiversity 

conservation in Southeast Asia 

There are several ongoing large-scale projects in Southeast Asia, aiming to assess and 

understand the impacts of rainforest conversion on biodiversity and ecological 

processes, as well as how oil palm plantations can be managed to be more hospitable for 

wildlife and maintain ecosystem functioning. These include the SAFE (Stability of 

Altered Forest Ecosystems) Project in Sabah, Malaysian Borneo (Ewers et al., 2011; 

https://safeproject.net/), the BEFTA (Biodiversity and Ecosystem Functions in Tropical 

Agriculture) Programme in Riau, Sumatra, Indonesia (Luke et al., 2020; 

http://oilpalmbiodiversity.com/), and the ESSTA (Ecological and Social studies in 

Smallholder Tropical Agriculture) Project in Peninsular Malaysia.  

The SAFE Project is based on a collaboration among researchers (the South East 

Asia Rainforest Research Partnership (SEARRP), https://www.searrp.org/), the local 

government (Sabah Foundation, https://www.ysnet.org.my/), and an oil palm industry 

(Benta Wawasan, https://www.bentawawasan.com.my/corporate/company-profile/). 

Similarly, the BEFTA Programme is a collaboration between academic researchers and 

an oil palm industry (Sinar Mas Agro Resources and Technology Research Institute 

(SMARTRI), https://smartri.id/home/). Finally, the ESSTA Project is a collaboration 

between academic researchers and oil palm smallholders in Peninsular Malaysia. These 

large-scale research collaborations are important, not only to allow the extensive 

collection of the comprehensive data needed to understand the impacts of land-use 

change and management practices within agricultural landscapes on the environment 

and biodiversity, but also to provide a means by which results can be shared and 

https://safeproject.net/
http://oilpalmbiodiversity.com/
https://www.searrp.org/
https://www.ysnet.org.my/
https://www.bentawawasan.com.my/corporate/company-profile/
https://smartri.id/home/
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disseminated. This thesis benefits from the SAFE and the ESSTA projects, with Chapters 

2 – 4 using semi-aquatic bug samples collected from the SAFE Project sites, and 

Chapters 5 and 6 using butterfly samples from the ESSTA Project sites.  

 

1.6 | Focal taxa in this thesis 

1.6.1 Gerromorpha, Hemiptera 

Taxonomy, distribution, and life history 

Gerromorpha is a suborder within Hemiptera, consisting of semi-aquatic bugs which 

generally live on the surface of water (Andersen, 1982). There are around 2000 species 

of semi-aquatic bugs worldwide, although the exact number of species may be higher 

(Chen et al., 2021). Members in the group use surface tension to walk, skate, or row on 

the water and their legs are modified in different ways for this function (Andersen, 1982; 

Andersen et al., 2002). The bodies of semi-aquatic bugs are covered by hairs (micro- and 

macrotrichiae) which functions to prevent the bugs from drowning and are rainproof 

(Finet et al., 2018). Most semi-aquatic bug species live in freshwater systems, with a few 

being associated with the marine ecosystem (e.g., those in the genera of Halobates, 

Halovelia, Haloveloides, and Xenobates) (Andersen et al., 2002; Cheng, 1973). In 

addition, a few species of semi-aquatic bugs are terrestrial (Crumière et al., 2016). 

Evolutionarily, semi-aquatic bugs are known to be a monophyletic group (Andersen, 

1982; Damgaard, 2008; Zettel, 2014). The life cycle of semi-aquatic bugs is categorised 

as incomplete metamorphosis due to the absence of a pupal stage. Gerridae and Veliidae 

are the commonest families in the Gerromorpha (Andersen et al., 2002). 
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Ecology 

The life cycle starts with an egg, proceeds to the nymphal stage (four or five instars), 

and ends as adults (Andersen et al., 2002). The eggs are attached to substrates in or near 

the water (such as aquatic vegetation, leaf litter, and protruding rocks) (Cheng, 1973; 

Cheng et al., 2001), on floating vegetation (Cheng et al., 2001), in cavities or holes (such 

as tree holes, pitcher plants, and bromeliad plants (Kovac & Yang, 2000), in the soil-

litter, or as a gelatinous mass (Andersen, 1982). The nymphs are similar to the adults, 

but they generally have softer bodies and less developed (paler) colour patterns 

(Andersen et al., 2002; Cheng et al., 2001). The length of time needed for eggs to hatch 

depends on the temperature in the environment (Cheng et al., 2001). 

Semi-aquatic bugs are fluid-feeding predators and use their pair of fore legs to 

catch and hold prey (Cheng et al., 2001). They detect prey items visually or by sensing 

ripples on the water surface created by the prey (Cheng et al., 2001) , using 

mechanoreceptors on their legs, which are also used to detect predators (Finet et al., 

2018). They generally feed on other invertebrates (e.g., smaller arthropods, ostracods, or 

cladocerans [Andersen et al., 2002]), which are either aquatic or fall from terrestrial 

margins into the water bodies (Cheng et al., 2001). They are also reported to eat 

immature stages of mosquitoes as well as planthoppers, thus providing services for 

humans in the control of disease vectors and pests (Andersen et al., 2002; Nakasuji & 

Dyck, 1984). A range of invertebrates and vertebrates are predators of semi-aquatic 

bugs, such as spiders and fishes (Spence & Andersen, 1994; Zimmermann & Spence, 

1989). As a defence from predators, semi-aquatic bugs can have cryptic colouration or 

form aggregations on the water surface (Cheng et al, 2001; Foster & Trehene, 1981).  
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Different species of semi-aquatic bugs have different preferences for 

microhabitats on the water, and this is associated with differing adaptations of their body 

parts (Table S1.1). Since environmental change can alter the microhabitat of waterways, 

it can also change the composition of semi-aquatic bugs. Indeed, studies conducted in 

South America have shown that forest conversion for agriculture shifted the composition 

of semi-aquatic bug communities (Dias-Silva et al., 2020a; Juen et al., 2016). 

Interestingly, microhabitat preference can also differ across life stages in several species 

(Lansbury & Zettel 1997). For instance, the nymphs of the Genus Rhagovelia prefer 

slower-flowing water, while the adults prefer faster currents (Lansbury & Zettel 1997). 

In contrast, both nymphs and adults of the Genus Strongylovelia prefer slow moving 

parts of a stream (Lansbury & Zettel 1997).  

Another characteristic within populations of semi-aquatic bugs is that they can 

contain both winged and wingless adults. Generally, the number of wingless individuals 

is higher than winged (Cheng et al., 2001; Polhemus, 1994). However, an exception 

occurs in the Genus Limnometra, in which all adults are generally winged, and wingless 

individuals are rarely found (Polhemus, 1994). When present, the wings can be either 

long (which is functional for flight) or short (called brachypterous and too short for 

flight) (Cheng et al., 2001). Changes in the environment can also affect the proportion 

of winged and wingless adults. This could be because producing wings is considered 

costly and therefore winged individuals are more frequent in temporary habitats, such as 

temporary pools (since the ability to move to other water bodies becomes a priority, 

compared to those living in permanent streams and lakes [Andersen et al., 2002; Cunha 

et al., 2020]). Indeed, the presence of wings has been found to be associated with habitat 

permanence (e.g., ponds, streams) and quality (Cunha et al., 2020; Spence, 1983, 1988).  
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Most semi-aquatic bug species display sexual dimorphism (Cheng et al., 2001). 

Dimorphism can be in terms of size (males are usually smaller than females) or modified 

structures which exist only in one of the sexes (Cheng et al., 2001). Despite not always 

being clear, males and females can be differentiated by the differing structures of their 

genitalia, which are located on the eighth and ninth segments of their abdomens 

(Andersen, 1982). For instance, female and male individuals of the Genus Ptilomera can 

be distinguished easily by dorsolateral lobes at the last abdominal segment in females, 

but curved paramere (with setae) in males (Jehamalar et al., 2018). In addition, males of 

many species of Metrocoris have spines and teeth on their front legs, adapted to grasp 

females during mating (Cheng et al., 2001).  

 

Gaps in ecological studies on semi-aquatic bugs in Southeast Asia  

Semi-aquatic bugs are sensitive to heavy metal pollution (Nummelin et al., 2007) and 

have a relatively high dispersal ability (Cunha et al., 2020). Therefore, they represent a 

useful model to study environmental change within streams (Cunha & Juen, 2020; 

Cunha et al., 2020; Dias-Silva et al., 2020; Hall et al., 1985). The strong effects of stream 

environmental variables on this group have been shown in studies that found a lower 

diversity of semi-aquatic bugs in habitats that received anthropogenic disturbance 

(Cunha & Juen, 2017; Cunha et al., 2015; Dias-Silva et al., 2020). However, studies 

assessing the impacts of anthropogenic disturbance on this group are lacking in 

Southeast Asia, and we are aware of no studies that have specifically studied the effects 

of habitat change on this group in the region. 
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1.6.2 Rhopalocera, Lepidoptera 

Taxonomy, distribution, and life history 

Butterflies (Rhopalocera) are included in the order Lepidoptera, along with moths, 

categorised by the presence of scales on their wings. There are approximately 15,000–

21,000 butterfly species worldwide, with tropical regions housing the highest diversity 

of butterflies (Stork, 2018). There are 1051 and 944 butterfly species in Peninsular 

Malaysia (Corbet and Pendlebury, 2020) and Borneo (Otsuka, 2001), respectively. 

Butterflies undergo complete metamorphosis, including an egg, larval, pupal (chrysalis), 

and adult stage. The larvae and adult butterflies feed on different food sources, and this 

is related to differing feeding structures. In particular, the larvae have chewing mouth 

parts with large mandibles to chew the leaves of plants. On the other hand, the adults use 

their long proboscises to draw nectar from flowering plants. The larvae are often 

specialised and selective over what species of plants can act as their hosts. 

 

Ecology 

Butterflies primarily need nectar sources and host plants to support them (Corbet and 

Pendlebury, 2020). In areas where these two key requirements are present, they are often 

found in high abundance. In the food web, butterflies play several different functions. 

The larvae are herbivores and can be pests in monoculture plantations (Okolle et al., 

2006). The adults are pollinators for many wild plants (Corbet and Pendlebury, 2020) 

and are prey items of other animals (Wourms & Wasserman, 1985). 
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Butterflies are ectotherms, largely relying on the temperature of the environment 

to control their body temperature (Bladon et al., 2020). In the morning, they can be seen 

sunning (basking) to prepare for flight but can also seek cooler microclimates to cool 

down. Considering their life history, many butterfly species can be lost with habitat 

change, due to the loss of their hostplants, specific nectar sources for specialist species, 

favourable microclimatic conditions, and refugia (Dumbrell & Hill, 2005). Therefore, 

these factors could explain why many butterfly species disappear when primary forests 

are converted for agriculture (Koh, 2007).  

In addition to changes in habitat structure, the loss of sensitive butterfly species 

could be partly because of changes in microclimate (Bladon et al., 2020), with both 

tropical and temperate species showing wide variation in their tolerance towards high 

temperatures (Laird-Hopkins et al., 2023). Furthermore, some studies have found that 

climate change can exacerbate the effects of anthropogenic disturbance on butterfly 

assemblages, by having additional impacts on local temperatures (e.g., Habel et al., 

2021; Molina-Martínez et al., 2016). Considering all these factors, to improve butterfly 

conservation within altered habitats, it is important to identify persisting species within 

agricultural landscapes, understand the biology and behaviour of the persisting 

butterflies, then to manage the areas in ways that butterflies can be supported, such as 

by providing food resources across their life stages, as well habitat heterogeneity to 

facilitate butterfly thermoregulation (Bladon et al., 2020). 
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Gaps in ecological studies on butterflies in Southeast Asia 

Studies have shown that habitat modification by land-use change alters assemblage 

composition of butterflies across landscape types and regions (e.g., Börschig et al., 2013; 

Habel et al., 2021; Koh, 2007; Molina-Martínez et al., 2016), but there are many 

unanswered ecological questions related to management effects within altered habitats. 

Given the importance of butterflies in the ecosystem (Koh, 2007), providing information 

on how plantations can be managed to support healthier butterfly populations is 

necessary in improving the sustainability of agricultural practices, including in oil palm. 

 

1.7 | Conclusion and summary of chapters 

Overall, threats to biodiversity in Southeast Asia, including within Peninsular Malaysia 

and Borneo, are numerous and understanding how these impact organisms across taxa 

will inform management to restore habitats and maintain ecosystem functioning. This is 

particularly urgent for Southeast Asia, since the region houses a high proportion of 

global species but has been relatively little studied. In this thesis, I investigated the 

impacts of forest logging and conversion to oil palm, particularly focusing on semi-

aquatic bugs (Gerromorpha, Hemiptera) and butterflies (Rhopalocera, Lepidoptera) in 

Malaysian Borneo and Peninsula Malaysia, respectively. The first until third data chapter 

(Chapter 2 – 4) cover studies on semi-aquatic bugs, which took place in Sabah, 

Malaysian Boneo across land uses (tropical rainforests, logged forests, and industrial oil 

palm plantations), while Chapters 4 and 5 cover studies on butterfly assemblages in 

smallholding plantations in Selangor, Peninsular Malaysia. In the final part of my thesis, 
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I provide a general discussion covering all data chapters as a synthesis. Since the work 

in Chapter 2 – 6 are the result of collaborations, I used “we” for all these chapters. 

 

Chapter 2 

I investigated the best-fit body length-biomass equations to estimate the biomass of 

semi-aquatic bugs. I investigated several equations and found that power regressions that 

took the body form of semi-aquatic bugs into account are the most accurate to predict 

the biomass of the bugs across life stages. The equations produced can help monitoring 

of semi-aquatic bugs in tropical streams by supporting the inclusion of biomass in the 

assessment.  

 

Chapter 3 

I assessed the effects of forest degradation for logging and oil palm on semi-aquatic 

bugs. I found that there was a decline in abundance and richness following forest 

conversion, although total biomass was not affected. This may indicate that the provision 

of prey items for the predators of semi-aquatic bugs remained stable, albeit with a 

reduction in abundance and richness of the bugs. At the demographic level, there were 

no significant differences in the proportion of juveniles  or winged individuals, or the sex 

ratio of Ptilomera sp. (the most common morphospecies in the study areas and easily 

sexed), along the gradient of disturbance. 
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Chapter 4 

I investigated the effects of within-physical structure and maintaining forested stream 

margins (“riparian buffer strips”) within oil palm landscapes on semi-aquatic bugs. I 

found that, at the small-scale (along 10-m transect), streams with riparian buffer strips 

had a higher abundance (nearly twice as abundant) and richness (by two species) of semi-

aquatic bugs than those without, but overall total biomass of the bugs and proportion of 

female Ptilomera sp. was not affected. Within-stream physical factors that were 

associated with a higher abundance of semi-aquatic bugs were: wider wetted width, more 

isolated pools, shallower slopes, and lower percentage of deadwood. There was a 

significantly differing community composition between streams with and without 

riparian buffer strips. Finally, there was a higher proportion of juveniles in streams with 

higher canopy openness, higher percentage of deadwood, lower percentage of pebbles, 

and narrower wetted widths.  

 

Chapter 5 

I studied how management decisions taken by oil palm smallholders affected butterfly 

assemblages within plantations. I incorporated the impacts of replanting and crop 

management afterwards (replanting with monoculture vs polyculture). This study is the 

first that incorporates such overall aspects of management decisions by smallholders. I 

found that plantations with differing broad management decisions (mature monoculture, 

immature monoculture, and immature polyculture) did not have significantly different 

density and richness of butterflies. However, I identified several environmental factors 

that were associated with the density of butterflies within plantations. Maintaining 
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understory vegetation, particularly nectar sources and hostplants, and polyculture 

farming were associated with a higher density of butterflies. Edge effects (types of 

neighbouring habitats) are also an important factor determining the density of butterflies 

within plantations. 

 

Chapter 6 

I investigated the impacts of habitat structure and complexity within smallholding 

plantations on the resource-use behaviours of two common species of butterflies in the 

study sites (Leptosia nina and Ypthima spp.). Results showed that the structure and 

complexity of habitats within plantations overlapped across management decisions and 

resulted in limited impacts on how the two butterfly species used resources. Although 

low numbers of observations made it difficult to draw firm conclusions from the results,  

it was clear that the methods used in this study are tractable and can produce detailed 

information at a fine scale in assessing resource-use behaviours of butterflies, which 

could be replicated in other studies. 

 

Chapter 7 

In this final chapter, I present a synthesis based on findings from all the data chapters.
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Supplementary materials 

 

Table S1.1 Common genera or species of tropical semi-aquatic bugs (Gerromorpha, Hemiptera) in Southeast Asia and their preferred 

microhabitats. Information at the genera level is based on several species. If the information is just on one species, the species name is provided 

(see the foot notes). Therefore, unless specified, the listed habitats represent several species within a genus. When information is not available 

for a particular genus, it is put as “NA”. 

Genera Preference for 
microhabitat 

Habitat Specialised 
structures 

on legs 

Movement 
behaviour on 
water surface 

Distribution/ 
Occurrence 

References 

Types of water 
bodies 

If streams, 
slow or fast 

moving 

If streams, 
acidic or 

non-acidic 
water 

If streams, 
altitude of 
habitats 

    

Cylindrostethus 
(Gerridae) 

Pools, quiet parts 
of streams 

Forest streams Slow moving 
but also in 
turbulent 
streams1 

Non-acidic Lowland 
but also 
rocky 
upland1 

None Strong kick then 
long glide 

Tropical West Africa, 
Ceylon, India, 
Southeast Asia, and 
South America (the 
Amazon Basin) 

Chen & 
Nieser, 
1992; Cheng 
et al., 2001; 
Polhemus, 
1994 

Limnogonus 
(Gerridae) 

Pools, still water2 Forest streams, 
waterfalls, seepage 
rocks, rock pools, 
lakes, reservoirs, 
ponds, marshes2, 

Slow moving Non-acidic Lowland None NA Southeast Asia, China, 
India, Australia, 
Central and South 
America, Southern 
parts of Africa 

Chen & 
Nieser, 
1992; Cheng 
et al., 2001; 
GBIF 
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Genera Preference for 
microhabitat 

Habitat Specialised 
structures 

on legs 

Movement 
behaviour on 
water surface 

Distribution/ 
Occurrence 

References 

Types of water 
bodies 

If streams, 
slow or fast 

moving 

If streams, 
acidic or 

non-acidic 
water 

If streams, 
altitude of 
habitats 

    

swamps2, 
temporary pools, 
ditches at roadside2 

and in agricultural 
farms, and brackish 
water. 

Secretariat, 
2022a; 
Herring, 
1951; Yang 
et al., 1999; 
Ye et al., 
2017 

Limnometra 
(Gerridae) 

Stagnant waters3 Forest streams, 
peaty streams, 
mangrove swamps, 
shaded puddles3, 
mountainous 
streams, creeks, and 
waterfalls 

Slow and fast 
moving 

Acidic and 
non-acidic 

Upland None Similar with 
Cylindrostethus 
but less efficient 
in gliding than 
Cylindrostethus 

Tropical Asia, India, 
Northern parts of 
Australia 

Chen & 
Nieser, 
2002; Cheng 
et al., 2001; 
GBIF 
Secretariat, 
2022b; 
Nieser & 
Chen, 1992; 
Polhemus, 
1994 

Metrocoris  

(Gerridae) 

Still or smoothly 
flowing pools 

Shaded streams, 
waterfalls, seepage 

Slow and fast 
moving 

Non-acidic Upland and 
lowland  

None Stroke and glide 
across the water 
surface 

Central, East, West, 
and Southeast Asia, 
Tropical Africa 

Chen & 
Nieser, 
2002, 1993a; 
GBIF 
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Genera Preference for 
microhabitat 

Habitat Specialised 
structures 

on legs 

Movement 
behaviour on 
water surface 

Distribution/ 
Occurrence 

References 

Types of water 
bodies 

If streams, 
slow or fast 

moving 

If streams, 
acidic or 

non-acidic 
water 

If streams, 
altitude of 
habitats 

    

rocks, mountainous 
streams, creeks 

Secretariat, 
2022c; Yang 
et al., 1999 

Microvelia  

(Veliidae) 

Near shore, 
stagnant waters, 
or pools 

Forest and peaty 
streams as well as 
lakes, reservoirs, 
ponds, and 
temporary pools 

Slow moving Acidic and 
non-acidic 

Lowland None NA East, Central, South, 
and Southeast Asia, 
America, West 
Europe, Central and 
South Africa, 
Australia 

Andersen et 
al., 2002; 
GBIF 
Secretariat, 
2022d; 
Molano et 
al., 2016; 
Yang et al., 
1997 

Ptilomera 

(Gerridae) 

Riffles, avoid 
stagnant waters4 

Forest and peaty 
streams 

Slow and fast 
moving 

Acidic and 
non-acidic 

Lowland Middle tarsi 
and tibiae 
have brushes 
(ribbon-like 
hairs) for 
rowing4 

Continuous 
rowing 

South and Southeast 
Asia  

GBIF 
Secretariat, 
2022e; Kim 
et al., 2022; 
Polhemus, 
1994; Yang 
et al., 1997, 
1999 
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Genera Preference for 
microhabitat 

Habitat Specialised 
structures 

on legs 

Movement 
behaviour on 
water surface 

Distribution/ 
Occurrence 

References 

Types of water 
bodies 

If streams, 
slow or fast 

moving 

If streams, 
acidic or 

non-acidic 
water 

If streams, 
altitude of 
habitats 

    

Potamometropsis 
(Gerridae) 

Flowing parts of 
streams or pools 

Permanent water 
bodies, including 
small montane 
streams with high 
current velocity 

Fast flowing 
streams 

NA Upland Swimming 
hairs on 
middle tibiae 

Skating on 
smooth current5 

Borneo, Sumatra, 
Sulawesi, The 
Philippines 

GBIF 
Secretariat, 
2022f; 
Polhemus & 
Zettel, 1997 

Rhagovelia  

(Veliidae) 

Mostly shaded 
running water, 
although few 
species can be 
found in open 
water. The 
presence of 
current is a must. 

Forest and peaty 
streams, 
mountainous 
streams, creeks, and 
waterfalls 

Fast, 
moderately 
slow, and slow 
moving 

Acidic and 
non-acidic 

Upland Middle tarsi 
with 
swimming 
fans 

Some skate 
against the water 
current while 
many others in 
this genus stroke 
and glide 

Southeast Asia, New 
Guinea, Australia, 
New Caledonia, 
Japan, Arabia, North 
and South America, 
Africa  

Andersen et 
al., 2002; 
Chen & 
Nieser, 
2002; 
Polhemus & 
Polhemus, 
1988; Yang 
et al., 1999 

Rheumatogonus 
(Gerridae) 

Fast running 
water 

Forest and peaty 
streams, 
mountainous 
streams, creeks, and 
waterfalls 

Slow, 
moderate, and 
fast moving 

Acidic and 
non-acidic 

Upland Fringe of 
hairs on 
middle tibiae 

Skate on water 
surface 

Southeast Asia, India, 
Sri Lanka 

Chen & 
Nieser, 
2002; Cheng 
et al., 2001; 
GBIF 
Secretariat, 
2022g; 
Mohd Ishadi 
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Genera Preference for 
microhabitat 

Habitat Specialised 
structures 

on legs 

Movement 
behaviour on 
water surface 

Distribution/ 
Occurrence 

References 

Types of water 
bodies 

If streams, 
slow or fast 

moving 

If streams, 
acidic or 

non-acidic 
water 

If streams, 
altitude of 
habitats 

    

et al., 2014; 
Yang et al., 
1999 

Strongylovelia 
(Veliidae) 

Large side pools6 Shaded forest, 
peaty streams, 
estuaries with light 
salinity6, swamp 
forest 

Slow moving Acidic and 
non-acidic 

NA None Move in straight 
lines and can 
jump if 
threatened 

Borneo, Singapore, 
The Philippines 
(Palawan), China, 
Taiwan, India, 
Wallacea, and Papuan 
realms 

Andersen et 
al., 2002; 
Freitag & 
Zettel, 2012; 
GBIF 
Secretariat, 
2022h; 
Lansbury, 
1993; 
Lansbury & 
Zettel, 1997; 
Yang et al., 
1997; Ye et 
al., 2015 

Tenagogonus 
(Gerridae) 

Quiet edge of 
streams 

Forest and peaty 
streams7, swampy 
streams8 

Slow moving7 Acidic7 NA None NA Myanmar, Sumatra, 
the Philippines, New 
Guinea, Africa, 

Chen & 
Nieser, 
1992; Cheng 
et al., 2001; 
GBIF 



32 

 

Genera Preference for 
microhabitat 

Habitat Specialised 
structures 

on legs 

Movement 
behaviour on 
water surface 

Distribution/ 
Occurrence 

References 

Types of water 
bodies 

If streams, 
slow or fast 

moving 

If streams, 
acidic or 

non-acidic 
water 

If streams, 
altitude of 
habitats 

    

Northern part of 
Australia 

Secretariat, 
2022i; Yang 
et al., 1997 

Ventidius  

(Gerridae) 

Slow flowing 
water 

Forest (well-
shaded9) and peaty 
streams, riverbanks 
or margins, lakes, 
reservoirs or ponds, 
mangrove swamps 

Slow and fast 
moving 

Acidic and 
non-acidic 

Hilly and 
lowland 

None Stroke and glide 
across the water 
surface 

Southeast Asia Chen & 
Zettel, 1999; 
Cheng et al., 
2001; Yang 
et al., 1997 

1Turbulent streams for Cylindrostethus scrutator (Polhemus, 1994)                                                 7Based on observations on Tenagogonus maai (Cheng et al., 2001) 
2Based on observations on Limnogonus hesione (Herring, 1951)                                                      8Based on observations on Tenagogonus insularis (Yang et al., 1997) 
3Based on observations on Limnometra femorata (Zettel & Chen, 2000)                                          9Based on observations on Ventidius harrisoni (Yang et al., 1997) 
4Based on observations on Ptilomera tigrina (Kim et al., 2022) 
5Based on observations on Potamometropsis kundesan (Polhemus & Zettel, 1997) 
6Based on observations on Strongylovelia palawanensis (Freitag & Zettel, 2012)  
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Abstract 

Length–biomass equations are relatively easy and cost-effective for deriving insect 

biomass. However, the exact relationship can vary between taxa and geographical 

regions. Semi-aquatic bugs are abundant and are indicators of freshwater quality, but 

there are no studies investigating the effect of habitat disturbance on their biomass, 

although it is useful in assessing ecological processes. We identified the best-fit length–

biomass models to predict the biomass of semi-aquatic bugs (Hemiptera, Gerromorpha) 

collected from streams in Sabah, Malaysia. We used 259 juvenile and adult semi-aquatic 

bugs to compare a range of plausible length–biomass functions, and to assess whether 

relationships differed across the following families and body forms: (1) 

Cylindrostethinae, Gerrinae, and Ptilomerinae, which are subfamilies within Gerridae 

consisting of small-to-large bugs that have long and slender bodies, (2) Halobatinae, a 

subfamily within Gerridae, consisting of small-to-medium bugs with wide heads and 

thoraxes as well as short abdomens, and (3) Veliidae, which are small bugs with stout 

bodies. Estimation used five fitting functions – linear regression, polynomial regression 

order 2, 3, and 4, and power regression – on the following groupings: three body forms 

combined; each body form with life stages (juvenile and adult) combined; and each body 

form with life stages separated. Power regressions were the best fit in predicting the 

biomass of semi-aquatic bugs across life stages and body forms, and the predictive power 

of models was higher when the biomass of different body forms was calculated 

separately (specifically for Halobatinae and Veliidae). Splitting by life stages did not 

always result in additional improvement. The equations from this study expand the scope 

of possible future ecological research on semi-aquatic bugs, particularly in Southeast 

Asia, by allowing more studies to consider biomass-related questions.  
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Introduction 

The status of a particular assemblage or community in a habitat is often initially 

described in terms of abundance and richness – that is, by counting individuals and taxa. 

However, functional traits, such as feeding group, trophic level, body size, and biomass, 

are needed to assess the role that different taxa play in ecosystem processes (Dobson et 

al., 2006; de Bello et al., 2010; Sackett et al., 2010; Slade et al., 2011; Thompson et al., 

2012; Jabiol et al., 2013; Luke, et al., 2014; Rousk, 2016). For instance, understanding 

how land-use change affects the biomass of insects can indicate the importance of their 

roles in dung burial and seed dispersal (Slade et al.,  2011) and can also provide 

information about the amount of food available for predators (Turner & Foster, 2009; 

Kunin, 2019; Wagner, 2020). Therefore, as a complement to diversity, biomass data can 

be used as a tool to assess the ecological status of insects, habitats, and the value of 

conservation strategies. Despite this, biomass data can be difficult to collect. For 

example, a sensitive balance can be expensive, and accurate measurements for small-

sized insects can be an issue for studies in the field (Rogers et al., 1977; Sample et al., 

1993). Additionally, the sample size of ecological studies can be large, necessitating a 

great investment in time to weigh each individual. Furthermore, handling, and drying 

samples can cause damage, which can reduce the ability to carry out other work on the 

samples subsequently, such as identification and preparation of voucher specimens 

(Gruner, 2003). Hence, estimating biomass from body length measurements is much 

easier and quicker, as well as avoiding damage to specimens. Several studies have 

obtained predicted biomass using well fitted length–biomass regressions, with a small 

error when compared with measured biomass of the same samples (Rogers et al., 1977; 

Sample et al., 1993; Giustini et al., 2008; Wardhaugh, 2013; Kinsella et al., 2020), 
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making such equations a feasible and useful alternative to drying and weighing all 

specimens for primary studies.  

Differences in body form should be considered when carrying out biomass 

estimation (Schoener, 1980; Sample et al., 1993). Body form or shape is determined by 

the proportion of body length and width, and can differ across taxonomic groups, life  

stages, and geographical regions where samples were collected (Gowing & Recher, 

1985). Different taxa can have different body forms, although insects often have a similar 

body form at the family level (Sample et al., 1993). In addition to the difference of body 

forms between taxa, the life stage of insects could be an important factor in determining 

the accuracy of biomass estimation (Rogers et al., 1977). This is because there is a stark 

difference in body form between juvenile and adult individuals of insect species with 

complete metamorphosis (Rogers et al., 1977). On the other hand, for insects that 

undergo incomplete metamorphosis, the same length–biomass equation used on both 

juvenile and adult individuals could produce reliable biomass estimates (Rogers et al., 

1977), although studies confirming this across a range of taxa are lacking. Furthermore, 

body forms can also be affected by geographical regions, related to adaptations within a 

particular taxonomic level, such as within the same order, to different climates and 

habitat conditions (Schoener, 1980). Because of this, a length–biomass equation 

developed for a taxon in one region may not always be suitable to estimate the biomass 

of that taxon in another region (Schoener, 1980). For example, power equations – y = 

a(x)b, with y = biomass, x = insect body length, and a and b are coefficients – to estimate 

the biomass of terrestrial hemipteran insects in tropical rainforest in Costa Rica and 

temperate deciduous-conifer forest in the USA had different coefficients a and b 

(Schoener, 1980). The difference could be because the samples used from the tropical 
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rainforest in Costa Rica consisted of hemipteran species that were longer and thinner 

(possibly because of a higher incidence of twig-mimicking insects) than those from the 

temperate deciduous-conifer forest in the USA (Schoener, 1980), affecting the resulting 

equations. Although this has not yet been specifically assessed, it is likely that a similar 

trend might also be seen at lower taxonomic levels. Therefore, for biomass estimates to 

be as reliable as possible, it is important to develop specific length–biomass equations 

for each insect family (Sample et al., 1993), body form (Schoener, 1980; Sample et al., 

1993; Wardhaugh, 2013), life stage (Rogers et al., 1977), and also for different regions 

(Schoener, 1980; Gowing & Recher, 1985). 

Gerromorpha is an infraorder of Hemiptera, which consists of semi-aquatic bugs 

that live on the surface of freshwater or marine ecosystems (Andersen, 1982), and can 

be found in all continents except Antarctica (Spence & Anderson, 1994). Semi-aquatic 

bugs are predator-scavengers that feed on invertebrates in the water and those falling 

from riparian vegetation (Spence & Anderson, 1994), and are prey for fishes (Foster & 

Treherne, 1981; Armisén et al., 2015) and other invertebrates such as back swimmers 

(Lang, 1980) and fishing spiders (Zimmermann & Spence, 1989). Semi-aquatic bugs 

undergo incomplete metamorphosis in which the development involves nymphal and 

adult stages (Andersen, 1982). Nymphs have a similar appearance to the adults but differ 

in body size and lack wings and reproductive organs (Andersen, 1982). There is sexual 

dimorphism within some species of semi-aquatic bugs, in which there are substantial 

differences in body size or body parts (Andersen, 1997). However, in other species, 

sexual dimorphism is much less marked, and sexes can be difficult to distinguish 

because, for example, the ovipositor or clasper is reduced (Andersen, 1982). Another 

characteristic of this group is the presence of wing polymorphism, meaning that there 
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are winged (long or short) and wingless adult individuals (Andersen, 1982). 

Furthermore, wing emergence is associated with habitat permanence (such as ponds or 

streams) and quality (Spence, 1983, 1989; Cunha et al., 2020). For instance, higher 

abundances of winged bugs have been found in primary forests than in oil palm in the 

Amazon (Cunha et al., 2020). 

There have been several studies investigating the impacts of habitat change in 

freshwater ecosystems on semi-aquatic bugs (Ditrich et al., 2008; Dias-Silva et al., 

2020a,b; da Silva Giehl et al., 2020), which have shown that they are vulnerable and 

sensitive to habitat alteration (Cunha et al., 2015, 2020; Vieira et al., 2015; Cunha & 

Juen, 2017, 2020; Guterres et al., 2020, 2021; Sundar et al., 2021). For example, studies 

have found lower beta-diversity of semi-aquatic bugs in altered habitats compared to 

forests, perhaps because water temperature was higher and water pH was more acidic in 

altered habitats (Dias-Silva et al., 2020b). In contrast, a recent study in Brazil found that 

species richness of semi-aquatic bugs was higher in altered than undisturbed savanna 

streams, particularly in habitats characterised by wet and open soils on flat areas (da 

Silva Giehl et al., 2020). One possible reason for this discrepancy was the higher number  

of prey items in these habitats (da Silva Giehl et al., 2020). Currently, impacts of habitat 

disturbance are particularly severe in many tropical regions, where large areas are 

undergoing rapid land-use change for expansion of agriculture, urbanisation, and 

industrialisation (Hosonuma et al., 2012). Considering their importance and 

vulnerability, semi-aquatic bugs have the potential to act as bioindicators (Nummelin et 

al., 2007; Saha & Gupta, 2019), informing biodiversity conservation. However, no 

studies have yet focused on changes in their biomass as a result of habitat disturbance. 

Because there has been no work to quantify length–biomass equations for tropical 
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members of this group, large-scale studies of habitat change effects on semi-aquatic bug 

biomass are difficult to conduct. 

Among insect groups that have been processed for biomass estimation, equations 

obtained from terrestrial bugs across a variety of regions (Rogers et al., 1977; Schoener, 

1980; Sample et al., 1993; Ganihar, 1997; Gruner, 2003), or from semi-aquatic bugs 

collected in a subtropical region (Smock, 1980), could potentially be applicable to 

tropical semi-aquatic bugs. However, even though these belong to the same order 

(Hemiptera), it is likely that semi-aquatic bugs have different body forms from their 

terrestrial counterparts, due to their adaptation to live on the water surface. In addition, 

tropical groups could vary compared to sub-tropical groups owing to the differing 

species found, which is associated with differences in climate and the types of stream 

ecosystems inhabited. Developing a reliable length–biomass equation for tropical 

Gerromorpha will allow greater exploration of the impacts of land-use change on this 

group and associated wider ecosystem functioning – something which diversity data 

alone cannot address.  

In this study, we quantified the length–biomass relationship of semi-aquatic bugs 

from three groups (separated based on family and body form), collected across a land-

use gradient in Sabah, Malaysian Borneo. We selected plausible fitting functions based 

on the likely relationship between length and volume and previous studies of length–

biomass in terrestrial Hemiptera (Rogers et al., 1977; Schoener, 1980; Sample et al.,  

1993; Ganihar, 1997; Gruner, 2003) as well as aquatic and semi-aquatic insects collected 

in a subtropical region (Smock, 1980). Specifically, we assessed: (1) What is the best 

model to predict the biomass of semi-aquatic bugs (Gerromorpha) from their body 

lengths? (2) Does the relationship change between juvenile and adult bugs? (3) Does the 
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relationship change between different body forms of semi-aquatic bugs? And (4) Do our 

selected best models predict biomass better than models constructed using general 

Hemiptera or subtropical semi-aquatic bugs, both obtained from published literature? By 

using semi-aquatic bugs collected from pristine and disturbed habitats, we ensured that 

a wide range of species were included and that the equations constructed from this study 

will allow a robust universal length–biomass estimation of semi-aquatic bugs. By 

facilitating the study of semi-aquatic bug biomass without the need for sophisticated 

equipment, we hope this work will facilitate the use of semi-aquatic bugs as important 

indicators of environmental health in tropical ecosystems. 

 

 

Materials and methods 

Collection sites 

Data collection in the field took place in 2011–2013 in Sabah, Malaysian Borneo. Semi-

aquatic bugs were collected with other freshwater invertebrates from stream sites within 

four major land-use types that are common within the region: old growth forest (OG), 

logged forest (LF), oil palm with forested riparian buffer strips (OPB), and oil palm 

without forested riparian buffer strips (OP) (Figure S2.1). The mean (± SE) altitude of 

all stream sites was 236 ± 26 m above sea level, and the mean slope of each catchment 

was 18.24 ± 0.81° (Luke et al., 2017b). Study sites included streams within Danum 

Valley Conservation Area (117°48.75’E, 5°01’N), Maliau Basin Conservation Area 

(116°54’E, 4°49’N), and the SAFE (Stability of Altered Forest Ecosystems; Ewers et 

al., 2011) project sites in the Kalabakan Forest Reserve (116°57’–117°42’E, 4°38’–

4°46’N) (Luke et al., 2017b). In total, 12 streams were sampled, including three in OG, 
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four in LF, three in OPB, and two in OP. The collection sites were headwater streams 

that ranged in mean wetted width from 3.26 to 7.83 m, contained areas of riffle and pool 

habitats, and were dominated by rocky substrate. At streams that were surrounded by 

forested riparian buffer strips, and continuous logged or old-growth forest, the 

surrounding forest habitat varied in quality, with mean canopy openness values – 

measured using a spherical densiometer; see Lemmon (1956) for more details – ranging 

from 5.9 to 68.8%, and mean tree density values ranging from 0 to 38.36 m 2 ha-1. OP 

streams had oil palm planted to the edge of the streams – for more details see Luke et al. 

(2017b). 

 

Insect collection 

Semi-aquatic bugs were sampled along a 200-m transect in each stream. Along each 

transect, we walked five 10-m sub-transects (but were nine sub-transects in Gaharu and 

six in each Maliau and Selangan Batu) to collect the bugs. All semi aquatic bugs within 

the sub-transect were caught using hand-held nets and stored in 70% ethanol. 

 

Insect identification and processing 

All individuals were identified to family and classified to morphospecies level following 

Andersen (1982) with additional information from other key publications (Polhemus & 

Polhemus, 1988; Chen & Nieser 1992, 1993a,b; Nieser & Chen, 1992; Polhemus & 

Zettel, 1997; Chen & Zettel, 1998) and advice from taxonomic experts (see “Statement 

of contribution” [page viii] for details). Each individual was also identified into one of 

the three distinct groups based on family and body form, consisting of both juveniles and 

adults: (1) Cylindrostethinae, Gerrinae, and Ptilomerinae, three subfamilies within the 
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Gerridae family that consist of small to large bugs with slender bodies (in this study: 

adult lengths were 4–17 mm, widths 1–4 mm; juvenile lengths were 1–13 mm, widths 

0.5–3 mm); (2) Halobatinae, a subfamily of the Gerridae that comprises bugs with wide 

heads and thoraxes and short abdomens (Andersen, 1982) (in this study: adult lengths 

were 3–5.5 mm, widths 2–3 mm; juvenile lengths were 1–3 mm, widths 0.25–2 mm); 

and (3) Veliidae which are small bugs with stout bodies (in this study: adult lengths were 

1–3.5 mm, widths 0.5–1.5 mm; juvenile lengths were 0.5–3 mm, widths 0.25–1 mm) 

(Table S2.1, Figure 2.1). Juveniles in our samples are likely to include a range of instars, 

but we could not divide these specifically because the key identification guide by 

Andersen (1982) provided detailed descriptions for only the first few instars across 

families, and no other specific descriptions exist. We also did not divide adults into 

females and males due to feasibility issues. In particular, although a few species in this 

study could be easily separated by the presence of ovipositors or claspers, most others 

had reduced genital parts making this division difficult.  

 

Biomass calculations 

For biomass calculations, we selected a subset of semi-aquatic bug samples using a 

stratified random sampling method across the following characteristics: the three groups 

split based on families and body forms – (1) Cylindrostethinae, Gerrinae, and 

Ptilomerinae; (2) Halobatinae; and (3) Veliidae –, adults / juveniles, and land use types. 

We also made sure that a spread of individuals from across all stream sites were chosen. 

We aimed to have a broad range of body lengths represented in each category. To 

achieve this, we selected 45 individuals within each body form group for each juvenile 

and adult life stage comprising short, medium, and long individuals (Table S2.1, Figure 
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S2.2). So, in total we aimed to have 45 juveniles and 45 adults for each body form group. 

If the body was observed to be damaged on any specimen, the specimen was not used 

and another specimen was selected at random in the same category, choosing the same 

sample location as far as possible (Figure S2.3). Following this protocol and owing to 

low numbers (when substitution with a good specimen was not possible), only 34 adult 

individuals from the Halobatinae group were sampled (but 45 juveniles were used, as 

planned). Therefore, in total there were 259 individuals selected for biomass 

calculations. There were fewer morphospecies in the Halobatinae group (three and five 

morphospecies for juveniles and adults, respectively), which resulted in less variation 

(Table S2.1, Figure S2.2B), when compared with Cylindrostethinae, Gerrinae, and 

Ptilomerinae (eight morphospecies for each juvenile and adult covering all subfamilies 

in the group; Table S2.1, Figure S2.2A) or Veliidae (three and 11 morphospecies for 

each juvenile and adult; Table S2.1, Figure S2.2C). To assess length, individuals were 

first taken from the ethanol, dabbed dry, and their length was measured from the tip of 

the head to the end of the last segment of the abdomen, using a millimetre block with 

gradations to the nearest 1 mm. After selection, each individual was kept in a separate 

tube with ethanol. The resulting selection contained a good spread of replicates across 

the lengths available (Figure S2.2). 

To measure the biomass of the 259 selected specimens, individuals were taken 

out from the ethanol, dabbed dry, and their length was remeasured to the nearest 0.25 

mm from the same measurement locations as before, using underlaid graphing paper. 

Insects were then dried in batches on a Thermo Scientific hot plate at a temperature of 

50 °C. Specimens were weighed every 2 h until the largest specimen's biomass was 

constant. As the largest specimens would take the longest to dry, this ensured that all 
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specimens were dried to a constant weight. The average amount of time needed for the 

largest specimens to reach constant biomass was 4.5 h. All insects were then weighed 

when fully dry using a Sartorius balance (to a higher resolution; d = 0.002 mg).  

 

Statistical analysis 

All visualisations and analyses were done in R v.4.0.4 (R Core Team, 2021) with R 

Studio v.1.3.959 (R Studio Team, 2020). Analyses was carried out using basic R syntax 

and package plotrix (Lemon, 2006), whereas for visualisations, packages used were 

tidyverse (Wickham et al., 2019), cowplot (Wilke, 2020), ggpubr (Kassambara, 2020), 

and gridExtra (Auguie, 2017). 

 

Comparisons of five fitting functions and curves across body form groups and life stages  

Five functions were fitted to the length–biomass data and compared: linear regression, 

polynomial regression order 2, 3, and 4, and power regression. Power regression 

followed Sample et al. (1993). The equations used in this study are as follows:  

 

Linear regression:                        y = a + b(x), 

Polynomial regression order 2:  y = c + a(x) + b(x)2, 

Polynomial regression order 3:  y = d + c(x) + a(x)2 + b(x)3, 

Polynomial regression order 4:  y = e + d(x) + c(x)2 + a(x)3 + b(x)4, 

Power regression:                   y = a(x)b, 

 

with y = predicted biomass, x = body length of an individual insect, and a–e are 
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coefficient parameters. 

 In this study, we aimed to construct universal length–biomass equations of semi-

aquatic bugs which were collected from a gradient of land use. We therefore did not split 

our samples based on land-use types for any analysis. Fitting of functions was done on 

(1) combined body form groups (across life stages), (2) each body form group with life 

stages combined, and (3) each body form group with life stages separated. To obtain the 

values of coefficient b and the adjusted R2 for the power regressions, we log-transformed 

both length and biomass variables and ran the ‘lm’ function. We then used a = ex to 

obtain the values of coefficient a, with x = the intercept value of the linear regression run 

with the ‘lm’ function. We compared the adjusted R2 values between the above three 

groupings of fitting functions to assess whether the biomass estimation was similar 

across body form groups and life stages. 

 

Comparison of measured and predicted biomass  

We assessed the biomass prediction of our best fitting length–biomass relationships on 

semi-aquatic bug samples (on each body form group as well as each life stage) by 

comparing them with the measured biomass in this study. We also made comparisons 

with the predictions derived from six published relationships. These included: five 

published length–biomass relationships for terrestrial Hemiptera collected from Costa 

Rica (Schoener, 1980), India (Ganihar, 1997), and USA (Rogers et al., 1977; Schoener, 

1980; Sample et al., 1993; Gruner, 2003) and one relationship specific for semi-aquatic 

bugs collected from a subtropical region in North Carolina, USA (Smock, 1980) (Table 

1). Family or species identities of the terrestrial Hemiptera used to develop the length–

biomass relationships in Ganihar (1997), Gruner (2003), Rogers et al. (1977), Sample et 
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al. (1993), and Schoener (1980) were not recorded in the publications, so we used a 

general equation of all Hemiptera combined from each of these studies to give biomass 

predictions. Species of aquatic and semi-aquatic insects in Smock (1980) were 

mentioned, and so, as well as using the general equation of all Hemiptera in the study, 

we also used equations developed specifically for semi-aquatic bugs: Gerris remigis Say 

and Metrobates hesperius Uhler (Gerridae), and Rhagovelia obesa Uhler (Veliidae) 

(Table 2.1).  

In some of the studies, power regression equations were linearised (Rogers et al., 

1977; Smock, 1980; Sample et al., 1993; Ganihar, 1997). When a linearised regression 

equation was used to predict biomass in the studies [ln(y) = ln(a) + b ln(x), with y = 

biomass, x = body length, and a and b coefficient parameters], we transformed the 

coefficient ‘ln(a)’ to ‘a’ [by eln(a)] so it could be used in a power regression (Table 2.1).  

We used Wilcoxon tests with Bonferroni correction for the comparisons between the 

means of measured and predicted biomass, with predicted biomass obtained from the 

best fit equations of combined body form groups (across life stages) and each group with 

life stages combined, as well as equations in the six other studies. Wilcoxon tests were 

chosen because biomass data were not normally distributed. 

 

 

Results 

What is the best model to predict biomass of semi-aquatic bugs from their body 
lengths? 

Power regressions produced the highest adjusted R2 values across all body form groups 

and life stages, except for juvenile and combined Veliidae (i.e., juveniles and adults 
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grouped together), where polynomial regression had marginally higher adjusted R2 value 

(Table 2.2, Figures S2.4-S2.13). In addition, power regression fitted on combined body 

form groups (across life stages) gave higher adjusted R2 values in most cases (adjusted 

R2 = 0.95), except when compared with juvenile Cylindrostethinae, Gerrinae, and 

Ptilomerinae, which had a slightly higher value as a single group (adjusted R2 = 0.97) 

(Table 2.2).  

Curves created using the power regression equations were similar between 

combined body form groups and each group with life stages combined, although group-

specific curves were a better fit for Halobatinae and Veliidae (Figure 2.2). Even though 

adjusted R2 values of power regressions differed when combined and separated life 

stages were compared, the curves were similar for each group (Figure 2.3). 

 

Does the relationship change between juvenile and adult bugs, and does the 
relationship change between body forms of semi-aquatic bugs?  

Comparisons between measured and predicted biomass of juvenile and adult semi-

aquatic bugs – with predicted biomass obtained using power regression equations fitted 

on combined body form groups and each group with life stages combined – showed no 

significant difference in Cylindrostethinae, Gerrinae, and Ptilomerinae and adult 

Veliidae (Table 2.3). However, the measured and predicted biomass of Halobatinae 

(both life stages) and juvenile Veliidae differed significantly, when the predictions were 

made using the equation fitted on combined body groups (Table 2.3). There was no 

significant difference in each of the Halobatinae and Veliidae (across life stages) when 

biomass predictions used equations fitted on each group with life stages combined 

(Table 2.3). 
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Do our selected best models predict biomass better than models constructed using 

published general Hemiptera or subtropical semi-aquatic bugs?  

Fitting functions from Rogers et al. (1977), Sample et al. (1993), Schoener (1980) as 

well as Smock (1980) on general Hemiptera, G. remigis, and M. hesperius were able to 

provide reliable biomass estimates of both juvenile and adult Cylindrostethinae, 

Gerrinae, and Ptilomerinae (shown by no significant difference between measured 

biomass and predictions derived from published equations) (Table 2.4). None of the nine 

sources from the six studies could estimate the biomass of Halobatinae across all life 

stages (Table 2.4). In most cases, equations from the published studies could not provide 

reliable biomass estimates for both juvenile and adult Veliidae, with only equations from 

Gruner (2003) and Smock (1980) predicting biomass for the juveniles, and the equation 

from Rogers et al. (1977) for the adults (Table 2.4). 

 

 

Discussion 

We found that power regression equations, particularly those constructed for specific 

body forms, produced good biomass estimates for semi-aquatic bugs across life stages 

(both juvenile and adult). Power regression has also been found to best predict insect 

biomass for a range of taxa, when compared with several different approaches (linear, 

logarithmic, and exponential) in other studies (Rogers et al., 1977; Smock, 1980; 

Ganihar, 1997). This finding is likely to be related to the scaling relationship between 

length and volume, as well as specific differences in how insects grow and assimilate 

new biomass. For example, mechanistic growth models produced for insects by Maino 

& Kearney (2015) – taken from 50 individual insects from six orders, i.e., Coleoptera, 
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Lepidoptera, Hemiptera, Hymenoptera, Orthoptera, Diptera, and Neuroptera – identified 

reduced investment in structural biomass over time in insects as they grow. Straus & 

Aviles (2017) found that allometric scaling between size and weight decreased as insects 

got larger, suggesting that larger insects have a lower tissue density, or more internal air 

spaces. Other factors may also influence the specific relationship between length and  

biomass as insects grow, including levels of food resources which, when low, can result 

in insects using reserves to compensate for an increase in size (Maino & Kearney, 2015).  

The curve fitted on combined body form groups was more similar to that fitted 

on the Cylindrostethinae, Gerrinae, and Ptilomerinae than on Veliidae and Halobatinae, 

probably because there were more insects in the Cylindrostethinae, Gerrinae, and 

Ptilomerinae group, and so they dominated the body length and weight ranges of all 

samples combined. This might also explain why group-specific curves fitted better for 

Halobatinae and Veliidae, which differ markedly in their shape from Cylindrostethinae, 

Gerrinae, and Ptilomerinae. As a result, biomass estimation using power regression 

equations fitted on combined body form groups performed well only for the 

Cylindrostethinae, Gerrinae, and Ptilomerinae across both life stages, but not for 

Halobatinae and Veliidae. On the other hand, power regression equations fitted 

specifically for each group with life stages combined could well estimate the biomass of 

each group across life stages. Therefore, studies working exclusively on semi-aquatic 

bugs should use body-form specific biomass equations. An alternative could be to 

include width measurements in the analysis, allowing differences in shape related to 

biomass to be better explained. This has been suggested in studies comparing taxa from 

different families (Sample et al., 1993), but our findings indicate that such an approach 

could also be useful for within-family studies, as seen with bugs in the Cylindrostethinae, 
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Gerrinae, and Ptilomerinae that have a different body form to those in the Halobatinae, 

despite belonging to the same family (Gerridae). 

When life stages were combined or separated for each group, all resulting curves 

for biomass estimates were similar, although with varying adjusted R2 values. This 

indicates that an equation specific for the body form is sufficient for predicting the 

biomass of that group across life stages. This finding was also reported by Rogers et al. 

(1977), indicating that combining juvenile and adult stages in biomass calculations may 

be a tractable option across groups, particularly for insects that undergo incomplete 

metamorphosis, in which the juveniles and the adults have similar body forms. Although 

we did not consider the differing instars for juveniles in this study or differences between 

sexes, we would argue that, as the combined biomass predictions we obtained were good 

for both juveniles and adults of a particular body form and there were no obvious 

morphological differences differentiating instars or sexes in most cases in this study, the 

equation is most likely giving good predations across a range of instars and both sexes. 

However, further investigations could provide more clarity in this by testing equations 

specific to particular instars and for males and females separately.  

The length–biomass equations obtained from six other sources [Rogers et al., 

1977; Schoener, 1980; Sample et al., 1993; Smock (1980) on general Hemiptera, G. 

remigis, and M. hesperius] could produce a good biomass estimate for both juvenile and 

adult Cylindrostethinae, Gerrinae, and Ptilomerinae, whereas coefficients from three 

other sources [Smock (1980) on R. obesa; Ganihar, 1997; Gruner, 2003] resulted in 

inconsistent biomass predictions for both juvenile and adult life stages. However, no 

sources could provide a consistent and reliable biomass estimate for both juvenile and 

adult Halobatinae and Veliidae samples in this study. Therefore, although fitting 
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functions at the order or family level can be useful, attention should also be paid to any 

variation in body forms between samples belonging to the same family. If such variation 

exists, separating samples into different body form groups may be needed to obtain 

accurate biomass estimates.  

In most cases, an equation obtained from one species can predict the biomass of 

other species belonging to the same body form group. For instance, equations obtained 

from G. remigis and M. hesperius (both Gerridae; Smock, 1980) provided good biomass 

estimates for juvenile as well as adult Cylindrostethinae, Gerrinae, and Ptilomerinae. 

However, it should be noted that, in another case, the equation obtained from R. obesa 

(Veliidae; Smock, 1980) could not provide a good estimate for either juveniles or adults 

within the Veliidae group. This might be owing to species-specific idiosyncrasies in 

shape. 

Our results also indicate that body form is a more important factor for biomass 

estimation than geographical region. For example, biomass equations derived from G. 

remigis and M. hesperius (Smock, 1980) provided a good biomass estimate for both 

juvenile and adult Cylindrostethinae, Gerrinae, and Ptilomerinae in this study, even 

though collection site and climate (North Carolina, USA) were different from the 

specimens collected in this study (Sabah, Malaysia). Therefore, length–biomass 

equations constructed in this study are likely to be applicable to predict the biomass of 

semi-aquatic bugs across regions. 

This paper lays the groundwork for studying the biomass of this group in a 

relatively easy, cheap, and accurate way. We anticipate that surveys of semi-aquatic bugs 

have the potential to provide a tractable and cost-effective means of monitoring 
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environmental change in tropical freshwater systems and hope that the relationships 

defined here will support further research in this area. To obtain the most accurate 

estimates for these studies, we recommend using length–biomass equations that are 

specific to different body forms for semi-aquatic bugs of all life stages.
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Tables and Figures 

 

Table 2.1 Studies that estimated insect biomass using equations, from which coefficients were used to predict biomass of semi-aquatic 
bug samples in this study. Taxa investigated were terrestrial bugs collected from a range of countries across several climatic regions 
(Rogers et al., 1977; Sample et al., 1993; Ganihar, 1997; Schoener, 1980; Gruner, 2003), as well as semi-aquatic bugs from a sub-tropical 
region (Smock, 1980). These studies used either linearised [ln(y) = ln(a) + b ln(x)] or power [y = a(x)b] regressions. When a linearised 
regression was used, the coefficient ‘ln(a)’ was transformed to coefficient ‘a’ to be used in power regressions in this study . 
 

Reference Location of insect 
collection 

Taxa 
investigated in 
the study 

Taxon selected for 
biomass prediction in 
this study 

Coefficient parameter ‘a’1 or ‘ln(a)’2 
and ‘b’ in the study 

Coefficient parameter ‘a’ 
after being transformed 
from ‘ln(a)’ 

Equation used 
for this study3 

Ganihar, 1997 Goa, India Arthropods in 20 
categories 

Hemiptera (terrestrial 
bugs) 

ln(a) = –3.8893 ± 0.3387, b = 2.7642 ± 
0.3113 

a = 0.020 y = 0.020x2.764
 

Gruner, 2003 Hawaii, USA Arthropods in 14 
orders 

Heteroptera (terrestrial 
bugs) 

a = 0.0411, b = 1.9340 Transformation not needed y = 0.041x1.934 

Rogers et al., 
1977 

Washington, USA Arthropods in 
nine groups 

Hemiptera (terrestrial 
bugs) 

ln(a) = –2.998 ± 0.113, b = 2.270 ± 
0.081 

a = 0.049 y = 0.049x2.270 

Sample et al., 
1993 

West Virginia, 
USA 

Insects in 13 
orders 

Hemiptera (terrestrial 
bugs) 

ln(a) = –4.784 ± 0.313, b = 3.075 ± 
0.147 

a = 0.008 y = 0.008x3.075 

Schoener, 1980 Costa Rica and 
Massachusetts, 
USA 

Insects in eight 
orders 

Hemiptera (terrestrial 
bugs) collected from 
the tropical rainforest 
in Costa Rica 

a = 0.027 ± 0.419, b = 2.28 ± 0.76 Transformation not needed y = 0.027x2.280 

Smock, 1980 North Carolina, 
USA 

Aquatic and 
semi-aquatic 
insects in eight 
orders 

Hemiptera ln(a) = –3.461 ± 0.311, b = 2.40 ± 0.21 a = 0.031 y = 0.031x2.40 
Gerris remigis  ln(a) = –4.200 ± 0.916, b = 2.60 ± 0.45 a = 0.014 y = 0.014x2.60 
Metrobates hesperius  ln(a) = –4.080 ± 0.525, b = 2.66 ± 0.34 a = 0.016 y = 0.016x2.66 
Rhagovelia obesa  ln(a) = –4.791 ± 1.018, b = 2.78 ± 0.40 a = 0.008 y = 0.008x2.78 

1When the equation in the study was y = a(x)b, 2When the equation in the study was ln(y) = ln(a) + b ln(x), 3With transformed coefficient parameter a, if needed. 
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Table 2.2 Equations and adjusted R2 values of five fitting functions (linear regression, polynomial regression order 2, 3, and 4, and power 
regression) on semi-aquatic bugs belonging to three body form groups: (1) Cylindrostethinae, Gerrinae, and Ptilomerinae, (2) 
Halobatinae, and (3) Veliidae. Regressions were done on combined body form groups as well as on each group with life stages combined 
and separated. The regression for each group was developed using measurements from 45 juveniles and 45 adults for each body f orm 
group, except for Halobatinae, which was based on 45 juveniles and 34 adults due to a limited number of adult specimens. The highest 
adjusted R2 value in each category is highlighted in bold.  
 

Body form group Life stage Fitting function Equation Adjusted R2 
Gerromorpha All taxa with all life 

stages combined 
Linear regression y = –3.2 + 1.4x 0.74 

Polynomial regression, order 2 y = 0.83 – 0.52x + 0.13x2 0.85 
Polynomial regression, order 3 y = –0.56 + 0.51x – 0.037x2 + 0.0068x3 0.86 
Polynomial regression, order 4 y = 0.51 – 0.6x + 0.27x2 – 0.023x3 + 0.00091x4 0.86 

Power regression y = 0.053x2.190 0.95 
Cylindrostethinae, 
Gerrinae, and 
Ptilomerinae 

Juvenile and Adult 
combined 

Linear regression y = –7.7 + 1.8x 0.70 
Polynomial regression, order 2 y = 2 – 0.87x + 0.15x2 0.79 
Polynomial regression, order 3 y = –1.4 + 0.81x – 0.071x2 + 0.0079x3 0.79 
Polynomial regression, order 4 y = 4.3 – 3.5x + 0.87x2 – 0.07x3 + 0.0021x4 0.79 
Power regression y = 0.040x2.271 0.94 

Juvenile only Linear regression y = –4.5 + 1.5x 0.87 
Polynomial regression, order 2 y = 1.1 – 0.64x + 0.15x2 0.94 
Polynomial regression, order 3 y = –0.49 + 0.4x – 0.03x2 + 0.0084x3 0.94 
Polynomial regression, order 4 y = –2.5 + 2.2x – 0.52x2 + 0.06x3 – 0.0018x4 0.94 
Power regression y = 0.039x2.362 0.97 

Adult only Linear regression y = –13 + 2.3x 0.68 
Polynomial regression, order 2 y = 14 – 3.4x + 0.26x2 0.75 
Polynomial regression, order 3 y = –24 + 9.4x – 1.1x2 + 0.042x3 0.77 
Polynomial regression, order 4 y = 26 – 14x + 2.8x2 – 0.22x3 + 0.0064x4 0.77 
Power regression y = 0.030x2.349 0.86 

Halobatinae Juvenile and Adult Linear regression y = –0.65 + 0.55x 0.83 
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Body form group Life stage Fitting function Equation Adjusted R2 
combined Polynomial regression, order 2 y = –0.18 + 0.15x + 0.068x2 0.86 

Polynomial regression, order 3 y = 0.077 – 0.18x + 0.19x2 – 0.013x3 0.86 
Polynomial regression, order 4 y = 0.061 – 0.15x + 0.17x2 – 0.0091x3 – 0.00033x4 0.86 
Power regression y = 0.072x2.218 0.92 

Juvenile only Linear regression y = –0.35 + 0.38x 0.75 
Polynomial regression, order 2 y = –0.046 + 0.025x + 0.092x2 0.76 
Polynomial regression, order 3 y = 0.29 – 0.59x + 0.43x2 – 0.057x3 0.76 
Polynomial regression, order 4 y = –0.23 + 0.65x – 0.62x2 + 0.32x3 + 0.048x4 0.75 
Power regression y = 0.068x2.300 0.85 

Adult only Linear regression y = –1.2 + 0.7x 0.67 
Polynomial regression, order 2 y = –0.4 + 0.3x + 0.048x2 0.66 
Polynomial regression, order 3 y = 5.4 – 4.2x + 1.2x2 – 0.089x3 0.65 
Polynomial regression, order 4 y = 140 – 140x + 53x2 – 8.4x3 + 0.5x4 0.67 
Power regression y = 0.141x1.704 0.68 

Veliidae Juvenile and Adult 
combined 

Linear regression y = –0.23 + 0.25x 0.81 
Polynomial regression, order 2 y = 0.095 – 0.15x + 0.1x2 0.87 
Polynomial regression, order 3 y = –0.14 + 0.29x – 0.14x2 + 0.041x3 0.88 
Polynomial regression, order 4 y = 0.14 – 0.43x + 0.48x2 – 0.18x3 + 0.028x4 0.88 
Power regression y = 0.041x2.320 0.87 

Juvenile only Linear regression y = –0.12 + 0.16x 0.85 
Polynomial regression, order 2 y = –0.036 + 0.048x + 0.034x2 0.86 
Polynomial regression, order 3 y = 0.06 – 0.15x + 0.16x2 – 0.023x3 0.86 
Polynomial regression, order 4 y = –0.09 + 0.3x – 0.31x2 + 0.17x3 – 0.029x4 0.86 
Power regression y = 0.037x2.322 0.81 

Adult only Linear regression y = –0.25 + 0.27x 0.84 
Polynomial regression, order 2 y = 0.067 – 0.11x + 0.094x2 0.87 
Polynomial regression, order 3 y = –0.43 + 0.76x – 0.35x2 + 0.069x3 0.87 
Polynomial regression, order 4 y = 1.6 – 3.7x + 3x2 – 0.98x3 + 0.12x4 0.88 
Power regression y = 0.049x2.229 0.94 
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Table 2.3 Comparison of measured and predicted biomass of juvenile (J) and adult (A) semi-aquatic bugs from the three body form 
groups obtained in this study, using coefficients from power regression, fitted on combined body form groups (y = 0.053x2.190, N = 259) 
and each group with life stages combined (y = 0.040x2.271 for Cylindrostethinae, Gerrinae, and Ptilomerinae, based on n = 45 juveniles 
and 45 adults; y = 0.072x2.218 for Halobatinae, based on N = 45 juveniles and N = 34 adults; and y = 0.041x2.320 for Veliidae, based on N 
= 45 juveniles and 45 adults). Bold p-value indicates that there is a significant difference between the measured and predicted biomass 
(p-value<0.05). 
 

Body form group Life stage Mean (± SE) biomass (mg) Fitting function W P1 
Measured Predicted 

Cylindrostethinae, Gerrinae, and Ptilomerinae J 6.042 ± 0.931 5.338 ± 0.752 y = 0.053x2.190 965 0.70 
J 6.042 ± 0.931 4.863 ± 0.699 y = 0.040x2.271 920 0.46 
A 10.365 ± 1.725 10.639 ± 1.295 y = 0.053x2.190 1107 0.45 
A 10.365 ± 1.725 9.889 ± 1.238 y = 0.040x2.271 1053 0.75 

Halobatinae J 0.349 ± 0.044 0.234 ± 0.026 y = 0.053x2.190 763 0.043 
J 0.349 ± 0.044 0.324 ± 0.037 y = 0.072x2.218 979 0.79 
A 1.424 ± 0.114 1.016 ± 0.085 y = 0.053x2.190 299 <0.001 
A 1.424 ± 0.114 1.435 ± 0.123 y = 0.072x2.218 568 0.91 

Veliidae J 0.154 ± 0.015 0.194 ± 0.019 y = 0.053x2.190 1263.5 0.042 
J 0.154 ± 0.015 0.165 ± 0.017 y = 0.041x2.320 1033 0.87 
A 0.317 ± 0.037 0.319 ± 0.034 y = 0.053x2.190 1102 0.47 
A 0.317 ± 0.037 0.280 ± 0.031 y = 0.041x2.320 903 0.38 

 

1Comparisons between measured and predicted biomass were based on Wilcoxon test with Bonferroni correction.
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Table 2.4 Comparison of measured and predicted biomass using coefficients from six studies: five on terrestrial Hemiptera (fitting 
function source 1–5) and one on semi-aquatic bugs from a sub-tropical region (fitting function source 6–9). The measured values for 
each body form group were based on 45 juveniles (J) and 45 adults (A), except for adult Halobatinae, which were based on 34 individuals. 
Bold p-value indicates that there is a significant difference between the measured and predicted biomass (p-value<0.05). 
 

Body form group Life 
stage 

Mean ± biomass (mg) Fitting function Fitting 
function 
source1 

W P2 
Measured Predicted 

Cylindrostethinae, Gerrinae, and Ptilomerinae J 6.042 ± 0.931 7.741 ± 1.236 y = 0.020x2.764 1 1078 0.60 
J 6.042 ± 0.931 2.289 ± 0.300 y = 0.041x1.934 2 730 0.022 
J 6.042 ± 0.931 5.944 ± 0.855 y = 0.049x2.270 3 1014 0.99 
J 6.042 ± 0.931 6.488 ± 1.091 y = 0.008x3.075 4 968 0.72 
J 6.042 ± 0.931 3.352 ± 0.483 y = 0.027x2.280 5 807 0.098 
J 6.042 ± 0.931 5.092 ± 0.755 y = 0.031x2.40 6 917 0.44 
J 6.042 ± 0.931 3.678 ± 0.569 y = 0.014x2.60 7 791 0.074 
J 6.042 ± 0.931 4.842 ± 0.758 y = 0.016x2.66 8 869 0.25 
J 6.042 ± 0.931 3.216 ± 0.515 y = 0.008x2.78 9 743 0.029 
A 10.365 ± 1.725 17.806 ± 2.571 y = 0.020x2.764 1 1272 0.036 
A 10.365 ± 1.725 4.279 ± 0.471 y = 0.041x1.934 2 670 0.005 
A 10.365 ± 1.725 12.083 ± 1.512 y = 0.049x2.270 3 1171 0.20 
A 10.365 ± 1.725 16.146 ± 2.503 y = 0.008x3.075 4 1153 0.26 
A 10.365 ± 1.725 6.832 ± 0.858 y = 0.027x2.280 5 842 0.17 
A 10.365 ± 1.725 10.693 ± 1.396 y = 0.031x2.40 6 1076 0.61 
A 10.365 ± 1.725 8.119 ± 1.123 y = 0.014x2.60 7 862 0.23 
A 10.365 ± 1.725 10.851 ± 1.526 y = 0.016x2.66 8 1028 0.90 
A 10.365 ± 1.725 7.427 ± 1.077 y = 0.008x2.78 9 808 0.099 

Halobatinae J 0.349 ± 0.044 0.142 ± 0.019 y = 0.020x2.764 1 525 <0.001 

J 0.349 ± 0.044 0.147 ± 0.015 y = 0.041x1.934 2 557 <0.001 
J 0.349 ± 0.044 0.230 ± 0.027 y = 0.049x2.270 3 762 0.042 
J 0.349 ± 0.044 0.074 ± 0.011 y = 0.008x3.075 4 241 <0.001 
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Body form group Life 
stage 

Mean ± biomass (mg) Fitting function Fitting 
function 
source1 

W P2 
Measured Predicted 

J 0.349 ± 0.044 0.128 ± 0.015 y = 0.027x2.280 5 496.5 <0.001 
J 0.349 ± 0.044 0.162 ± 0.020 y = 0.031x2.40 6 610 0.001 

J 0.349 ± 0.044 0.086 ± 0.011 y = 0.014x2.60 7 312 <0.001 
J 0.349 ± 0.044 0.103 ± 0.014 y = 0.016x2.66 8 418 <0.001 

J 0.349 ± 0.044 0.057 ± 0.008 y = 0.008x2.78 9 178.5 <0.001 
A 1.424 ± 0.114 0.861 ± 0.094 y = 0.020x2.764 1 226 <0.001 
A 1.424 ± 0.114 0.550 ± 0.040 y = 0.041x1.934 2 68 <0.001 

A 1.424 ± 0.114 1.051 ± 0.092 y = 0.049x2.270 3 330 0.002 
A 1.424 ± 0.114 0.537 ± 0.066 y = 0.008x3.075 4 103 <0.001 
A 1.424 ± 0.114 0.587 ± 0.051 y = 0.027x2.280 5 93 <0.001 

A 1.424 ± 0.114 0.798 ± 0.074 y = 0.031x2.40 6 187 <0.001 
A 1.424 ± 0.114 0.478 ± 0.048 y = 0.014x2.60 7 68 <0.001 
A 1.424 ± 0.114 0.594 ± 0.062 y = 0.016x2.66 8 114 <0.001 

A 1.424 ± 0.114 0.352 ± 0.038 y = 0.008x2.78 9 20 <0.001 
Veliidae J 0.154 ± 0.015 0.111 ± 0.013 y = 0.020x2.764 1 711.5 0.014 

J 0.154 ± 0.015 0.126 ± 0.011 y = 0.041x1.934 2 851 0.19 
J 0.154 ± 0.015 0.190 ± 0.019 y = 0.049x2.270 3 1261.5 0.044 
J 0.154 ± 0.015 0.056 ± 0.007 y = 0.008x3.075 4 440 <0.001 
J 0.154 ± 0.015 0.105 ± 0.011 y = 0.027x2.280 5 700 0.011 
J 0.154 ± 0.015 0.132 ± 0.014 y = 0.031x2.40 6 837 0.16 
J 0.154 ± 0.015 0.069 ± 0.007 y = 0.014x2.60 7 495.5 <0.001 
J 0.154 ± 0.015 0.082 ± 0.009 y = 0.016x2.66 8 585 <0.001 
J 0.154 ± 0.015 0.045 ± 0.005 y = 0.008x2.78 9 398.5 <0.001 
A 0.317 ± 0.037 0.211 ± 0.026 y = 0.020x2.764 1 722 0.018 
A 0.317 ± 0.037 0.194 ± 0.019 y = 0.041x1.934 2 659 0.004 
A 0.317 ± 0.037 0.318 ± 0.035 y = 0.049x2.270 3 1066 0.67 
A 0.317 ± 0.037 0.115 ± 0.015 y = 0.008x3.075 4 467 <0.001 
A 0.317 ± 0.037 0.177 ± 0.019 y = 0.027x2.280 5 602.5 <0.001 
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Body form group Life 
stage 

Mean ± biomass (mg) Fitting function Fitting 
function 
source1 

W P2 
Measured Predicted 

A 0.317 ± 0.037 0.228 ± 0.026 y = 0.031x2.40 6 760 0.041 
 A 0.317 ± 0.037 0.125 ± 0.015 y = 0.014x2.60 7 500 <0.001 
 A 0.317 ± 0.037 0.152 ± 0.018 y = 0.016x2.66 8 552 <0.001 
 A 0.317 ± 0.037 0.085 ± 0.010 y = 0.008x2.78 9 436 <0.001 

 

1Fitting function from the following publication: (1) Ganihar, 1997; (2) Gruner, 2003; (3) Rogers et al., 1977; (4) Sample et al., 1993; (5) Schoener, 1980; (6) Smock, 1980 (on general 
Hemiptera); (7) Smock, 1980 (on Gerris remigis); (8) Smock, 1980 (on Metrobates hesperius); (9) Smock, 1980 (on Rhagovelia obesa). 
2Comparisons between measured and predicted biomass were based on Wilcoxon test with Bonferroni correction. 
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Figure 2.1 Example photos to show the families and body forms of semi-aquatic bugs analysed in this study. (1A) Cylindrostethinae, 
(1B) Gerrinae, and (1C) Ptilomerinae – with small to large slender bodies; in this study adult length of this first group was 4–17 mm and 
width 1–4 mm, juvenile length was 1–13 mm and width 0.5–3 mm. (2) Halobatinae – with small to medium bodies with wide head and 
thorax as well as short abdomen; in this study adult length was 3–5.5 mm and width 2–3 mm, juvenile length was 1–3 mm and width 
0.25–2 mm. (3) Veliidae – with small stout bodies; in this study adult length was 1–3.5 mm and width 0.5–1.5 mm, juvenile length was 
0.5–3 mm and width 0.25–1 mm. Photos courtesy of Matthew Hayes.
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Figure 2.2 Four curves fitted on all juvenile and adult semi-aquatic bug samples, each 
with coefficients obtained from power regression fitted on: combined body form groups 
(black solid line; y = 0.053x2.190); Cylindrostethinae, Gerrinae, and Ptilomerinae (brown 
dashed line; y = 0.040x2.271); Halobatinae (green dashed-dotted line; y = 0.072x2.218); and 
Veliidae (blue dotted line; y = 0.041x2.320). All the curves, except the combined body 
form groups, were obtained from power regressions on each group with life stages 
combined. 
 
 

 

Figure 2.3 Three power regressions fitted on all juvenile and adult semi-aquatic bug 
samples of (A) Cylindrostethinae, Gerrinae, and Ptilomerinae, (B) Halobatinae, (C) and 
Veliidae. Curves for each body form group were created with coefficients obtained from 
power regression fitted on each group with life stages combined (black solid line; y = 
0.040x2.271 for Cylindrostethinae, Gerrinae, and Ptilomerinae, y = 0.072x2.218 for 
Halobatinae, and y = 0.041x2.320 for Veliidae); juvenile individuals only (red dashed line; 
y = 0.039x2.362 for Cylindrostethinae, Gerrinae, and Ptilomerinae, y = 0.068x2.300 for 
Halobatinae, and y = 0.037x2.322 for Veliidae); and adult individuals only (red dotted line; 
y = 0.030x2.349 for Cylindrostethinae, Gerrinae, and Ptilomerinae, y = 0.141x1.704 for 
Halobatinae, and y = 0.049x2.229 for Veliidae).
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Supplementary materials 
 
 

Table S2.1 Details about the semi-aquatic bug specimens used in this study. Specimens were categorised into three body form groups (separated 
based on family and the form of their bodies):1) Cylindrostethinae, Gerrinae, and Ptilomerinae; 2) Halobatinae; and 3) Veliid ae, for biomass 
estimation. Each specimen was also separated based on their life stage (juvenile or adult). Each body form group had 45 juveniles and 45 adults, 
except Halobatinae which had 45 juveniles and 34 adults due to a limited number of suitable (available and undamaged) adult specimens (in the table 
below, these were indicated as ‘NA’). Within each group of 45 (or 34) individuals there was a mix of short, medium, and long individuals. In total, 
there were 259 individuals used in this study. Specimens were part of a larger data set of semi-aquatic bugs, which were collected from streams in a 
range of land-use types: old growth forest (OG), logged forest (LF), oil palm with riparian buffer strips (OPB), and oil palm without ripar ian buffer 
strips (OP). For this study, the semi-aquatic bugs were selected using stratified random sampling for biomass estimation, i.e., within body form, life 
stage, and size categories, individuals were chosen randomly from the full range of streams.  

Repli-
cate 

Morphospecies Subfamily Group Life stage Body 
length 
range 

Body 
length 

Body 
width 

Land-use 
type 

Stream 

1 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 3 1 OP Binuang 
2 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 1 0.5 OP Binuang 
3 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 3 1 OP Selangan Batu 
4 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 3.5 1.5 OPB Gaharu 
5 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 2 1 OPB Gaharu 
6 Cylindrostethus sp. Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 4.5 1.5 OPB Keruing 
7 Morphospecies48 Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 1.75 0.75 OPB Merbau 
8 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 2 1 LF LF - 1 
9 Morphospecies48 Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 1.75 0.75 LF LF - 1 
10 Morphospecies48 Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 2.5 1 LF LF - 4 
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Repli-
cate 

Morphospecies Subfamily Group Life stage Body 
length 
range 

Body 
length 

Body 
width 

Land-use 
type 

Stream 

11 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 4.5 1.5 LF LF - 2 
12 Morphospecies42 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 3 1 LF LF - 3 
13 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 2.5 1 OG Maliau 
14 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 2 1 OG Rhinopool 
15 Limnometra sp. Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 4 1.5 OG VJR 
16 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 9 3 OP Selangan Batu 
17 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 5 2 OP Selangan Batu 
18 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 7.5 2 OPB Gaharu 
19 Cylindrostethus sp. Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 8.5 2 OPB Keruing 
20 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 8.5 3 OPB Keruing 
21 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 5.5 2 OPB Merbau 
22 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 6 2 LF LF - 1 
23 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 7 2.5 LF LF - 4 
24 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 8 3 LF LF - 4 
25 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 5.5 2 LF LF - 2 
26 Tenagogonus sp.2 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 5.5 2 LF LF - 3 
27 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Short 4.5 1.5 OG Maliau 
28 Morphospecies42 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 6.5 2 OG Maliau 
29 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 6 2 OG Rhinopool 
30 Tenagogonus sp.2 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Medium 6.5 2 OG VJR 
31 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 11 3 OP Binuang 
32 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 12.5 3 OP Selangan Batu 
33 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 13 3 OP Selangan Batu 
34 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 11 3 OPB Gaharu 
35 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 10.5 3 OPB Keruing 
36 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 11.5 3 OPB Merbau 
37 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 12.5 3 OPB Merbau 
38 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 12.5 3 LF LF - 1 
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Repli-
cate 

Morphospecies Subfamily Group Life stage Body 
length 
range 

Body 
length 

Body 
width 

Land-use 
type 

Stream 

39 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 12 3 LF LF - 4 
40 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 11.5 3 LF LF - 2 
41 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 12 3 LF LF - 2 
42 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 11.5 3 LF LF - 3 
43 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 11 3 OG Maliau 
44 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 13 3 OG Rhinopool 
45 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Juvenile Long 12 3 OG VJR 
46 Rheumatogonus sp.1 Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 4.5 1 OP Binuang 
47 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 5 2 OP Selangan Batu 
48 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 5.5 NA OPB Gaharu 
49 Cylindrostethus sp. Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 6 2 OPB Keruing 
50 Rheumatogonus sp.1 Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 5.5 1.75 OPB Keruing 
51 Cylindrostethus sp. Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 6.5 2 OPB Keruing 
52 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7 2 LF LF - 1 
53 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7 2.5 LF LF - 1 
54 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7.5 2.5 LF LF - 2 
55 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7.25 2 LF LF - 3 
56 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7 3 LF LF - 3 
57 Rheumatogonus sp.5 Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 5.5 1.5 OG Maliau 
58 Rheumatogonus sp.1 Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 4 1 OG Rhinopool 
59 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 6.5 2.75 OG Rhinopool 
60 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7 3 OG Rhinopool 
61 Cylindrostethus sp. Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 10 2 OPB Keruing 
62 Limnometra sp. Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 11.5 3 LF LF - 2 
63 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7 3 LF LF - 3 
64 Cylindrostethus scrutator Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 10.5 2 OPB Keruing 
65 Cylindrostethus scrutator Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 10 2 OPB Keruing 
66 Cylindrostethus scrutator Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 10.5 2 OPB Keruing 
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Repli-
cate 

Morphospecies Subfamily Group Life stage Body 
length 
range 

Body 
length 

Body 
width 

Land-use 
type 

Stream 

67 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 7.5 2 LF LF - 1 
68 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 7.5 2 LF LF - 3 
69 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 8 2 LF LF - 1 
70 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 7.5 2 LF LF - 3 
71 Potamometropsis sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 7.5 3 OG Maliau 
72 Limnometra sp. Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 11.5 3 OG Maliau 
73 Limnometra sp. Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 11 3 OG Rhinopool 
74 Limnometra sp. Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Medium 10 3 OG VJR 
75 Tenagogonus sp.1 Gerrinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Short 7 3 OG Rhinopool 
76 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 15 4 OP Binuang 
77 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 15 3 OP Selangan Batu 
78 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 16 3.5 OPB Gaharu 
79 Cylindrostethus scrutator Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 13.5 2 OPB Keruing 
80 Cylindrostethus scrutator Cylindrostethinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 13 2.5 OPB Keruing 
81 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 15.5 4 OPB Merbau 
82 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 16 3.5 LF LF - 1 
83 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 17 4 LF LF - 1 
84 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 16.5 4 LF LF - 4 
85 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 16.5 3.5 LF LF - 2 
86 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 16.5 3.5 LF LF - 3 
87 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 15 3 OG Maliau 
88 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 16.5 3 OG Maliau 
89 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 17 4 OG Rhinopool 
90 Ptilomera sp. Ptilomerinae Cylindrostethinae, Gerrinae, and Ptilomerinae Adult Long 15.5 4 OG VJR 
91 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 1 OPB Gaharu 
92 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 1 OG Maliau 
93 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 1 OP Selangan Batu 
94 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.75 OG Maliau 
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Repli-
cate 

Morphospecies Subfamily Group Life stage Body 
length 
range 

Body 
length 

Body 
width 

Land-use 
type 

Stream 

95 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Rhinopool 
96 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.5 OPB Gaharu 
97 Metrocoris sp.1 Halobatinae Halobatinae Juvenile Short 1 0.5 OG Maliau 
98 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.25 OP Selangan Batu 
99 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.25 OG Rhinopool 

100 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.5 OG Rhinopool 
101 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.5 OG Rhinopool 
102 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.5 OG Maliau 
103 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 1.5 1 OG Maliau 
104 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 0.5 OG Rhinopool 
105 Ventidius sp.1 Halobatinae Halobatinae Juvenile Short 1 1 OG Rhinopool 
106 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 1.5 1 OP Selangan Batu 
107 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 1.5 1 OP Selangan Batu 
108 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OPB Gaharu 
109 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1.5 OPB Gaharu 
110 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1.25 OPB Gaharu 
111 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1.25 OPB Gaharu 
112 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 1.5 1 LF LF - 1 
113 Ventidius sp.1 Halobatinae Halobatinae Juvenile Long 2.5 1.75 LF LF - 1 
114 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Maliau 
115 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1.5 OG Rhinopool 
116 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Rhinopool 
117 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Maliau 
118 Metrocoris sp.1 Halobatinae Halobatinae Juvenile Medium 1.75 1 OG Rhinopool 
119 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 1.5 1 OG Maliau 
120 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Rhinopool 
121 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Maliau 
122 Metrocoris sp.1 Halobatinae Halobatinae Juvenile Long 3 2 OG Maliau 
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123 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Rhinopool 
124 Ventidius sp.1 Halobatinae Halobatinae Juvenile Long 3 2 OPB Gaharu 
125 Ventidius sp.1 Halobatinae Halobatinae Juvenile Long 3 2 OPB Gaharu 
126 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1.5 OG Rhinopool 
127 Metrocoris sp.1 Halobatinae Halobatinae Juvenile Long 3 1.5 LF LF - 1 
128 Ventidius sp.1 Halobatinae Halobatinae Juvenile Long 3 2 OG Maliau 
129 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1.5 OP Selangan Batu 
130 Ventidius sp.1 Halobatinae Halobatinae Juvenile Long 2.5 1.5 OG Rhinopool 
131 Ventidius sp.1 Halobatinae Halobatinae Juvenile Long 2 2 OPB Gaharu 
132 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1 OG Maliau 
133 Metrocoris sp.1 Halobatinae Halobatinae Juvenile Long 3 1.5 OG Rhinopool 
134 Ventidius sp.1 Halobatinae Halobatinae Juvenile Medium 2 1.5 OG Rhinopool 
135 Ventidius sp.1 Halobatinae Halobatinae Juvenile Long 3 1.5 OG VJR 
136 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3.5 2 OG Rhinopool 
137 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2 OP Selangan Batu 
138 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2 OPB Gaharu 
139 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2 OPB Gaharu 
140 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3.5 2 OPB Gaharu 
141 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2 OG Rhinopool 
142 Ventidius sp.2 Halobatinae Halobatinae Adult Short 3.5 2 OG Maliau 
143 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2 OG Maliau 
144 Ventidius sp.2 Halobatinae Halobatinae Adult Short 3.5 2 OG Maliau 
145 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3.5 2 OG Rhinopool 
146 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2 OG Rhinopool 
147 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2 OG Maliau 
148 Ventidius sp.2 Halobatinae Halobatinae Adult Short 3 2 OG Rhinopool 
149 Ventidius sp.2 Halobatinae Halobatinae Adult Short 3 2 OG Rhinopool 
150 Ventidius sp.2 Halobatinae Halobatinae Adult Short 3 2 OG Rhinopool 
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151 Ventidius sp.2 Halobatinae Halobatinae Adult Medium 3.75 2.5 OG Rhinopool 
152 Metrocoris sp.1 Halobatinae Halobatinae Adult Long 5.5 2.5 OG VJR 
153 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3.5 2.5 OPB Gaharu 
154 Metrocoris sp.1 Halobatinae Halobatinae Adult Medium 4.5 2.5 OPB Gaharu 
155 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3.5 2.5 OPB Keruing 
156 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3 2.5 OPB Gaharu 
157 Metrocoris sp.1 Halobatinae Halobatinae Adult Medium 4 2.5 LF LF - 1 
158 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3.5 2 OG Maliau 
159 Ventidius sp.1 Halobatinae Halobatinae Adult Short 3.5 2 OG Maliau 
160 Ventidius sp.1 Halobatinae Halobatinae Adult Medium 4 2.75 OPB Gaharu 
161 Ventidius sp.1 Halobatinae Halobatinae Adult Medium 4 2.5 OG Rhinopool 
162 Metrocoris sp.1 Halobatinae Halobatinae Adult Medium 4.5 2 OG Maliau 
163 Ventidius sp.3 Halobatinae Halobatinae Adult Medium 4 2.5 OG Rhinopool 
164 Metrocoris sp.1 Halobatinae Halobatinae Adult Medium 4 2.5 OG Rhinopool 
165 Ventidius sp.1 Halobatinae Halobatinae Adult Medium 4 2.5 OG Rhinopool 
166 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
167 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
168 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
169 Metrocoris sp.1 Halobatinae Halobatinae Adult Long 5.5 3 OPB Keruing 
170 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
171 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
172 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
173 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
174 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
175 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
176 Metrocoris sp.2 Halobatinae Halobatinae Adult Long 5 2.5 LF LF - 3 
177 Metrocoris sp.1 Halobatinae Halobatinae Adult Long 5 2 OG Rhinopool 
178 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
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179 Metrocoris sp.1 Halobatinae Halobatinae Adult Long 5.5 2 OG Rhinopool 
180 NA Halobatinae Halobatinae Adult Long NA NA NA NA 
181 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 1 0.5 OPB Gaharu 
182 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 1 0.75 OPB Merbau 
183 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 0.75 0.5 OPB Merbau 
184 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 1 0.5 OPB Gaharu 
185 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 0.5 0.25 OPB Gaharu 
186 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 1 0.5 OPB Merbau 
187 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 0.75 0.5 LF LF - 1 
188 Microvelia sp.1 Microveliinae Veliidae Juvenile Short 1 0.75 LF LF - 2 
189 Microvelia sp.1 Microveliinae Veliidae Juvenile Short 1 0.75 LF LF - 3 
190 Microvelia sp.1 Microveliinae Veliidae Juvenile Short 0.75 0.5 LF LF - 2 
191 Microvelia sp.1 Microveliinae Veliidae Juvenile Short 1 1 LF LF - 3 
192 Microvelia sp.1 Microveliinae Veliidae Juvenile Short 1.25 0.75 OG Maliau 
193 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 1 0.5 OG Maliau 
194 Strongylovelia sp. Haloveliinae Veliidae Juvenile Short 1 0.5 OG Rhinopool 
195 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 1 0.5 OG VJR 
196 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OP Selangan Batu 
197 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OP Selangan Batu 
198 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Long 2.5 1 OPB Gaharu 
199 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OPB Keruing 
200 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OPB Merbau 
201 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 1.5 0.75 OPB Gaharu 
202 Microvelia sp.1 Microveliinae Veliidae Juvenile Medium 1.5 1 LF LF - 1 
203 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 LF LF - 4 
204 Microvelia sp.1 Microveliinae Veliidae Juvenile Medium 1.75 1 LF LF - 2 
205 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 LF LF - 3 
206 Microvelia sp.1 Microveliinae Veliidae Juvenile Medium 1.75 1 LF LF - 3 
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207 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OG Maliau 
208 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 1.75 1 OG Rhinopool 
209 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 0.75 OG Rhinopool 
210 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OG VJR 
211 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OPB Gaharu 
212 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Long 2.5 1 LF LF - 2 
213 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 0.75 OPB Gaharu 
214 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Long 2.5 1 OPB Gaharu 
215 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OPB Keruing 
216 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OPB Merbau 
217 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 LF LF - 1 
218 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Long 2.5 1 LF LF - 1 
219 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Long 2.5 1 LF LF - 4 
220 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 LF LF - 2 
221 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 LF LF - 3 
222 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Long 3 1 OG Maliau 
223 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Short 1.75 0.75 OG Rhinopool 
224 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Medium 2 1 OG VJR 
225 Rhagovelia sp.1 Rhagoveliinae Veliidae Juvenile Long 2.5 1 OG VJR 
226 Microvelia sp.4 Microveliinae Veliidae Adult Short 1 0.5 LF LF - 2 
227 Microvelia sp.4 Microveliinae Veliidae Adult Short 1 0.5 OG Rhinopool 
228 Strongylovelia sp. Haloveliinae Veliidae Adult Short 1 0.75 OG Rhinopool 
229 Microvelia sp.4 Microveliinae Veliidae Adult Short 1 0.5 OG VJR 
230 Strongylovelia sp. Haloveliinae Veliidae Adult Short 1 0.5 OG Rhinopool 
231 Strongylovelia sp. Haloveliinae Veliidae Adult Short 1 0.75 OG Maliau 
232 Microvelia sp.5 Microveliinae Veliidae Adult Short 1 0.75 LF LF - 1 
233 Microvelia sp.5 Microveliinae Veliidae Adult Short 1 0.5 LF LF - 3 
234 Microvelia sp.3 Microveliinae Veliidae Adult Short 1 0.75 LF LF - 1 
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235 Microvelia sp.4 Microveliinae Veliidae Adult Short 1 0.5 LF LF - 2 
236 Strongylovelia sp. Haloveliinae Veliidae Adult Short 1.5 0.75 OG Maliau 
237 Microvelia sp.4 Microveliinae Veliidae Adult Short 1 1.5 OG Maliau 
238 Strongylovelia sp. Haloveliinae Veliidae Adult Short 1 0.75 OG Maliau 
239 Strongylovelia sp. Haloveliinae Veliidae Adult Short 1 0.75 OG Rhinopool 
240 Morphospecies40 Microveliinae Veliidae Adult Short 1 1 OG VJR 
241 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Medium 2.5 1 OPB Gaharu 
242 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Medium 2.5 1 OPB Keruing 
243 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Medium 2.5 1 OPB Merbau 
244 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Medium 2.5 1 OPB Gaharu 
245 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Medium 2.5 1 OPB Keruing 
246 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Medium 2.5 1 OPB Merbau 
247 Microvelia sp.2 Microveliinae Veliidae Adult Short 1.5 0.75 LF LF - 1 
248 Microvelia sp.1 Microveliinae Veliidae Adult Medium 2 1 LF LF - 2 
249 Microvelia sp.2 Microveliinae Veliidae Adult Medium 2 1 LF LF - 2 
250 Microvelia sp.1 Microveliinae Veliidae Adult Medium 2 1 LF LF - 3 
251 Microvelia sp.2 Microveliinae Veliidae Adult Medium 2 1 LF LF - 3 
252 Rhagovelia sp.5 Rhagoveliinae Veliidae Adult Long 3 1 OG Maliau 
253 Strongylovelia sp. Haloveliinae Veliidae Adult Medium 1.75 0.75 OG Rhinopool 
254 Rhagovelia sp.6 Rhagoveliinae Veliidae Adult Medium 2.5 1 OG VJR 
255 Microvelia sp.2 Microveliinae Veliidae Adult Short 1.5 0.75 OG VJR 
256 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 OPB Keruing 
257 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 OP Selangan Batu 
258 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 OPB Gaharu 
259 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 OPB Gaharu 
260 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 2.75 1 OPB Keruing 
261 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 OPB Merbau 
262 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 LF LF - 1 
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263 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 LF LF - 4 
264 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3.5 1 LF LF - 2 
265 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Medium 2.5 1 LF LF - 3 
266 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 LF LF - 3 
267 Rhagovelia sp.4 Rhagoveliinae Veliidae Adult Long 3 1 OG Maliau 
268 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 OG Rhinopool 
269 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1 OG Rhinopool 
270 Rhagovelia sp.1 Rhagoveliinae Veliidae Adult Long 3 1.25 OG VJR 
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Figure S2.1 Map showing locations where semi-aquatic bugs were collected from four 
types of land use (old growth forest/ OG; logged forest/ LF; oil palm with riparian buffer 
strips/ OPB; and oil palm without riparian buffer strips/ OP) in Sabah, Malaysian 
Borneo. The 12 sampled streams were spread across Danum Valley Conservation Area, 
Maliau Basin Conservation Area, and SAFE (Stability of Altered Forest Ecosystem) 
Project sites within southern Sabah, Malaysian Borneo (red box, and inset).
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Figure S2.2 Number of semi-aquatic bugs (Gerromorpha) used per body form group: 
Cylindrostethinae, Gerrinae, and Ptilomerinae (A); Halobatinae (B); and Veliidae (C) 
across the range of body lengths found in the samples. In this study, the adult lengths of 
Cylindrostethinae, Gerrinae and Ptilomerinae (A) were 4–17 mm, and the juvenile 
lengths were 1–13 mm. For Halobatinae (B), the adult lengths were 3–5.5 mm, and the 
juvenile lengths were 1–3 mm. For Veliidae (C), the adult lengths were 1–3.5 mm, and 
the juvenile lengths were 0.5–3 mm. A representative number of semi-aquatic bugs from 
across all land-use types were used, particularly when the specimens were available and 
undamaged. Otherwise, semi-aquatic bugs from other land-use types were used (OP = 
oil palm, OPB = oil palm with riparian buffer strips, LF = logged forest, OG = old-
growth forest). 
 

 

Figure S2.3 Number of semi-aquatic bugs (Gerromorpha) used per body form group and 
land-use type: Cylindrostethinae, Gerrinae, and Ptilomerinae (A), Halobatinae (B), and 
Veliidae (C). When available and undamaged, we used a representative number of semi-
aquatic bugs from across all land-use types. Otherwise, semi-aquatic bugs from other 
land-use types were used (OP = oil palm, OPB = oil palm with riparian buffer strips, LF 
= logged forest, OG = old-growth forest). 
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Figure S2.4 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on all body form groups of semi-aquatic bugs (Gerromorpha) with both life stages 
(juvenile and adult) combined. The equation and the adjusted R2 value for each model is 
shown. 
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Figure S2.5 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Cylindrostethinae, Gerrinae, and Ptilomerinae with juvenile and adult life 
stages combined. The equation and the adjusted R2 value for each model is shown. 
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Figure S2.6 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Cylindrostethinae, Gerrinae, and Ptilomerinae with juvenile life stage only. The 
equation and the adjusted R2 value for each model is shown. 
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Figure S2.7 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Cylindrostethinae, Gerrinae, and Ptilomerinae with adult life stage only. The 
equation and the adjusted R2 value for each model is shown. 



 

79 

 

    

         

Figure S2.8 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Halobatinae with juvenile and adult life stages combined. The equation and the 
adjusted R2 value for each model is shown. 
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Figure S2.9 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Halobatinae with juvenile life stage only. The equation and the adjusted R2 
value for each model is shown. 
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Figure S2.10 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Halobatinae with adult life stage only. The equation and the adjusted R2 value 
for each model is shown. 
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Figure S2.11 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Veliidae with juvenile and adult life stages combined. The equation and the 
adjusted R2 value for each model is shown. 
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Figure S2.12 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Veliidae with juvenile life stage only. The equation and the adjusted R2 value 
for each model is shown. 
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Figure S2.13 Linear regression (A), polynomial regression order 2 (B), polynomial 
regression order 3 (C), polynomial regression order 4 (D), and power regression (E) 
fitted on Veliidae with adult life stage only. The equation and the adjusted R2 value for 
each model is shown.
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Abstract 

Land-use change and agricultural expansion have caused marked biodiversity loss in 

Southeast Asia but impacts and management strategies on freshwater communities have 

been very little studied. Semi-aquatic bugs are abundant in streams, prey for many other 

animals, and sensitive to environmental change, making them an important group to 

study in this context. We investigated the effects of logging and forest conversion to oil 

palm on semi-aquatic bugs in Sabah, Malaysia, and the potential value of retaining 

riparian buffer strips in oil palm, by sampling across 12 rivers along an existing land-use 

gradient. We recorded catchment, riparian, and stream-scale environmental parameters 

and surveyed semi-aquatic bugs within streams in old-growth forest, logged forest, and 

oil palm with (OPB) and without buffer strips (OP). We recorded the abundance, 

richness, total biomass, and proportion of juveniles and winged adult individuals of all 

species, as well as the sex ratio of Ptilomera sp. (a common species throughout the land-

use gradient), as possible indicators of disturbance effects. Abundance and richness, but 

not total biomass, of all semi-aquatic bugs were lower in areas with greater habitat 

disturbance. Average abundance in old-growth forest was more than twice, four, and six 

times higher than that in logged forest, OPB, and OP, respectively. Average richness in 

old-growth forest was higher than in logged forest by two species, but more than twice 

and three times higher than in OPB and OP, respectively. Riparian buffer strips in oil 

palm had little effect on the abundance and richness of semi-aquatic bugs. We found no 

significant differences in the proportion of juveniles, winged adult individuals, or the 

sex ratio of Ptilomera sp. along the disturbance gradient. We found differing community 

composition across the disturbance gradient. Our study highlights the importance of 

protecting forest from further conversion for conservation of semi-aquatic bugs.  
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Introduction 

Freshwater ecosystems cover only 2.3% of the earth’s land surface, yet provide myriad 

functions for humans and wildlife, including habitats for approximately 9.5% of animal 

species globally (Reid et al., 2019). Streams are common freshwater features with 

numerous functions. For instance, characteristics of streams influence flooding, nutrient 

cycling and decomposition, and streams can provide resources for humans, such as fresh 

water, food materials, and cultural values (Carpenter et al., 2011). However, since the 

1960s, streams have become among the most threatened habitats on earth, because of 

human action affecting their properties (Dudgeon et al., 2006; Reid et al., 2019).  

Land-use and climate change, introduced species, overfishing, construction of 

dams and channelization, and pollution by contaminants and microplastics, are all major 

threats to stream ecosystems (Allan, 2004; Hester & Gooseff, 2010; Reid et al., 2019). 

At the catchment scale, conversion of forest for logging and agriculture has caused 

erosion, sedimentation, and has altered the nutrient cycle within streams through inputs 

of pollutants by surface, subsurface, and groundwater runoff (Hancock, 2002; Sidle et 

al., 2006; Syers, 1979). This in turn has reduced the diversity or abundance of many taxa, 

due to loss of habitat and supplies of food (e.g., leaf litter), as well as increase in water 

temperature, nutrient content, and other pollutants (Chopra et al., 2011; Lima et al., 2022; 

Luke, et al., 2017b; Md Rawi et al., 2013; Weijters et al., 2009).  

More local effects of habitat change around stream margins and within streams 

themselves can also influence stream communities and conditions directly. For example, 

crop planting to the edge of streams can reduce bank stability and riparian habitat 

complexity, and applications of pesticides and fertilisers can increase chemical inputs to 
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streams (Corbacho et al., 2003; Tanaka et al., 2021; Wantzen & Mol, 2013). Loss of tree 

cover around streams can also reduce shading and result in warming of streams, which 

can alter the growth, survival, and reproduction of aquatic species (Sweeney, 1993). In 

contrast, practices such as maintaining forested margins along streams can buffer 

microclimatic conditions within streams, stabilise banks, and filter nutrients from the 

surrounding agricultural landscapes (Luke et al., 2019). Forested margins also provide 

resources for aquatic species through allochthonous inputs, such as dead leaves, wood, 

and terrestrial fauna which fall onto the water (Chellaiah & Yule, 2018; Tank et al., 

2010). The loss of forested strips along stream margins in agricultural catchments has 

been associated with decreases in species richness and changes in the structure of 

macroinvertebrate communities (Arnaiz et al., 2011).  

In Southeast Asia, logging and forest conversion for agriculture (e.g., oil palm) 

have expanded significantly since the 1980s (Gibbs et al., 2010; Pendrill et al., 2022). 

Despite the impacts on the terrestrial environment and the likely consequences within 

waterways, there have been relatively few studies assessing the effects of land-use 

change on freshwater ecosystems, particularly in Southeast Asia (Dudgeon et al., 2006; 

van Klink et al., 2021). Forest conversion to oil palm has caused declines in richness and 

abundance of numerous taxa (Meijaard et al., 2020), declines in arthropod biomass (e.g., 

Turner & Foster, 2009), and altered species composition (Savilaakso et al., 2014). Many 

forest species that are associated with freshwater systems are lost due to habitat 

conversion (Kano et al., 2019; Konopik et al., 2015; Luke et al., 2017b; Mercer et al., 

2014). Considering the high levels of biodiversity in Southeast Asia (Myers et al., 2000) 

and the high number of freshwater species that are vulnerable to environmental change 

(Strayer & Dudgeon, 2010), more evidence on impacts of human-driven land 
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modifications is urgently needed in this region. 

 Within freshwater systems, some invertebrates play a keystone role by acting as 

primary producers, herbivores, predators, and detritivores (Covich et al., 1999; Wallace 

& Webster, 1996). Semi-aquatic bugs (Gerromorpha, Hemiptera) are intimately 

associated with freshwater habitats and are abundant in streams (Andersen, 1982). 

Generally, they exploit the water surface throughout their life cycle (Andersen, 1982), 

where they feed on and are eaten by various aquatic and terrestrial species (Foster & 

Treherne, 1981; Spence & Andersen, 1994; Zimmermann & Spence, 1989).  

Such adaptations make this group vulnerable to change, both in the water and 

surrounding catchment and riparian environment. For example, changes in the surface 

tension could affect the movement of semi-aquatic bugs on the water surface, reducing 

their ability to catch prey and avoid predators (Hall, 1985). Deforestation may also 

reduce the litter supply used as a substrate for egg laying by some species in this group 

(Bush & Hu, 2005; Sweeney, 1993), and the number of prey items for the bugs 

(Ceneviva-Bastos & Casatti, 2014). Studies have found that semi-aquatic bugs are 

sensitive to habitat change. For instance, research in the Brazilian Amazon found a lower 

richness of semi-aquatic bugs in agricultural areas following forest conversion (Cunha 

et al., 2015; Cunha & Juen, 2017) and changes in their community structure in Brazilian 

savanna streams with deforested margins (Dias-Silva et al., 2020a). 

Habitat change can also affect the physiology and breeding success of semi-

aquatic bugs. For example, one study in Brazil found a higher abundance of winged 

individuals in forest streams than in oil palm, perhaps owing to reduced resources in oil 

palm (Cunha et al., 2020). Furthermore, since males and females can have different 
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requirements for nutrition (Teder & Kaasik, 2023), habitat change could also affect the 

sex ratio of the population. For instance, female insects can be more vulnerable to food 

stress than their male counterparts (Teder & Kaasik, 2023), hence if environmental 

disturbance causes a reduction or loss of food resources, the proportion of males and 

females in a population could alter. The proportion of adult to juvenile bugs could be 

affected as well, for example because of a reduction in reproductive success (perhaps 

related to lower numbers of adult females in a population as a result of environmental 

change), although we are not aware that this has yet been investigated, particularly in 

semi-aquatic bugs.  

Ptilomera, a widespread genus in the Gerridae, is distributed from India to 

Southeast Asia (Polhemus & Polhemus, 2001). They can be recognized easily by their 

relatively large body size (up to ~2cm), in comparison to many species of semi-aquatic 

bugs (Polhemus & Polhemus, 2001). Ptilomera are often common and can be found in 

flowing freshwater bodies (Polhemus & Polhemus, 2001). They can be sexed easily by 

inspecting differing structures at the abdominal apex in males and females, with a curved 

paramere with setae being found in males, but dorsolateral lobes being present in the last 

abdominal segment in females (Jehamalar et al., 2018). Owing to their commonness and 

clear sexual dimorphism, Ptilomera represent a potentially useful group for measuring 

the impacts of habitat change on ratios of males to females.  

 To date, there has been no study assessing the effects of land-use change on semi-

aquatic bugs in Southeast Asia. Currently, there is no information about the conservation 

status of any species in this group in Southeast Asia (IUCN, 2022), despite the high  level 

of threat posed by land-use change in this region (Hughes, 2017). We investigate the 

impact of catchment and riparian forest quality and stream environmental conditions on: 
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(1) the abundance, total biomass, richness, and community composition of semi-aquatic 

bugs, and (2) the proportion of juvenile versus adult, winged versus wingless, and female 

versus male Ptilomera sp.. 

 

Materials and methods 

Study sites 

During 2011 – 2014 we surveyed streams in the Danum Valley Conservation Area 

(117°48.750E and 5°010N), Maliau Basin Conservation Area (116°540E, 4°490N) and 

the SAFE Project landscape (Stability of Altered Forest Ecosystems, area in the 

Kalabakan Forest Reserve, 116°570E to 117°420E, 4°380N to 4°460N, Ewers et al., 

2011) in Sabah, Malaysian Borneo (Figure 3.1). The climate category in the region is 

tropical, and the average annual air temperature is 27-degree Celcius (Daisuke et al., 

2013). Generally, there is little seasonality (Luke, et al., 2017a). The sites are 

characterised by high mean annual rainfall, i.e., 2882.9mm in Danum Valley and 

2455mm in the SAFE Project sites (Luke, et al., 2017a).  

 We selected 12 streams to survey, which represented a gradient of land use 

change, choosing from an existing network of streams, established as part of the larger 

SAFE Project. Habitats comprised old growth forest, logged forest, as well as oil palm 

with and without riparian buffer strips. We surveyed three stream sites surrounded by 

old growth forest (OG): Danum Valley (Rhinopool), Maliau Basin (Maliau), and the 

Virgin Jungle Reserve (VJR) at the SAFE Project. There has never been any logging in 

the Rhinopool site, whilst the Maliau and VJR sites have been logged at non-commercial 

levels. Logging in Maliau occurred in around 2009, to provide timber for the field centre. 
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Although the VJR has not been logged legally, it shows evidence of illegal logging, 

which is likely to have occurred when the surrounding area was logged in around 1978, 

and again in the late 1990s to the early 2000s in three rounds (Struebig et al., 2013).  

Selectively logged forest (LF) sites were located within the SAFE Project 

experimental area, whilst oil palm sites with and without riparian buffer strips (OPB, 

OP) were located close to the project area (Figure 3.1). Logged forest (LF) consisted of 

four stream sites, the catchments of which had all been commercially logged since the 

1970s at differing intensities, removing a total of about 113 m3 of timber per hectare (LF-

1, 2, 3, and 4). In the 1990s and 2000s, several rounds of logging also occurred, and this 

removed another 66 m3 of timber per hectare (Luke, et al., 2017a). During the study, 

there was no active management in the logged forest sites. 

Oil palm sites with riparian buffers strips (OPB) were in Gaharu, Keruing, and 

Merbau oil palm estates, while oil palm without riparian buffer strips (OP) were in 

Binuang and Selangan Batu estates, and all were under similar management by Benta 

Wawasan, an oil palm company. OPB catchments mainly consisted of mature oil palm 

(planted between 1999 and 2009), but each had varying amounts of riparian vegetation 

and forest cover remaining along stream margins (Luke, et al., 2017a), while in OP oil 

palm was of a similar age and planted up to the stream margin. The average width of 

forested buffer strips in Gaharu, Keruing, and Merbau were 331m, 68m, and 26m 

respectively, and were continuous in all cases, with some plantation roads crossing the 

catchments (Luke, et al., 2017b). Oil palms in all estates were planted approximately 

nine metres apart, together with a cover crop established at the time of planting to reduce 

erosion (Luke, et al., 2017a).  
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Within each stream, data were collected approximately 2km downstream from 

the stream source, to ensure comparability in catchment area and relative position in the 

catchment across streams. At this point (termed as the “0m point”), the sites’ mean 

altitude and slopes were 236m, asl ± SE 26m and 18.24° ± SE 0.81° respectively, and 

the size of the upstream catchments were 3.16km2 ± SE 0.31km2 (Luke, et al., 2017b). 

The average channel and wetted widths recorded across streams in the study ranged from 

5.977 to 15.891m and 3.262 to 7.853m, respectively, the average maximum depths 

ranged from 13.477 to 52.1 cm, and average flow speeds ranged from 0.098 to 0.969 m/s 

(see Table S3.1 for data on individual streams). 

 

Environmental data collection 

Catchment quality  

Catchment scale forest quality data were obtained from forest stand structure maps, 

produced by Pfeifer et al., (2016). The maps were created using RapidEyeTM satellite 

images taken in 2012 and 2013 as well as ground measurements of forest quality from 

193 plots in the SAFE Project sites in 2010 and 2011. These gave information about 

mean above ground living biomass (AGB [t/ha]), percentage forest cover (FCO), and 

leaf area index (LAI) across the study landscape (Luke, et al., 2017b; Pfeifer et al., 2016). 

We clipped forest stand structure maps to the scale of each stream catchment, which was 

approximately 2km upstream from the “0m point” (Figure S3.1), using an ASTER 

Digital Elevation Model (DEM) (a product of METI and NASA) and ArcMap 

Hydrology toolbox (Environmental Systems Research Institute (ESRI) 2014), and then 

computed the mean forest quality values for each catchment (Luke, et al., 2017b). For 
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more details about the measurement of catchment forest quality, see Luke, et al. (2017b) 

and Pfeifer et al. (2016). 

 

Riparian quality  

We assessed the riparian forest quality of each stream site during June – December 2011 

– 2013. We resurveyed all stream sites (except Rhinopool) in May – August 2014. 

Measurements at each site were taken at points at 50m intervals along a 500m transect 

going upstream from the “0m” starting point (Figure S3.1). At each point, measurements 

were taken approximately 10m up the left and right side of the banks, or at the nearest 

area of level ground beyond that. Data were collected along a 500m transect going 

upstream to quantify conditions upstream of the transect, as well as within the transect 

itself. This was because upstream effects were most likely to affect downstream 

communities. The 500m scale was chosen as a compromise to achieve this, while also 

being feasible on foot in the field. 

We recorded canopy openness using a spherical densiometer (Lemmon, 1956), 

percentage vine cover by eye, forest quality using the SAFE Project scale which provides 

a rapid assessment of local vegetation composition and structure (Ewers et al., 2011), 

and density of trees using a relascope (Bitterlich, 1984). Canopy openness was measured 

by holding the densiometer at chest height facing upstream, away from stream, 

downstream, and towards stream. We then calculated the mean of the canopy openness 

for each point. Both percentage vine cover and forest quality were assessed visually 

within 10m of each measurement point. The SAFE Project forest quality scale ranged 

from 0 to 5, with 0 = oil palm; 1 = very poor - no trees, open canopy with ginger/ vines 
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or low scrub; 2 = poor - open with occasional small trees over ginger/ vine layer; 3 = 

okay - small trees fairly abundant/ canopy at least partially closed; 4 = good – a lot of 

trees, some large, canopy closed; 5 = very good - closed canopy with large trees, no 

evidence of logging. The measurement of tree density with a relascope was done by 

turning 180ᵒ from upstream, away from stream, and downstream and counting the 

number of trees seen above the division size. We used a half-circle turn to avoid gaps 

created by the stream. The 180° calculation was then doubled to give an estimate for 

360°, after which it was doubled again to get an estimate of tree basal area (m2 ha-1). 

Finally, we calculated the means of all variables to represent each stream. 

 

Stream quality 

Within-stream environmental data measurements in each site were taken singly in non-

flood conditions in either April – August 2012, November – December 2012, or April – 

June 2013, along a 200m transect from the “0m point” and going upstream (Figure 

S3.1). Data collected provided information about the structure, habitat complexity, as 

well as the physicochemical and biological characteristics of the streams. Several stream 

physical characteristics were measured at points at 10m intervals along the transect, 

including: flow speed by recording the time needed for a tennis ball to travel along a 2-

m string (measured at the point of the fastest flow [rapids or riffles]) and repeated three 

times, and then mean calculated), canopy openness measured using a spherical 

densiometer in the middle of each stream at four directions (upstream, left, and right 

sides of the stream, and downstream, mean taken), and wetted width of the stream using 

a tape measure.  
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Characteristics of the whole river channel were also assessed by recording the 

percentage cover of rocks, pebbles, sand, dead-wood, rapids, riffles, connected pools, 

and isolated pools between pairs of successive 10m points, as well as slope using a 

clinometer. Dead wood were large wood blocks from very large branches, or portions of 

or the whole part of tree trunks, with >5% cover. Pools, riffles, and rapids were 

characterised according to water speed, with pools being still water without ripples, 

riffles being flowing water with a rippled surface, and rapids being fast-flowing white 

water. Finally, we collected data on the stream chemical characteristics, which were 

recorded at points at 50m intervals and included: water temperature, pH, and 

conductivity, measured using electronic probes (Hanna Combo pH and EC Meter, Hanna 

Instruments, Woonsocket, Rhode Island, USA). These chemical characteristics were 

collected once at each stream (except Rhinopool) between April and December 2012, 

and once in June 2013 only at Rhinopool. We then calculated the means of each variable 

for each stream for use in later analyses. 

 

Semi-aquatic bug collection and processing  

Within each stream site, semi-aquatic bugs were collected once in July – September 

2011, June – August 2012, or May – June 2013 using hand-held nets with mesh of 1mm 

or less (a method that has been used before successfully in similar surveys [e.g., Ditrich 

et al., 2008)]), from five sub-transects along the 200m transects used for environmental 

measures (so starting at the “0m point” as well). Each sub-transect was 10m long, and 

was randomly placed within the 200m, but in a way that ensured upper (130-200m), 

middle (70-130m), and lower (0-70m) parts of the 200m transect were all represented 

(hereafter, the sub-transect is termed as “10m transect”, Figure S3.1 & Table S3.2). We 
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chose this method of sampling to ensure that combined samples were representative of 

each stream catchment (rather than of a specific sample area, the characteristics of which 

varied across the 500m transect), and this could be compared to environmental 

characteristics at the scale of the whole catchment. All the bugs found along each “10m 

transect” were collected and then stored in 70% ethanol. Adult bugs were identified to 

family and morphospecies level using identification books and relevant papers 

(Andersen, 1982; Chen & Nieser 1992, 1993a, 1993b; Chen & Zettel 1998; Nieser & 

Chen, 1992; Polhemus & Polhemus, 1988; Polhemus & Zettel, 1997), with advice from 

taxonomic experts (see “Statement of contribution” [page viii] for details). 

The biomass of semi-aquatic bugs was calculated using body length 

measurements (measured to the nearest 1mm for each individual using graph paper) with 

power regression body length-biomass equations developed in another study by Harianja 

et al., 2023a (Chapter 2). Calculations were done by considering families and body forms 

of the bugs collected in this study: y = 0.040x2.271 for Cylindrostethinae, Gerrinae, and 

Ptilomerinae; y = 0.072x2.218 for Halobatinae; and y = 0.041x2.320 for Veliidae, with y 

being the biomass and x being the body length of individual bugs. Total biomass (sum 

of biomass) of semi-aquatic bugs from all 10m transects of each stream was then used 

for subsequent analyses. 

To consider whether there were changes in the demographic structure of the bug 

community, we separated adult and juvenile individuals based on the number of tarsal 

segments and wing presence (i.e., if the tarsi had only one segment and/or no wings, the 

individual was a juvenile, if there were at least two segments and/or wings, it was an 

adult) [Andersen, 1982]). Finally, one species, Ptilomera sp., which showed clear 

dimorphism in genitalia between sexes, was separated into males and females. We did 
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not do this for other species since the dimorphism was less clear (e.g., reduced sexual 

appendages), making such a split unreliable. 

 

Statistical analysis 

All analyses and visualisations were carried out in R version 4.0.4 (R Core Team, 2021) 

with R Studio version 2022.07.1+554 (R Studio Team, 2022). Analyses were done with 

basic R syntax and package “dplyr” (Wickham et al., 2021), “car” (Fox & Weisberg, 

2019) to check the equality of variance using Levene’s test, and “plotrix” (Lemon, 2006) 

to calculate standard errors. For visualisations, packages used were “tidyverse” 

(Wickham et al., 2019), “cowplot” (Wilke, 2020), and “gridExtra” (Auguie, 2017). For 

specific analyses and visualisations, we used differing packages with details below.  

  

Catchment, riparian, and stream quality 

We ran three separate principal component analyses (PCA) to reduce the dimensionality 

and summarise the parameters representing environmental conditions across our sites 

(separate PCA for catchment, riparian, and stream scales), and to generate uncorrelated 

key axes of environmental variation (Table S3.3-S3.5, Figure S3.2-S3.4) (Jolliffe, 

1986). Before running the PCA, we did not make any transformation to our data. For 

each PCA, we used a correlation matrix in which we normalised the environmental data 

due to differing units (Jolliffe, 1986), using the ‘scaling = TRUE’ function in R. For the 

stream quality PCA, we excluded one of the percentage cover categories (sand) from 

analyses, because its value was already implied by inclusion of all other percentage cover 

categories. As predictors for the subsequent analyses, we used PC axes that explained 
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the majority of variation among environmental parameters (choosing axes which 

explained >60% of the variation for each scale, which we used as our stopping criterion 

[see Jolliffe, 1986]) for each of catchment, riparian, and stream scales. We used available 

R syntax to run principal component analyses (PCA) and “factoextra” (Kassambara & 

Mundt, 2020) to produce PCA biplots.  

 To assess the extent of variation in environmental conditions at the catchment and 

riparian scales, and therefore whether parameters could be used as separate independent 

predictors in later analyses, we ran a correlation test between the catchment and riparian 

first principal component (PC) scores. We found that there was a moderate but not 

significant correlation between the catchment and the riparian scales (r = 0.562, t = 

2.151, df = 10, p = 0.056), so we decided to do further analyses separately, as both scales 

included non-overlapping information.  

 

Impacts of land-use change on semi-aquatic bug abundance, total biomass, richness, 

and community composition 

Repeat samplings of bug communities across multiple years at Maliau and Selangan 

Batu showed no significant interannual differences in abundance, total biomass, or 

richness data (Appendix S3.1, Table S3.6-S3.7). Hence, collection period was not 

included in analyses. In streams with repeat measures, data from just one year (2012) 

was used for subsequent analyses. We used generalised linear models (GLM) to assess 

the effects of environmental conditions (separate models for catchment, riparian, and 

stream-scale PC scores, considering that environmental variables were measured at 

different scales) on the summed values per river of semi-aquatic bug abundance, total 
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biomass, and richness. Juveniles were excluded in the richness analysis, as it was not 

possible to assign them reliably to morphospecies, but they were included in the 

abundance and total biomass analyses. Site PC scores and semi-aquatic bug parameters 

(abundance, total biomass, and richness) were used as predictor and response variables 

respectively. 

Models took the following structure: Abundance/ Total Biomass/ Richness ~ 

CatchmentPC1/ RiparianPC1/ StreamPC1 + StreamPC2. For these models, we 

multiplied the scores of StreamPC2 by -1, so we could produce visualizations with scores 

that follow the gradient of land-use, from the most to least disturbed. For abundance, a 

negative binomial model with log link was chosen because of overdispersion. For total 

biomass, we used a gaussian distribution with identity link. For richness, a Poisson 

model with log link was used. In all models, we checked the residuals for normality and 

homogeneity of variance using diagnostic plots created on fitted and residual values. 

Because there was an outlier in the abundance data (a replicate from Rhinopool that had 

very high abundance), we ran analyses both with and without the outlier to check the 

influence of this point on our conclusions. We used “lme4” (Bates et al., 2015) to run 

generalised linear models (GLM), and “MASS” (Venables & Ripley, 2002) to run 

negative binomial models. To check overdispersion for GLM models, we used 

“performance” (Lüdecke et al., 2021), while “see” (Lüdecke et al., (2021) and “Rcpp” 

(Eddelbuettel, 2013; Eddelbuettel & Balamuta, 2018; Eddelbuettel & Francois, 2011) 

were used to check model assumptions. 

We ran a Canonical Correspondence Analysis (CCA) with 999 random 

permutation tests under reduced model to assess the effects of environmental conditions 

at each scale (CatchmentPC1, RiparianPC1, StreamPC1, and StreamPC2) on the 
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community composition of semi-aquatic bugs (using adult individuals only). We used 

“vegan” (Oksanen et al., 2020) to run constrained canonical analyses (CCA) and produce 

the CCA triplot. 

 

Impacts of land-use change on the proportion of juveniles/ adults, winged/ wingless 

individuals for all species, and female/ male Ptilomera sp. 

We assessed the effects of environmental conditions across land-use types on the 

proportion of juveniles and winged adults for all species and female Ptilomera sp.. We 

used GLMs with CatchmentPC1, RiparianPC1, StreamPC1, and StreamPC2 scores as 

predictors and the proportion data as response variables. Binomial families with logit 

link were chosen in all cases. In all models, we checked the residuals for normality and 

homogeneity of variance using diagnostic plots. 

 

Results 

Catchment, riparian, and stream quality 

PCAs showed that the first principal component (PC1) at both catchment and riparian 

scales explained most of the variation in the environmental variables (92% and 77.7% 

respectively). At the catchment scale, PC1 scores were positively correlated with high 

values of forest cover (PC1 loading 0.594), leaf area index (LAI) (PC1 loading 0.583), 

and aboveground biomass (AGB) (PCA loading 0.552) (Table S3.3 & Figure S3.2). At 

the riparian scale, PC1 scores were positively correlated with high values of forest 

quality (PCA loading 0.554), basal area (PCA loading 0.503), and vine cover (PCA 
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loading 0.392), as well as low canopy openness (PCA loading -0.534) (Table S3.4 & 

Figure S3.3). At the stream scale, PCA scores were more evenly spread between axes 1 

and 2, with PC1 and PC2 scores explaining 45.7% and 19.1% of the variation 

respectively (ensuring that 64.8% of variation among environmental parameters were 

covered). PC1 scores were positively correlated with high percentage cover of rocks 

(PC1 loading 0.380), steep slopes (PC1 loading 0.357), and high percentage cover of 

isolated pools (PC1 loading 0.291), and low water temperature (PC1 loading -0.350), 

low canopy openness (PC1 loading -0.293), and fewer connected pools (PC1 loading -

0.302) (Table S3.5 & Figure S3.4). In addition, PC2 scores were correlated with high 

percentage cover of riffles (PC2 loading 0.461) and rapids (PC2 loading 0.217), high 

canopy openness (PC2 loading 0.307), and rapid flow speed (PC2 loading -0.453, the 

negative sign represented less time needed for a tennis ball to travel along a 2-m string), 

as well as low percentage cover of deadwood (PC2 loading -0.411), and low percentage 

cover of connected pools (PC2 loading -0.337) (Table S3.5 & Figure S3.4). 

 

Impacts of land-use change on semi-aquatic bug abundance, total biomass, richness, 

and community composition 

In total, 10,420 individual bugs comprising 5082 adults and 5338 juveniles were found 

across all streams in this study (Table S3.8). The collected bugs were from two families, 

(Gerridae and Veliidae), 12 genera, and 38 morphospecies (identifications for adults 

only) (Table S3.9). Ptilomera sp. and Rhagovelia sp.1 were the most common species, 

found in all and almost all streams across the disturbance gradient, respectively (Table 

S3.9). Two morphospecies in the Veliidae, Microvelia sp.1 and 2, were completely 

absent in oil palm streams both with (OPB) and without buffer strips (OP) but were 
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found in relatively high numbers (compared with the other morphospecies in this study) 

in logged- (LF) and old-growth forest (OG) streams (Table S3.9). In general, the average 

abundance of the bugs in old-growth forest was more than twice, four, and six times that 

in logged-forest, OPB, and OP, respectively. Average richness was higher in old-growth 

forest than in logged-forest, although only by two species, and more than twice and three 

times that in OPB and OP, respectively (mean ± SE, abundance: OG = 1958 ± 1031, LF 

= 661 ± 170, OPB = 431 ± 59, OP = 306 ± 243; richness: OG = 13.6 ± 2.9, LF = 11.0 ± 

2.3, OPB = 6.0 ± 2.1, OP = 4.0 ±1.0). 

There was lower abundance of semi-aquatic bugs in streams associated with 

lower CatchmentPC1, RiparianPC1, and StreamPC2 scores (Table 3.1, Figure 3.2). 

Overall, a similar pattern was seen for the richness of semi-aquatic bugs, i.e., lower 

richness, with lower CatchmentPC1, RiparianPC1, StreamPC1, and StreamPC2 scores 

(Table 3.1, Figure 3.2). Despite the rapid decline in abundance and richness with higher 

levels of degradation, there was no significant effect of catchment, riparian, or stream 

environmental conditions on total biomass (Table 3.1, Figure 3.2). This reflected the 

significant contribution of several species of smaller-bodied Veliidae bugs towards the 

total abundance in the less degraded habitats, but not to total biomass (Figure S3.5). 

This was because the larger-bodied bugs (either Veliidae or Gerridae) persisted in the 

more degraded habitats, resulting in the lack of significant difference in the total biomass 

across the disturbance gradient (Figure S3.5). At all scales, there was no clear difference 

between OPB and OP in terms of the abundance, total biomass, or richness of bugs, with 

both sites tending to cluster together in plots (Figure 3.2). Removal of Rhinopool 

resulted in the same trends for abundance, total biomass, and richness of bugs at both 

catchment and riparian scales. However, there were few changes at the stream scale, 
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with StreamPC1 becoming a significant predictor of abundance, but with Stream PC2 

becoming insignificant (Table S3.10 & Figure S3.6). 

At the community level, there was clustering of sites related to the similarity in 

the composition of bugs, with CatchmentPC1 and StreamPC2 being significant drivers 

of the composition (Table 3.2, Figure 3.3). Community composition across stream sites 

were largely driven by singletons or doubletons (Table S3.9).  

 

Impacts of land-use change on the proportion of juveniles/adults, winged/wingless 

individuals, and female/male Ptilomera sp. 

We found no significant relationship between the quality of catchment, riparian, and 

stream conditions on the proportion of juveniles to adults or winged to wingless 

individuals of semi-aquatic bugs, or in the proportion of female to male Ptilomera sp. 

(Table 3.3, Figure 3.4).  

 

Discussion  

We found that semi-aquatic bug abundance and richness were lower in sites with lower 

catchment and riparian forest quality, and within streams with certain characteristics. In 

particular, the abundance of bugs was lower within streams which had more rapid flow 

speed, higher percentage cover of rapids and riffles, and higher average canopy 

openness, as well as those with lower percentage cover of connected pools and 

deadwood (StreamPC2). Finally, the richness of semi-aquatic bugs was lower within 

streams which had rapid flow speed, higher water temperature and average canopy 
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openness, as well as higher percentage cover of rapids and riffles, and those with less 

steep slopes, lower percentage cover of rocks, and percentage cover of isolated pools 

and deadwood (StreamPC1 and StreamPC2). Comparatively, average abundance of 

semi-aquatic bugs in old-growth forest was more than twice, four, and six times that in 

logged forest, oil palm with and oil palm without buffer strips, respectively. 

Additionally, average richness in old-growth forest was higher than logged forest, 

although only by two species, as well as more than twice and three times higher than in 

oil palm with and without buffer strips, respectively. There was clustering in the 

community composition of bugs associated with disturbance, with catchment forest 

quality as well as stream characteristics mainly associated with flow speed, canopy 

openness, and percentage deadwood being the significant drivers. In contrast,  we found 

no significant differences in the total biomass of semi-aquatic bugs in relation to 

catchment-, riparian- or stream-scale differences in environmental conditions. We also 

found no effect of environmental disturbance at any scale on the proportion of juveniles 

to adults or winged to wingless adult individuals for all species, or female to male 

Ptilomera sp.. 

The significantly lower abundance and richness and differing community 

composition that we identified with land degradation indicates that semi-aquatic bugs 

are sensitive to land-use change. This result reflects findings from previous studies 

which found lower richness (although not abundance) and altered community 

composition of semi-aquatic bugs in streams surrounded by oil palm compared to those 

surrounded by forest in the Amazon (Cunha et. al., 2015; Cunha & Juen, 2017; Dias-

Silva et al., 2020b). This result also reflects findings from other studies investigating the 

impact of forest logging and conversion to oil palm on other freshwater taxa, which 



 

106 

 

found lower species richness with no forest species (Kano et al., 2019; Konopik et al., 

2015; Luke et al., 2017b; Mercer et al., 2014), and therefore also altered local community 

composition (Faruk et al., 2013).  

It should be noted that one old-growth forest site (Rhinopool) had particularly 

high abundance and richness, and therefore had considerable impact on the overall trend. 

Indeed, the removal from Rhinopool in the analyses caused a change in which factors at 

the stream level had significant effects on bugs, although this was not the case at the 

catchment and riparian scales. In particular, characteristics of streams associated with 

flow (flow speed as well as percentage cover of riffles and rapids) that were significant 

contributing factors when Rhinopool was included, became insignificant after the 

removal of this stream site. This indicates that the abundance and richness of the bugs in 

Rhinopool were largely driven by flow characteristics. Therefore, the change in the trend 

after removal of Rhinopool could be related to higher variability in the within-stream 

variables and reduced overall effects. As Rhinopool was the only site that had never 

undergone any logging, it is difficult to be certain whether this value represents 

unusually high levels of diversity at this particular site or is representative of the bug 

assemblage across a range of pristine forest sites. However, after removal of Rhinopool 

from analyses, differences between the bug abundance and richness at lightly logged old 

growth sites and the more disturbed logged forest sites still indicated a clear relationship 

with forest quality, albeit over a reduced range of abundance and richness values, 

suggesting that the trends we detected were robust. It is important to note that this study 

only included 12 streams across the habitat change gradient. Therefore, it is possible that 

trends may not be reliable or may be heavily influenced by individual stream 
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characteristics. Additional studies in other oil palm streams would help to show how 

general are the patterns that were observed in our study.  

At the catchment scale, change across habitat types could include altered inputs 

(e.g., nutrients, sediments, herbicides, and pesticides) to streams through runoff, together 

with changes in the intensity of impacts of extreme events such as heavy rain. As this 

study indicated and as identified in previous research, at the riparian scale, sites that had 

no forested margins could have experienced hotter microclimate and lower input of food 

sources (Hardwick et al., 2015; Luke et al., 2017b; Spence & Andersen, 1994). In 

particular, stream margins provide food sources for the bugs both directly (e.g., 

terrestrial invertebrates that accidentally fall into the water surface [Spence & Andersen, 

1994]) and indirectly (provision of litter supply for aquatic macroinvertebrates which 

are prey items for the bugs (Chellaiah & Yule, 2018; Luke, et al., 2017b). Therefore, the 

loss of input from stream margins might have reduced the availability of prey items for 

semi-aquatic bugs. In addition, the reduced amount of litter might have reduced egg 

laying sites for bugs (Bush & Hu, 2005; Sweeney, 1993). Finally, at the stream-scale, 

changes in stream physical and chemical features may also have affected the movement 

of some species (Crumière et al., 2016; Ditrich et al., 2008; Spence & Andersen, 1994).  

Across scales, effects of habitat disturbance were more consistent and marked at 

catchment and riparian scales than at stream scales. This is probably because catchment 

and riparian scales themselves impact stream-scale characteristics and may therefore 

have more profound and widespread effects. Additionally, catchment and riparian-scale 

characteristics were largely based on structure and factors that are unlikely to vary in the 

short term, while chemical and physical characteristics of streams are likely to vary with 

rainfall levels and short-term effects (De Pauw & Roels, 1988), potentially adding 
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variability to the data. A related point to this, and caveat of our study, is that sampling 

occurred at only a single time-period for each stream. Therefore, environmental 

variables and indeed bug communities that change over time may not be adequately 

sampled at a single time-period or be representative of longer-term trends. However, 

comparison of the sites where we measured more than once did not find a change in 

semi-aquatic bugs, indicating that this may not be an important factor.  

The lack of consistent effects for stream level variables is also reflected in our 

sensitivity analyses. The relatively greater impact of larger scales of disturbance is also 

likely to be a key factor in explaining why bug communities in oil palm sites with buffers 

did not differ markedly from oil palm sites without buffers. Although the presence of 

buffers may have increased shading and reduced runoff into the streams (Luke et al., 

2019), it is likely that the large-scale differences in catchment characteristics dwarfed 

these effects, leading to similar communities across oil palm streams (Wilkinson et al., 

2018). Finally, it should be noted that we used Principal Component Analyses (PCA) to 

reduce the dimensionality and summarise environmental data (Jolliffe, 1986) in this 

study, owing to our limited number of sample points. Although commonly used in 

ecological studies of this kind, this approach does mean that some of the variation that 

is present among environmental variables is not captured, meaning that the potential 

impact of this variability on bug communities may not be detected. However, as the 

principal component axes we included covered the majority of variation in 

environmental data (a total of ~65%), this is unlikely to be important.  

At the community level, there were two species found in all or almost all streams 

across the habitat disturbance gradient, i.e., Ptilomera sp. and Rhagovelia sp.1. These 

are both well adapted to fast-flowing water, which can be found naturally in pristine 
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sites, but also in degraded sites linked to higher runoff and streamflow (Hurkmans et al., 

2009), perhaps explaining their commonness. Additionally, there were two species of 

Veliid bugs (Microvelia sp.1 and sp.2) which were found in relatively high abundance 

in only logged and old-growth forest, suggesting that they are sensitive to forest 

conversion. Contrastingly, several morphospecies were only found in oil palm streams 

(either with or without buffer strips), such as those in the genera Cylindrosthetus and 

Limnogonus, with the latter being relatively rare (only two individuals were found in this 

study) (see Table S3.9). These results accord with those from previous studies, which 

have found that species in the genus Microvelia were associated with forest, while bugs 

in the genus Cylindrosthetus were associated with degraded habitats in Brazilian streams 

(Cunha et al., 2015). Studies conducted in Peninsular Malaysia found Cylindrosthetus 

bugs in streams close to oil palm plantations (Mohd Ishadi et al., 2014), while 

Limnogonus bugs were found in secondary forest or protected area streams but in 

extremely low abundance compared to the overall abundance found across taxa (eight 

out of 19,928 individuals in Al-Shami et al., 2011, and two individuals out of 849 

individuals in Mohd Ishadi et al., 2014), in line with this study.  

In contrast to abundance and richness, total biomass of semi-aquatic bugs was 

more robust to land-use change, with no environmental parameters being significantly 

associated with changes in total biomass at any scale. This lack of measurable impact of 

disturbance on total biomass was probably related to species turnover. Even though some 

species were lost in sites with lower catchment, riparian, and stream qualities, common 

large-bodied species (such as Ptilomera sp. [Gerridae]) persisted, with the highest 

average abundance of this morphospecies recorded in logged forest streams followed by 

oil palm with and without buffer strips, while old-growth forests supported the lowest 
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total biomass, resulting in no discernible difference in total biomass across sites. The 

robustness of this and other species in disturbed sites may have been due to its 

adaptability to environmental change, such as being able to cope with fast-flowing water 

(Kim et al., 2022), as this study found with Ptilomera sp. and Rhagovelia sp.1. 

Additionally, the two old-growth sites with the highest abundance of semi-aquatic bugs, 

i.e., Maliau and Rhinopool streams, were dominated by Veliidae bugs, which were 

generally smaller than the Gerridae and would contribute less to total biomass.  

The lack of impacts on the proportion of juveniles/  adults, and female/ male 

Ptilomera sp. indicates that disturbance did not affect the reproduction of populations. 

If disturbance had a disproportionate effect on one sex, we might expect the sex ratio to 

be biased in more disturbed conditions, potentially affecting reproduction. 

Consequently, we might expect the proportion of juveniles to adults to decline. We also 

detected no difference in the proportion of winged/ wingless individuals, suggesting that 

dispersal was also not affected by disturbance. Other studies have found that populations 

tend to develop wings when conditions are unfavourable or sites dry up (Spence, 1989). 

The lack of differences in the proportion of winged and wingless individuals in this study 

therefore indicates that conditions did not stimulate bugs to develop wings, perhaps 

because, despite changes in condition, streams in the study sites were permanent 

habitats. A caveat to this finding and other species-level results in this study is that, since 

we sorted samples only to genus and morphospecies level, it is possible that some 

morphospecies might have contained more than one species. If these show different or 

opposing trends in response to environmental changes, then this could have masked real 

differences. However, we were careful in our sorting, with morphospecies only being 

assigned to adults and all individuals in each morphospecies being highly similar, so it 
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is unlikely that this affected results markedly. In addition, this limitation would not affect 

the results obtained for the abundance and total biomass aspects of the study and should 

not substantially affect community-level analyses.  

 

Implications for conservation and land management 

Our study has important implications for land management and conservation. We found 

that land-use change caused dramatic reductions in abundance and species richness of 

semi-aquatic bugs, as well as changes in community composition. Indeed, the sensitivity 

of some species in this group to habitat degradation makes them potentially valuable 

indicators of change. This has implications for the functioning of stream ecosystems, 

since semi-aquatic bugs are predators of aquatic and terrestrial invertebrates as well as 

being eaten by a range of animal species. In other cases, reductions in abundance or 

richness of a group can lead to a reduction in related functions (Marschalek & 

Deutschman, 2022). In contrast to abundance and richness, we found that total biomass 

was robust across the gradient of environmental conditions, perhaps indicating the 

maintenance of the amount of food resources for the predators of semi-aquatic bugs 

despite habitat degradation. Other studies have found that, compared to richness or 

abundance, total biomass can be more important in determining ecosystem functions 

supported by an insect group in rainforest in Southeast Asia (Slade et al., 2011). 

Therefore, the lack of effects of degradation on semi-aquatic bug total biomass may 

indicate some stability in functions supported by this group. More work is needed to 

confirm this, particularly in terms of the effects on the whole food web and ecosystem 

functions associated with semi-aquatic bugs. 
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Taken together, this study emphasizes the importance of protecting remaining 

pristine habitats for conserving the full biodiversity of this group, as has been 

emphasised by another recent study (Cunha et al., 2022). Outside of these areas, logged 

forest and oil palm could be managed in ways that support existing species, which 

provide functions in the ecosystem. In particular, we found that logged forest sites 

contained more abundant and richer communities of bugs than oil palm streams, perhaps 

because logging operations within the logged forests in this study were selective and 

therefore less damaging. In contrast, other logging practices, such as clearcutting, may 

not provide the same level of support for biodiversity, particularly because such practices 

can result in different microclimatic conditions and hence cause changes in local aquatic 

species. For example, previous studies have found an increase in the density of some 

aquatic taxa (Noel et al., 1986) or altered community composition of aquatic 

assemblages (Wallace & Ely, 2014) in clearcut logged streams compared to reference 

streams (particularly more species that are tolerant to higher levels of canopy openness 

and higher water temperatures), due to a loss of canopy cover on streams. Additionally, 

stream management can be trialled in ways that can maintain cool water temperature, 

canopy cover, as well as greater proportions of rocks and deadwood. However, we found 

that one hopeful strategy - maintaining forested river margins (buffers), which can 

maintain bank stability and provide more allochthonous inputs to streams , had only 

marginal effects on semi-aquatic bugs, although we only studied five oil palm streams 

in this study. We therefore call for more studies assessing factors in streams that could 

be manipulated to better support semi-aquatic bugs.  
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Tables and Figures 

 

Table 3.1 Estimated regression parameters, standard error, z/ t and p-values of models 
used to assess the effects of environmental conditions on abundance, total biomass, and 
richness of adult semi-aquatic bugs at catchment, riparian, and stream scales.a 

Model  Estimate Std. error z / t value b p-value 

Abundance ~ CatchmentPC1 Intercept 6.500      0.171   37.919   < 0.001 *** 
CatchmentPC1 0.398      0.107    3.697 < 0.001 *** 

Abundance ~ RiparianPC1 Intercept 6.558      0.195   33.568 < 0.001 *** 
RiparianPC1 0.384      0.116    3.308 < 0.001 *** 

Abundance ~ StreamPC1 + 
StreamPC2 

Intercept 6.531     0.184   35.403 < 0.001 *** 
StreamPC1 0.112     0.076 1.479 0.139 
StreamPC2 0.331     0.117    2.810   0.004 ** 

Total Biomass ~ 
CatchmentPC1 

Intercept 1512.57      244.31    6.191 < 0.001 *** 
CatchmentPC1 77.47      153.60    0.504 0.624 

Total Biomass ~ RiparianPC1 Intercept 1512.6       231.0    6.547 < 0.001 *** 
RiparianPC1 165.7       136.9    1.211     0.254 

Total Biomass ~ StreamPC1 + 
StreamPC2 

Intercept 1512.57      244.90    6.176 < 0.001 *** 
StreamPC1 94.59      101.10    0.936 0.373 
StreamPC2 -89.87      156.52   -0.574 0.579 

Richness ~ CatchmentPC1 Intercept 2.138     0.102   20.806 < 0.001 *** 
CatchmentPC1 0.256     0.057    4.442 < 0.001 *** 

Richness ~ RiparianPC1 Intercept 2.129     0.106   20.020 < 0.001 *** 
RiparianPC1 0.290     0.082    3.526 < 0.001 *** 

Richness ~ StreamPC1 + 
StreamPC2 

Intercept 2.096     0.106   19.605 < 0.001 *** 
StreamPC1 0.114     0.039    2.874   0.004 ** 
StreamPC2 0.267     0.056    4.710 < 0.001 *** 

a Environmental conditions at each scale are represented by scores obtained from the 
PCAs, i.e., CatchmentPC1, RiparianPC1, StreamPC1, and StreamPC2, which represent 
environmental conditions at catchment, riparian, and stream scales respectively. The first 
PC scores (PC1) at catchment and riparian scales explained most of variation among 
environmental parameters. For the stream scale, two PC scores (PC1 and PC2) were 
needed to explain most (>60%) of the variation, so both were included in the analysis. 
P-values in bold fonts are less than 0.05 and indicate significant effects of environmental 
conditions at the corresponding scale on the abundance, total biomass, or richness of 
semi-aquatic bugs. 

b z value if the model used either Poisson or negative binomial distribution, t value if the 
model used Gaussian distribution. 
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Table 3.2 Output of Canonical Correspondence Analysis (CCA) assessing the effects of 
environmental conditions at catchment, riparian, and stream scales (CatchmentPC1, 
RiparianPC1, StreamPC1 and StreamPC2, respectively) on the community composition 
of semi-aquatic bugs across stream sites in this study, with p-values obtained from 999 
random permutation tests under reduced model.a 

Predictor Chi-square F p-value 
CatchmentPC1 0.374 4.309   0.005 ** 
RiparianPC1 0.124 1.432 0.159    
StreamPC1 0.109 1.255 0.195    
StreamPC2 0.184 2.123 0.029 * 

a Community composition used adult bug data only. P-values < 0.05 are shown in bold 
and indicate a significant effect of a particular predictor on the community composition 
of semi-aquatic bugs. 

 

Table 3.3 Estimated regression parameters, standard error, z and p-values of GLMs 
(with binomial distribution in all cases) used to assess the effects of environmental 
conditions at catchment, riparian, and stream scales on the proportion of juveniles to 
adults, winged to wingless semi-aquatic bugs, and female to male Ptilomera sp. a 

Model  Estimate Std. error z value p-value 

Proportion of juveniles ~ 
CatchmentPC1 

Intercept 0.427      0.597    0.715     0.475 
CatchmentPC1 -0.193      0.375   -0.516     0.606 

Proportion of juveniles ~ RiparianPC1 Intercept 0.517      0.657    0.788     0.431 
RiparianPC1 -0.478 0.512   -0.934     0.350 

Proportion of juveniles ~ StreamPC1 + 
StreamPC2 

Intercept 0.440   0.609    0.723     0.470 
StreamPC1 -0.103      0.248 -0.414     0.679 
StreamPC2 0.269      0.388    0.695     0.487 

Proportion of winged individuals ~ 
CatchmentPC1 

Intercept -2.556      1.125   -2.271    0.023* 
CatchmentPC1 0.122      0.681    0.180    0.856 

Proportion of winged individuals ~ 
RiparianPC1 

Intercept -2.543     1.112   -2.286    0.022* 
RiparianPC1 -0.053     0.624 -0.085    0.932 

Proportion of winged individuals ~ 
StreamPC1 + StreamPC2 

Intercept -2.620     1.195   -2.193    0.028* 
StreamPC1 0.179     0.489    0.368    0.713 
StreamPC2 0.034     0.783    0.044    0.964   

Proportion of female Ptilomera sp. ~ 
CatchmentPC1 

Intercept 0.579      0.604  0.959     0.337 
CatchmentPC1 0.116      0.385    0.302     0.763 

Proportion of female Ptilomera sp. ~ 
RiparianPC1 

Intercept 0.579     0.604   0.959     0.338 
RiparianPC1 -0.101    0.373  -0.271     0.786 

Proportion of female Ptilomera sp. ~ 
StreamPC1 + StreamPC2 

Intercept 0.677    0.665 1.017     0.309 
StreamPC1 -0.197     0.277 -0.713     0.476 
StreamPC2 0.403      0.496 0.812     0.417 

a P-values < 0.05 are in bold and indicate significant effects.  
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Figure 3.1 Map of stream sites in this study. Sites were in Sabah, Malaysian Borneo and 
comprised stream sites surrounded by old-growth forest (OG), selectively logged forest 
(LF), oil palm with riparian buffer strip (OPB), and oil palm without riparian buffer strip 
(OP) catchments. See Luke, et al., 2017b for further details. Map is obtained from 
Harianja et al., 2023a (Chapter 2).  
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Figure 3.2 Correlations between environmental conditions across three scales 
(CatchmentPC1, RipariranPC1, and StreamPC1 and StreamPC2 representing catchment, 
riparian, and stream scales, respectively) on the abundance, total biomass (sum of 
biomass of all semi-aquatic bugs in each stream site), and species richness of semi-
aquatic bug communities (Gerromorpha). Abundance and total biomass included both 
juvenile and adult individuals. Richness included adults only. Smoothed regression lines 
for significant relationships are shown. Shaded areas represent confidence intervals. OP 
= Oil palm no buffer, OPB = Oil palm with buffer strips, LF = Logged forest, OG = Old-
growth forest. Different points showing different habitat types are included for 
illustrative purposes only and were not included as a factor in the analyses . 
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Figure 3.3 A Canonical Correspondence Analysis (CCA) tri-plot showing the 
correlation between environmental conditions at catchment, riparian and stream scales 
(CatchmentPC1, RiparianPC1, StreamPC1 and StreamPC2, respectively) and the 
community composition of semi-aquatic bugs across stream sites in this study. On the 
plot, environmental conditions are shown as arrows. Community composition is 
represented by morphospecies of adult bugs, shown as circles with no colour but red 
borders. Stream sites are shown as coloured shapes with black borders, representing 
land-use types (yellow circle = Oil palm no buffer strips-OP, orange square = Oil palm 
with buffer strips-OPB, green diamond = Logged forest-LF, dark green triangle = Old 
growth forest-OG). The closer a morphospecies is to a stream site, the higher the 
probability of finding that species in that stream. Morphospecies that were outliers are 
labelled. Different points showing different habitat types are included for illustrative 
purposes only and were not included as a factor in the analyses. 
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Figure 3.4 Correlations between environmental conditions across three scales 

(catchment, riparian, and stream) on the proportion of juveniles (left-hand side panels) 

and winged individuals (middle panels) of semi-aquatic bugs (Gerromorpha), as well as 

on the proportion of female Ptilomera sp. (right-hand side panels). OP = Oil palm no 

buffer, OPB = Oil palm with buffer strips, LF = Logged forest, OG = Old growth forest. 

Data used for analyses in this study come from transects at each stream. Different points 

showing different habitat types are included for illustrative purposes only and were not 

included as a factor in the analyses.  
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Supplementary materials 

 

 

Table S3.1 Catchment size and physical characteristics of each stream site in this study. Catchment size was obtained from 
RapidEyeTM satellite images taken in 2012 and 2013. Measurements of slope, channel and wetted widths, maximum depth, and flow 
speed were conducted every 10m along 200m transects in each stream site. OP- oil palm without riparian buffer, OPB – oil palm with 
riparian buffer, LF – logged forest, OG – old growth forest. 

Stream Land-use 
type 

Catchment size 
(km-square) 

Average slope 
(degree) 

Average channel 
width (m) 

Average wetted 
width (m) 

Average maximum 
depth (cm) 

Average flow 
speed (m/s) 

Binuang OP 2.049 1.9 5.977 3.262 13.447 1.518 
Selangan Batu OP 2.269 3.35 7.603 5.135 33.525 2.469 

Gaharu OPB 4.943 1.35 11.072 5.796 21.55 1.621 
Keruing OPB 5.744 1.7 11.866 6.189 35.73 1.458 
Merbau OPB 4.109 2.05 8.685 5.795 27.238 1.448 

LF-1 (“0m”) LF 2.846 4.75 11.737 6.713 35.718 1.968 
LF-2 (“5m”) LF 2.575 4.9 13.428 6.923 44.685 2.857 

LF-3 (“60m”) LF 2.811 6.05 15.708 6.020 34.421 3.267 
LF-4 (“120m”) LF 2.285 4.15 8.325 5.045 28.33 3.896 

Maliau OG 3.212 8.15 15.891 7.853 52.1 1.699 
Rhinopool OG 0.966 2.7 8.314 4.928 37.190 0.492 

VJR OG 3.225 4.45 10.214 6.876 49.523 4.846 
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Table S3.2 Details regarding the collection location within each transect and date of 
semi-aquatic bugs in each stream in this study. a  

Stream Land-use type Transect details Collection dates 

Binuang OP 

0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 

June – August 2012 

Selangan Batu OP 0-10m, 80-90m, 120-130m July – September 2011 

Selangan Batu OP 

0-10m, 20-30m, 80-90m,  

120-130m, 160-170m 

June – August 2012 

Gaharu OPB 

0-10m, 20-30m, 40-50m, 

100-110m, 140-150m, 

July – September 2011 

Keruing OPB 

0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 

June – August 2012 

Merbau OPB 

0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 

June – August 2012 

LF-1 (“0m”) LF 

20-30m, 40-50m, 80-90m,  

100-110m, 180-190m 

July – September 2011 

LF-2 (“5m”) LF 

20-30m, 40-50m, 60-70,  

100-110m, 180-190m 

July – September 2011 

LF-3 (“60m”) LF 

20-30m, 80-90m, 100-110m, 

160-170m, 180-190m 

July – September 2011 

LF-4 (“120m”) LF 
20-30m, 80-90m, 120-130m, 160-
170m, 180-190m 

July – September 2011 

Maliau OG 0-10m, 40-50m, 80-90m July – September 2011 

Maliau OG 

0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 

June – August 2012 

Rhinopool OG 

0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 

May – June 2013 

VJR OG 

20-30m, 40-50m, 80-90m,  

100-110m, 180-190m 

July – September 2011 

a OP = Oil palm no buffer, OPB = Oil palm with buffer strips, LF = Logged forest, OG 

= Old growth forest. Data used for analyses in this study from transects at each stream.
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Table S3.3 PC1 and PC2 (Principal Component) scores of environmental parameters 
measured at the catchment scale, obtained using PCA (Principal Component Analysis). 
N = 12 streams (three, four, three, and two stream sites in old-growth forest (OG, 1. 
Maliau, 2. Rhinopool, and 3. VJR), logged forest (LF, 1. "0m”, 2. “5m”, 3. “60m”, and 
4. “120m”), oil palm with (OPB, 1. Gaharu, 2. Keruing, and 3. Merbau), and without 
riparian buffer strips (OP, 1. Binuang and 2. Selangan Batu), respectively).  

Parameter Description PC1 PC2 

AGBMean_mean Mean above ground living biomass (AGB [t/ha]) 0.552 0.824 
FCOMean_mean Mean percentage forest cover (FCO) 0.594 -0.285   
LAIMean_mean Mean leaf area index (LAI) 0.583 -0.489 

 

 

Table S3.4 PC1 and PC2 (Principal Component) scores of environmental parameters 
measured at the riparian scale, obtained using PCA (Principal Component Analysis). N 
= 12 streams (three, four, three, and two stream sites in old-growth forest (OG, 1. Maliau, 
2. Rhinopool, and 3. VJR), logged forest (LF, 1. "0m”, 2. “5m”, 3. “60m”, and 4. 
“120m”), oil palm with (OPB, 1. Gaharu, 2. Keruing, and 3. Merbau), and without 
riparian buffer strips (OP, 1. Binuang and 2. Selangan Batu), respectively).  

Parameter Description PC1 PC2 

CanopyOpenness Mean canopy openness -0.534 -0.048 

Vine Mean percentage vine cover 0.392 0.837 

ForestQualityScore 
Mean forest quality score using SAFE Project 
scale 0.554 

 
-0.171 

BasalArea Mean basal area 0.503 -0.515 
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Table S3.5 PC1 and PC2 (Principal Component) scores of environmental parameters 
measured at the stream scale, obtained using PCA (Principal Component Analysis). N = 
12 streams (three, four, three, and two stream sites in old-growth forest (OG, 1. Maliau, 
2. Rhinopool, and 3. VJR), logged forest (LF, 1. "0m”, 2. “5m”, 3. “60m”, and 4. 
“120m”), oil palm with (OPB, 1. Gaharu, 2. Keruing, and 3. Merbau), and without 
riparian buffer strips (OP, 1. Binuang and 2. Selangan Batu), respectively). Relatively 
high loadings of each PC axis are in bold. 

Parameter Description PC1 PC2 

FlowAverage 
Mean flow speed represented by time needed by a tennis 
ball to travel a 2-m string -0.154 -0.453 

CanopyAverage Mean canopy openness -0.293 0.307 
WettedWidth Mean wetted width of stream 0.290 -0.084 
Slope Mean slope 0.357 -0.070 
Rocks Mean percentage cover of rocks 0.380 0.001 
Pebbles Mean percentage cover of pebbles -0.203 -0.224 
DeadWood Mean percentage cover of dead wood 0.121 -0.411 
Rapids Mean percentage cover of rapids 0.244 0.217 
Riffles Mean percentage cover of riffles -0.179 0.461 
ConnectedPools Mean percentage cover of connected pools -0.302 -0.337 
IsolatedPools Mean percentage cover of isolated pools 0.291 0.167 
WaterTemp Mean water temperature -0.350 0.118 
pH Mean water pH 0.166 0.174 
Conductivity Mean water conductivity 0.242 -0.144 
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Table S3.6 The abundance, total biomass, and richness of semi-aquatic bugs collected 
in Maliau and Selangan Batu streams, separated by two time blocks, i.e., year 2011 
(Time Block 1) and 2012 (Time Block 2) as well as transects (Maliau: N transects = 3 
for Time Block 1 and N transects = 5 for Time Block 2), Selangan Batu: N transects = 4 
for Time Block 1 and N transects = 5 for Time Block 2). Data from both streams are 
shown for assessment of whether collection period affected the abundance, total 
biomass, and species richness of semi-aquatic bugs within each stream. a 

Stream Time 
Block 

Data collection time 
(collection period) 

Transect Abundance Total biomass 
(mg) 

Species 
richness 

Maliau 1 July – September 2011 0-10m 94 85.465 4 
1  July – September 2011 40-50m 343 244.083 9 
1  July – September 2011 80-90m 135 124.357 7 
2 June – August 2012 0-10m 332 290.043 8 
2  June – August 2012 40-50m 444 302.334 8 
2  June – August 2012 80-90m 270 236.848 8 
2  June – August 2012 120-130m 199 246.094 7 
2  June – August 2012 160-170m 320 371.262 9 

Selangan 
Batu 

1  July – September 2011 0-10m 22 168.569 1 
1  July – September 2011 40-50m 17 95.688 0 
1  July – September 2011 80-90m 99 237.984 4 
1  July – September 2011 120-130m 206 146.978 4 

2  June – August 2012 0-10m 72 224.266 1 
2  June – August 2012 20-30m 151 331.145 2 
2  June – August 2012 80-90m 97 559.001 1 
2  June – August 2012 120-130m 105 146.777 1 
2  June – August 2012 160-170m 124 445.929 2 

a Both abundance and total biomass used juvenile and adult semi-aquatic bugs, while 
species richness was based on adults only. Species richness was based on morphospecies 
data from adult bugs only. 
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Table S3.7 Outputs of t-tests or Wilcoxon tests assessing differences in the abundance, 
total biomass, and species richness of semi-aquatic bugs between time blocks, i.e., year 
2011 (Time Block 1) and 2012 (Time Block 2), in Maliau (N = 3 for Time Block 1 and 
N = 5 for Time Block 2) and Selangan Batu (N = 4 for Time Block 1 and N = 5 for Time 
Block 2) streams. a  

Parameter Stream t/ W b df p-value 
Abundance Maliau -1.406  3.123 0.250 

Selangan Batu 0.515 3.542 0.636 
Total biomass Maliau -2.583 3.040 0.080 

Selangan Batu -2.244 5.192 0.072 
Species richness Maliau 5 NA 0.536 

Selangan Batu 11.5 NA 0.796 

a For abundance and total biomass data, t-tests were used because data were normally 

distributed and had equal variance. For species richness, morphospecies of adult bugs 

only were used and Wilcoxon tests were run because data were rejected for either 

normality or equal variance. 

b t if the test run was t-test and W if the test run was Wilcoxon test
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Table S3.8 Summary of richness, abundance, and total biomass of semi-aquatic bugs found across the twelve streams and four land use types 
sampled in this study. N = 12 streams a 

Category Land-use types 
 
 

Total across 
land use 

types 

Oil palm no buffer (OP) Oil palm with buffer (OPB) Logged forest (LF) Old-growth forest (OG)  

Binuang 
Selangan 

Batu Gaharu Keruing Merbau 
LF-1 

(“0m”) 
LF-2 

(“5m”) 
LF-3 

(“60m”) 
LF-4 

(“120m”) Maliau Rhinopool 
VJ
R 

 

Richness (Adult 
bugs only) b 

5 3 5 10 3 16 11 12 5 13 19 9 38* 

Total abundance 
of juveniles 

54 516 243 109 401 422 240 511 255 629 1699 259 5338 

Abundance of 
winged adults 

1 1 0 2 4 120 7 30 13 35 19 22 254 

Abundance of 
wingless adults 

8 32 201 212 120 306 114 504 120 901 2190 120 4828 

Total abundance 
of adult bugs 

9 33 201 214 124 426 121 534 133 936 2209 142 5082 

Abundance female 
Ptilomera sp. 

1 14 16 12 18 35 17 3 47 5 1 20 189 

Abundance of 
male Ptilomera sp. 

0 17 18 8 6 19 5 5 50 5 0 12 145 

Total biomass of 
adult bugs (mg) 

38.194 849.687 1024. 
599 

988. 
713 

714. 
482 

1831.942 683.446 632. 
567 

2659.547 985. 
059 

1000.947 942. 
11 

12351.29 

Total biomass of 
juvenile bugs (mg) 

37.848 857.431 445. 
118 

188. 
926 

522. 
174 

589. 
685 

417.559 394. 
42 

805.3 461. 
522 

563.067 516. 
475 

5799.525 

a Richness based on adult bugs only. Abundance shown is the total number of all juvenile and adult bugs. The breakdown for juveniles and 
adults, winged and wingless adults, as well as female and male Ptilomera sp. (a semi-aquatic bug species in this study that was separated 
based on sex for further analysis) across streams is also shown. Biomass data were obtained from body length-biomass equations, in which 
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biomass of each individual bug was derived from its body length. Biomass estimation considered families and body forms (Harianja et al., 
2023). The breakdown of the total biomass (sums of the biomass of all semi-aquatic bugs in a stream site) for each life stage as well as for 
Ptilomera sp. (based on sex) across streams is also shown. 

b See Table S3.9 on the following page for details of all the 38 morphospecies found in streams across land use types.   
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Table S3.9 The morphospecies and corresponding abundance of semi-aquatic bugs found across streams in the four land use types (oil palm 

without buffer/ OP, oil palm with buffer/ OPB, logged forest/ LF, and old-growth forest/ OG) sampled in this study. N = 12 streams. a 

Family 

 

Morphospecies 

Land-use types Total 

Subfamily b 
Oil palm without 

buffer (OP) 
Oil palm with buffer  

(OPB) 
Logged forest  

(LF) 
Old-growth forest  

(OG)  

 

Binuang 
Selangan 
Batu Gaharu Keruing Merbau 

LF-1 
(“0m”) 

LF-2 
(“5m”) 

LF-3 
(“60m”) 

LF-4 
(“120m”) Maliau 

Rhino- 

pool VJR 
 

Gerridae Cylindrostethinae C. scrutator 0 0 0 19 0 0 0 0 0 0 0 0 19 

Gerridae Cylindrostethinae Cylindrostethus sp. 0 0 0 9 0 0 0 0 0 0 0 0 9 

Gerridae Gerrinae Limnogonus sp. 2 0 0 0 0 0 0 0 0 0 0 0 2 

Gerridae Gerrinae Limnometra sp. 0 0 0 0 0 0 1 1 0 2 2 3 9 

Gerridae Halobatinae Metrocoris sp.1 0 1 0 1 0 1 0 0 0 0 3 1 7 

Gerridae Halobatinae Metrocoris sp.2 0 0 0 0 0 0 0 2 0 0 0 0 2 

Veliidae Microveliinae Microvelia sp.1 0 0 0 0 0 32 19 147 1 212 679 1 1091 

Veliidae Microveliinae Microvelia sp.2 0 0 0 0 0 56 28 189 0 224 998 1 1496 

Veliidae Microveliinae Microvelia sp.3 0 0 0 0 0 2 0 0 0 0 2 0 4 

Veliidae Microveliinae Microvelia sp.4 0 0 0 0 0 8 6 3 0 0 12 1 30 

Veliidae Microveliinae Microvelia sp.5 0 0 0 0 0 4 0 1 0 0 0 0 5 

Veliidae Microveliinae Microvelia sp.6 0 0 0 0 0 0 0 1 0 0 0 0 1 

Veliidae Microveliinae Microvelia sp.7 0 0 0 0 0 2 0 0 0 0 0 0 2 
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Family 

 

Morphospecies 

Land-use types Total 

Subfamily b 
Oil palm without 

buffer (OP) 
Oil palm with buffer  

(OPB) 
Logged forest  

(LF) 
Old-growth forest  

(OG)  

 

Binuang 
Selangan 
Batu Gaharu Keruing Merbau 

LF-1 
(“0m”) 

LF-2 
(“5m”) 

LF-3 
(“60m”) 

LF-4 
(“120m”) Maliau 

Rhino- 

pool VJR 
 

Veliidae Microveliinae Microvelia sp.8 0 0 0 0 0 4 6 3 1 0 10 0 24 

Veliidae Microveliinae Morphospecies30 0 0 0 0 0 0 0 0 0 0 1 0 1 

Veliidae Microveliinae Morphospecies40 0 0 0 0 0 0 0 0 0 0 0 1 1 

Gerridae Ptilomerinae Potamometropsis sp. 0 0 0 0 0 11 1 22 0 12 0 0 46 

Gerridae Ptilomerinae Ptilomera sp. 1 31 34 20 24 54 22 8 97 10 1 32 334 

Veliidae Rhagoveliinae Rhagovelia sp.1 1 0 149 107 99 240 34 155 33 435 291 101 1645 

Veliidae Rhagoveliinae Rhagovelia sp.2 0 0 1 0 0 0 1 2 1 0 0 0 5 

Veliidae Rhagoveliinae Rhagovelia sp.3 0 0 0 1 0 0 0 0 0 0 0 0 1 

Veliidae Rhagoveliinae Rhagovelia sp.4 0 0 0 0 0 0 1 0 0 0 0 0 1 

Veliidae Rhagoveliinae Rhagovelia sp.5 0 0 0 0 0 2 0 0 0 3 0 0 5 

Veliidae Rhagoveliinae Rhagovelia sp.6 0 0 0 0 0 0 0 0 0 0 0 1 1 

Veliidae Rhagoveliinae Rhagovelia sp.7 0 0 0 0 0 1 0 0 0 0 0 0 1 

Veliidae Rhagoveliinae Rhagovelia sp.8 0 0 0 0 0 0 0 0 0 1 0 0 1 

Gerridae Ptilomerinae Rheumatogonus sp.1 3 0 0 31 0 0 0 0 0 0 0 0 34 

Gerridae Ptilomerinae Rheumatogonus sp.2 0 0 0 0 0 0 0 0 0 1 1 0 2 

Gerridae Ptilomerinae Rheumatogonus sp.3 2 0 0 24 0 0 0 0 0 0 0 0 26 
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Family 

 

Morphospecies 

Land-use types Total 

Subfamily b 
Oil palm without 

buffer (OP) 
Oil palm with buffer  

(OPB) 
Logged forest  

(LF) 
Old-growth forest  

(OG)  

 

Binuang 
Selangan 
Batu Gaharu Keruing Merbau 

LF-1 
(“0m”) 

LF-2 
(“5m”) 

LF-3 
(“60m”) 

LF-4 
(“120m”) Maliau 

Rhino- 

pool VJR 
 

Gerridae Ptilomerinae Rheumatogonus sp.4 0 0 0 1 0 0 0 0 0 0 2 0 3 

Gerridae Ptilomerinae Rheumatogonus sp.5 0 0 0 0 0 0 0 0 0 1 3 0 4 

Gerridae Ptilomerinae Rheumatogonus sp.6 0 0 0 0 1 0 0 0 0 0 0 0 1 

Veliidae Haloveliinae Strongylovelia sp. 0 0 0 0 0 0 0 0 0 0 9 0 9 

Gerridae Gerrinae Tenagogonus sp. 0 1 1 0 0 5 2 0 0 12 12 0 33 

Gerridae Halobatinae Ventidius sp.1 0 0 16 1 0 3 0 0 0 9 126 0 155 

Gerridae Halobatinae Ventidius sp.2 0 0 0 0 0 1 0 0 0 14 55 0 70 

Gerridae Halobatinae Ventidius sp.3 0 0 0 0 0 0 0 0 0 0 1 0 1 

Gerridae Halobatinae Ventidius sp.4 0 0 0 0 0 0 0 0 0 0 1 0 1 

Total  
             

5082 

a In total, there were 38 morphospecies with total abundance of 5082 individuals, in the Gerridae and Veliidae families. Morphospecies 

were identified using adult individuals only.  

b Along with families, subfamilies were used for body form assessment for the biomass estimation of semi-aquatic bugs. See Harianja 

et al. 2023a (Chapter 2) for further details.
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Table S3.10 Estimation regression parameters, standard error, z/ t and p-values of 

models after removal of Rhinopool from replicates, which are used to assess the effects 

of environmental conditions at catchment, riparian, and stream scales on the 

abundance, total biomass, and species richness of semi-aquatic bugs. N = 11 streams. a 

Model  Estimate Std. error z/ t value b p-value 

Abundance ~ CatchmentPC1 Intercept 6.378     0.173   36.791    < 0.001 *** 
CatchmentPC1 0.273      0.124    2.191    0.0284 * 

Abundance ~ RiparianPC1 Intercept 6.358      0.175   36.294 < 0.001 *** 
RiparianPC1 0.257      0.105    2.425    0.015 * 

Abundance ~ StreamPC1 + 
StreamPC2 

Intercept 6.224     0.154  40.298 < 0.001 *** 
StreamPC1 0.207     0.060    3.425 < 0.001 *** 
StreamPC2 -0.020     0.131 -0.156 0.875 

Total Biomass ~ 
CatchmentPC1 

Intercept 1537.3       273.3    5.624 < 0.001 *** 
CatchmentPC1 107.0       196.8    0.544 0.599 

Total Biomass ~ 
RiparianPC1 

Intercept 1541.4       254.0    6.069 < 0.001*** 
RiparianPC1 185.7       153.1    1.213 0.256 

Total Biomass ~ StreamPC1 
+ StreamPC2 

Intercept 1406.0       269.4    5.220 < 0.001 *** 
StreamPC1 122.4       105.5    1.161 0.279 
StreamPC2 -251.3       229.3   -1.096 0.304  

Richness ~ CatchmentPC1 Intercept 2.133     0.105    20.26 < 0.001 *** 
CatchmentPC1 0.247     0.074     3.30 < 0.001 *** 

Richness ~ RiparianPC1 Intercept 2.104     0.107   19.594 < 0.001 *** 
RiparianPC1 0.235     0.088   2.669   0.007 ** 

Richness ~ StreamPC1 + 
StreamPC2 

Intercept 2.086     0.113   18.336 < 0.001 *** 
StreamPC1 0.120     0.045    2.669   0.007 ** 
StreamPC2 0.246     0.096    2.563   0.010 * 

a Environmental conditions at each scale are represented by scores obtained from PCA: 
CatchmentPC1, RiparianPC1, StreamPC1, and StreamPC2 represents catchment, 
riparian, and stream respectively. The first PC scores (PC1) at each catchment and 
riparian scale explained most of variation among environmental parameters. For stream 
scale, two PC scores (PC1 and PC2) were needed to explain most of the variation. P-
values in bold fonts are less than 0.05 and indicate significant effects of environmental 
conditions at the corresponding scale on the abundance, total biomass, or richness of 
semi-aquatic bugs. 

b z value states if the model used either a Poisson or negative binomial distribution, t 
value if the model used Gaussian distribution. 
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Appendix S3.1 Details on procedures in assessing the difference in abundance, total 
biomass, and richness data in Maliau and Selangan Batu streams, which contained 
bugs collected in two time blocks (2011 and 2012).  

Since bugs were collected in three different time blocks, i.e., between 2011 and 2013 

(Table S3.2), we calculated the possible effect of collection time by comparing the 

abundance, total biomass, and richness of the bugs for Maliau and Selangan Batu 

streams, where repeat collections were carried out in 2011 and 2012 (Table S3.6 & 

S3.7). Before assessing the difference in abundance, total biomass, and richness between 

time blocks in each of the two streams, we checked normality of data by assessing the 

plots of fitted and residuals as well as using Shapiro-Wilk tests. We also ran Levene’s 

tests to check the equality of variance for abundance, total biomass, and richness data in 

each stream. Shapiro tests rejected non-normality in the distribution of both abundance 

and total biomass data. In addition, both data had equal variance. However, richness data 

from Maliau was not normal although had equal variance, while the richness data from 

Selangan Batu was normal but did not have equal variance. Since both abundance and 

total biomass data were not rejected for non-normality and had equal variance, we ran 

student t-tests with 95% confidence intervals to assess the difference between time 

blocks for the two streams for abundance and total biomass data. For richness data, we 

ran Wilcoxon tests. We found no significant difference in either abundance, total 

biomass, or richness between time blocks (Table S3.7), so we did not consider time 

block as a factor in our wider analyses. Hence, we only used data collected in 2012 in 

Maliau and Selangan Batu in all of our subsequent analyses (Table S3.2 & S3.6). 
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Figure S3.1 Diagram illustrating the data collection set-up at riparian and stream scales in each site. For the riparian scale, data were 

collected at points at 50m intervals (box A, inset) along a 500m transect. For the stream scale, data were collected along a 200m transect, 

at points at both 10m intervals (box B, inset), for the measurement of stream physical characteristics and whole river channel, and 50m 

intervals (yellow circles with black borders), for the measurement of stream chemical characteristics. Data collection at riparian and 

stream scales were done by travelling upstream from “0m point” (the red circle with black border). Data collection was carried out 

approximately 2km downstream from the stream source. Green area represents catchment area; areas with no colour represent the same 

land-use type.  
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Figure S3.2 PCA (Principal Component Analysis) biplot showing clusters of stream 
sites (points with differing colours and shapes representing land use types) plotted based 
on PC1 and PC2 site scores as well as environmental parameters measured at the 
catchment scale shown as arrows. Axes 1 and 2 explain 92% and 7.7% of variation in 
environmental parameters across stream sites. N = 12 streams (three, four, three, and 
two stream sites in old-growth forest (OG, 1. Maliau, 2. Rhinopool, and 3. VJR), logged 
forest (LF, 1. "0m”, 2. “5m”, 3. “60m”, and 4. “120m”), oil palm with (OPB, 1. Gaharu, 
2. Keruing, and 3. Merbau), and without riparian buffer strips (OP, 1. Binuang and 2. 
Selangan Batu, respectively). 
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Figure S3.3 PCA (Principal Component Analysis) biplot showing clusters of stream sites 
(points with differing colours and shapes representing land-use types) plotted based on 
PC1 and PC2 site scores as well as environmental parameters measured at the riparian 
scale shown as arrows. Axes 1 and 2 explain 77.7% and 18% of variation in 
environmental parameters across stream sites. N = 12 streams (three, four, three, and  two 
stream sites in old-growth forest (OG, 1. Maliau, 2. Rhinopool, and 3. VJR), logged forest 
(LF, 1. "0m”, 2. “5m”, 3. “60m”, and 4. “120m”), oil palm with (OPB, 1. Gaharu, 2. 
Keruing, and 3. Merbau), and without riparian buffer strips (OP, 1. Binuang and 2. 
Selangan Batu, respectively). 
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Figure S3.4 PCA (Principal Component Analysis) biplot showing clusters of stream 
sites (points with differing colours and shapes representing land-use types) plotted based 
on PC1 and PC2 site scores as well as environmental parameters measured at the stream 
scale shown as arrows. Axes 1 and 2 explain 45.7% and 19.1% of variation in 
environmental parameters across stream sites. N = 12 streams (three, four, three, and two 
stream sites in old-growth forest (OG, 1. Maliau, 2. Rhinopool, and 3. VJR), logged 
forest (LF, 1. "0m”, 2. “5m”, 3. “60m”, and 4. “120m”), oil palm with (OPB, 1. Gaharu, 
2. Keruing, and 3. Merbau), and without riparian buffer strips (OP, 1. Binuang and 2. 
Selangan Batu, respectively). 
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Figure S3.5 Total abundance and total biomass (sum of biomass of all semi-aquatic bugs 
in each stream site) of semi-aquatic bugs, separated by families across the gradient of 
environmental conditions at each catchment, riparian, and stream scale and land-use type. 
Regression line of significant relationships between predictors and response variables 
using the overall bug data is shown. Smoothed regression lines for significant relationships 
are shown. Shaded areas represent confidence intervals. N = 12 streams.



 

137 

 

 

 

 

 

 

Figure S3.6 Correlations between environmental variables across three scales 
(CatchmentPC1, RiparianPC1, and StreamPC1 and StreamPC2 representing catchment, 
riparian, and stream scales, respectively), after removal of Rhinopool from replicates, on 
the abundance, total biomass (sum of biomass of all semi-aquatic bugs in each stream 
site), and richness of semi-aquatic bugs (Gerromorpha). N = 11 streams. Smoothed 
regression lines for significant relationships are shown. Shaded areas represent 
confidence intervals.
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Abstract 

Despite the numerous ecosystem services forested stream margins (“riparian buffer 

strips”) can provide in agricultural landscapes, understanding of their impacts on various 

taxa in the tropics is lacking. Invertebrates living in streams support many ecosystem 

functions and several groups have been identified as valuable bioindicators of 

environmental conditions. Semi-aquatic bugs (insects in the order Hemiptera that inhabit 

the water surface) are important within the aquatic food chain, acting as predators of 

other invertebrates and prey for larger animals. Additionally, since they inhabit the water 

surface throughout their lives, semi-aquatic bugs are potentially valuable indicators of 

within-stream health. Focussing on the impacts of conditions at the small-scale, we 

investigated how within-stream physical structure and the presence of riparian buffer 

strips affected the abundance, total biomass, richness, and community composition of 

semi-aquatic bugs in oil palm plantations in Sabah, Malaysia, to identify factors affecting 

bug communities and whether buffer strips in oil palm (of a range of widths) might 

support more abundant and diverse semi-aquatic bug communities. We also assessed the 

effects of small-scale within-stream physical structure on the proportion of juveniles and 

females of Ptilomera sp. (a common bug species in this study). Findings from this work 

can be widely applied, as within-stream scale can be tailored to management practices 

by both industrial and smallholder plantation managers. At the small-scale (along 10-

meter transect), we found higher average abundance (just less than twice as abundant) 

and marginally higher species richness of semi-aquatic bugs in oil palm streams with 

riparian buffer strips than those without (3.55 [SE ± 0.419] in streams with riparian 

buffer strips compared to 1.4 [SE ± 0.221] in streams without). Overall, we found a 

significantly different community composition between streams with and without 
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riparian buffer strips (out of 15 morphospecies of bugs found across streams, only seven 

were found in streams without buffer strips while streams with buffer strips had 14 

morphospecies in total), but no difference in bug total biomass or proportion of female 

Ptilomera sp. Characteristics of within-stream physical conditions that were associated 

with a significantly higher abundance of semi-aquatic bugs were wider wetted width, 

more isolated pools, shallower slopes, and lower percentage of deadwood. Furthermore, 

the proportion of juveniles was higher in streams with higher canopy openness, higher 

percentage of deadwood, lower percentage of pebbles, and narrower wetted widths. This 

study demonstrates that small-scale differences in stream conditions within oil palm can 

influence sensitive groups, such as semi-aquatic bugs. Therefore, it opens up the 

possibility that management could be tailored to improve environmental conditions for 

stream communities in oil palm. However, the improvements we recorded were limited 

and our findings are based on only a few streams, and at measurements collected at a 

single time-point. More studies are therefore needed to validate what we have found, 

particularly assessments of the value of maintaining riparian buffer strips across larger 

oil palm areas, and whether within-plantation management practices can promote the 

development of favourable conditions for semi-aquatic bugs in the long-term. 

 

Key words:  riparian buffer strips, oil palm, Gerromorpha (Hemiptera), semi-aquatic 

bugs, conservation management 
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Introduction 

Globally, over 100,000 species (of plants as well as invertebrates and vertebrates) rely 

on freshwater systems for their habitat, but many of these systems have been degraded 

by land-use change, flow modification, pollution, invasive species, overharvesting, and 

management to collect hydropower (Carpenter et al., 2011; Cazzolla Gatti, 2016; Reid 

et al., 2019). The extinction or decline of freshwater species in modified systems is often 

driven by a change in physical and chemical environmental conditions within and around 

freshwater systems, as well as loss or reduction of resources (Reid et al., 2019; Tanaka 

et al., 2021). In terms of land-use change, forest conversion causes erosion, 

sedimentation, and increased inputs of pollution into waterways (Dudgeon et al., 2006). 

Such increase of inputs also changes the characteristics of waterways. For instance, an 

increased amount of sediment deposited at the bottom of streams can reduce flow rate 

and alter aspects of the stream physical structure (such as reducing channel width and 

depth [Luke et al., 2017a]). In addition, conversion can result in the loss of natural habitat 

margins surrounding freshwater systems, resulting in a reduction in canopy cover (which 

reduces litter inputs and increases water temperature), as well as an increase in erosion 

and nutrient enrichment (Cole et al., 2020; Tanaka et al., 2021; Wantzen & Mol, 2013).  

Whilst it is estimated that 83% of global freshwater biota populations have 

declined between 1970 and 2014, little information is available within the tropics, 

particularly about how species respond to each type of threat (Reid et al., 2019; Sundar 

et al., 2020; WWF, 2018). Environmental impacts in the tropics are expected to be more 

severe than in other regions (Dudgeon et al., 2006), since they house higher levels of 

biodiversity (Myers et al., 2000) and experience higher precipitation (hence more flash 

flood events and higher erosion) (Tanaka et al., 2021). Therefore, more investigation is 
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needed to improve evidence-based conservation policy and management for the tropical 

freshwater ecosystems. Given the extensive scale of global tropical agricultural 

expansion, including in Southeast Asia (Halpern et al., 2022), studies addressing how 

land-use change affects tropical freshwater species and how conservation strategies can 

mitigate these impacts, are needed urgently, particularly at a scale at which land-

managers can influence conditions. 

Several management approaches have been proposed that could reduce impacts 

of habitat change on streams. These include conservation easement (leaving private land  

unexploited), retaining natural margins around streams (or “riparian buffer strips”), 

returning crop residue to the soil (reducing erosion by covering the soil surface with crop 

residue), reducing tillage in the surrounding catchment, and planting grass or vegetation 

strips around waterways and ditches. These strategies all aim to reduce erosion and 

sedimentation, or limit inputs of nutrients and pollutants into waterways (Blanco-Canqui 

et al., 2004; Cooper et al., 2004; Du et al., 2022; Farmer et al., 2015; Luke et al., 2019). 

Several studies have assessed the impacts of retaining riparian buffer strips on a range 

of freshwater species, including fishes and several groups of invertebrates, and have 

recorded benefits in terms of both abundance and diversity (e.g., Arnaiz et al., 2011; 

Ceneviva-Bastos & Casatti, 2014; Luke et al., 2017b; Pusey & Arthington, 2003).  

Across tropical agricultural crops, oil palm is one of the main drivers of 

biodiversity loss (Foster et al., 2011; Sodhi et al., 2004), including within freshwater 

communities (e.g., Carvalho et al., 2018; Chellaiah & Yule, 2018; Giam et al., 2015; 

Luke et al., 2017b; Luiza-Andrade et al., 2017; Mercer et al., 2014). As a platform to 

improve the sustainability of palm-oil production, the RSPO (the Roundtable of 

Sustainable Palm Oil) provides guidelines for less environmentally damaging production 
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techniques, including for maintaining and managing riparian buffers strips. This includes 

recommendations on the width of buffer to be maintained as a parameter, and how to 

design riparian buffer strips within oil palm plantations considering the type of soil, 

stream, and age of the plantation (Barclay et al., 2017). Retaining riparian buffer strips 

in oil palm in Malaysian Borneo has been shown to support higher species richness and 

abundance of adult dragonflies (Luke et al., 2017b), as well as the altering the 

composition of benthic macroinvertebrate communities (Chellaiah & Yule, 2018). 

However, this strategy does not protect the diversity and abundance of larval dragonflies 

(Luke et al., 2017b) or other sensitive groups (such as larvae of aquatic insects, dung 

beetles, and large mammals [Deere et al., 2022]). Furthermore, despite the availability 

of such studies, there is limited research on the effects of riparian buffer strips on 

freshwater communities in the tropics, including Southeast Asia (Luke et al., 2019). 

Considering the large total area of oil palm in Southeast Asia (Pendrill et al., 2022), 

studies based in this region will be particularly useful for informing biodiversity 

conservation strategies, including platforms such as the RSPO. 

Invertebrates play critical functions in freshwater systems by acting as 

decomposers, herbivores, predators, or prey items (Bay, 1974; Malmqvist, 2002). Semi-

aquatic bugs (Gerromorpha, Hemiptera) are predator-scavengers as well as being preyed 

upon by other animals (Foster & Treherne, 1981; Spence & Andersen, 1994). All stages 

within the lifecycle of semi-aquatic bugs occur on or in the water (Spence & Andersen, 

1994), making their survival highly dependent on within-stream conditions. Within each 

population, there can be polymorphism in terms of the presence or absence and form of 

wings. The proportion of winged and wingless adults can be related to the stability 

(Andersen, 2000) and quality of the habitat (Cunha et al., 2020), as well as breeding 
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seasons – although in the tropics, semi-aquatic bugs generally breed throughout the year 

(Andersen, 2000) – making quantification of wing forms a potentially valuable source 

of information on stream conditions. For instance, a study by Ditrich et al. (2008)  on 

semi-aquatic bug communities in spring areas in the Czech Republic found that, unlike 

in permanent pools and streams, temporary systems were dominated by winged 

individuals. 

Studies have reported shifts in species composition of semi-aquatic bugs between 

streams with and without forested riparian margins in Brazilian savanna streams (Dias-

Silva et al., 2020). Furthermore, richness of semi-aquatic bugs has been found to be 

lower in oil palm than forest in Amazonian streams (Cunha et al., 2015), highlighting 

the impact of land-use change on semi-aquatic bugs. Another study found a higher 

number of winged individuals in forests than in oil palm in the Amazon (Cunha et al., 

2020). Nevertheless, no studies have yet assessed the impacts of maintaining riparian 

buffer strips on this group in Southeast Asia. Studies seeking to understand how 

conservation strategies affect streams at a small scale within rivers could provide 

relevant information regarding the impacts of microhabitats on this group and could 

increase understanding of how microhabitat conditions affect demographic factors, such 

as reproduction and sex ratios, influencing population growth in semi-aquatic bugs. As 

an example from another insect group, a laboratory study found that the growth of 

mayflies (species investigated: Eurylophella prudentalis and Eurylophella 

macdunnough) was affected significantly by water temperature, with either an increase 

or decrease of five degrees Celsius causing higher mortality or a reduction in the hatch 

success of eggs (Sweeney, 1993). Consequently, this could affect the proportion of 

juveniles and adults, affecting the number of juveniles, if an increasing proportion cannot 
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develop into the adult stage. Additionally, differing sexes of semi-aquatic bugs may 

respond to environmental change differently, resulting in the proportion of males and 

females changing as within stream conditions alter. For instance, since female insects 

sometimes require more nutrition than males (Teder & Kaasik, 2023), a reduction in 

food resources (such as when the loss of riparian buffer strips causes a loss or reduction 

in food inputs from the surrounding area) could reduce the proportion of females to 

males and the reproductive success of the population. Work at the within-stream scale 

may be particularly relevant for conservation management and for informing 

sustainability guidelines, as this is the scale at which individual industrial or smallholder 

plantation managers can operate (Maddock, 1999). 

In this study, we investigated the impacts of within-stream physical structure and 

maintaining riparian buffer strips on semi-aquatic bugs in oil palm streams in Sabah, 

Malaysia. We also assessed impacts on the demographic factors of the most widespread 

and easily sexed species in the study: Ptilomera sp.. We asked the following questions:  

1) What is the variability in within-stream physical structure across oil palm, and do 

these differ between streams with and without riparian buffer strips? We hypothesised 

that riparian areas with buffer strips would have differing environmental conditions than 

those without, with streams without riparian buffer strips having a higher percentage of 

canopy openness, a lower percentage deadwood, as well as narrower wetted width, lower 

flow speed, and more homogenous flow regimes (due to a higher level of runoff and 

sediment deposition).  

2) What is the impact of within-stream physical structure and the presence of riparian 

buffer strips on the richness, abundance, total biomass, and composition of semi-aquatic 

bugs in oil palm? Since semi-aquatic bugs live on the surface of the water and are 
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therefore likely to be affected by the environmental conditions in and around streams, 

we hypothesised that oil palm streams without forest margins would have lower species 

richness, abundance, and total biomass of semi-aquatic bugs, compared to streams with 

forested river margins. As some species are likely to be more resilient to disturbed 

conditions, we also hypothesised that the absence of riparian buffers, and altered 

environmental conditions, would result in an altered community composition, with a 

higher abundance of disturbance-tolerant species. 

3) What is the impact of within-stream physical structure and the presence of riparian 

buffer strips on the proportion of juvenile semi-aquatic bugs, proportion of winged and 

wingless adult individuals, as well as the proportion of female Ptilomera sp.? As 

different sexes, presence of wings in adults, and juvenile and adult semi-aquatic bugs 

may be affected by environmental conditions to different extents, we predict 

significantly altered proportions, with streams without riparian buffer strips have 

reduced numbers of females, higher numbers of wingless adult individuals, as well as 

reduced numbers of juveniles.  

 

Materials and methods 

Stream sites 

Streams within oil palm plantations were surveyed in July – September 2011 and in May 

– August 2012 in Sabah, Malaysia, where there is little seasonality throughout the year 

(tropical rainforest climate with average annual rainfall of 2455mm in the study sites) 

(Luke et al., 2017a). All the streams were natural channels present in established oil palm 

plantations (with drainage channels present in the surrounding area), either had or did 

not have forested riparian buffer strips, and were located within the SAFE (Stability of 
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Altered Forest Ecosystems) Project study system, which were near the Kalabakan Forest 

Reserve, 116°570E to 117°420E, 4°380N to 4°460N (Ewers et al., 2011) (Figure 4.1). 

Oil palm sites with forested riparian buffers strips (OPB) were in Gaharu, Keruing, and 

Merbau estates (managed by Benta Wawasan). The width of the buffer strips in each 

stream varied, with average widths of approximately 331m, 68m, and 26m in Gaharu, 

Keruing, and Merbau respectively, and buffers being continuous in all streams, but with 

plantation roads likely to be crossing them (Luke, et al., 2017b). Exact buffer widths 

varied across the lengths of the streams. Streams without forested riparian buffer strips 

(OP) were in Binuang and Selangan Batu estates, where oil palms were planted up to the 

margins of streams. Within oil palm sites without forested buffer strips, oil palm fruit 

bunches were managed and harvested as normal up to the stream edge.  

All streams originated within oil palm catchments (see Table S4.1 for 

information on the sizes of catchments surrounding stream sites, average slopes, as well 

as channel and wetted widths of the streams), with surrounding oil palms being planted 

between 1999 and 2009 and were therefore between two and thirteen years old at the 

time of this study (Luke et al., 2017b). At each stream, data collection was standardised 

to be conducted from approximately 2km downstream from the stream source. This was 

to ensure catchment areas across streams were comparable, and this point is termed as 

the “0m point” throughout this chapter.  

 

Data collection on within-stream physical structure 

Stream environmental data at each site were collected once in May – August 2012 along 

a 200m transect from the “0m point” and going upstream. Data were collected during 

non-flood conditions. Stream physical structure was recorded at points at 10m intervals 
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along the 200m transect and consisted of: flow speed (time needed for a tennis ball to 

travel along a 2m string at the fastest flowing point along each transect (at rapids or 

riffles), repeated three times and then averaged), canopy openness (measured using a 

spherical densiometer (Lemmon, 1956) in the middle of each stream facing upstream, 

downstream, and to the left and right sides of the stream; average calculated), and wetted 

width of the stream, measured using a tape measure. Due to logistical constraints in the 

field, it was not possible to measure specific buffer widths at each sample point. 

However, as riparian width is likely to affect within-stream conditions downstream of 

the buffer location, rather than at the location itself, measurement at this scale is unlikely 

to reflect conditions at the sample locations themselves.  

The physical structure of the whole river channel was also measured by recording 

percentage cover of rocks, pebbles, sand, deadwood, rapids, riffles, connected pools, and 

isolated pools between the 10m intervals, and slope at each 10m along the 200m transect 

using a clinometer. Deadwood were large chunks of wood from trees (tree trunks or 

portions of them, or very large branches), with coverage of >5% over the 10m intervals. 

Pools, riffles, and rapids were assessed according to water speed (pools = still water, 

riffles = flowing water with a rippled surface, and rapids = fast-flowing white water). 

The average of each variable was calculated for subsequent analyses. We acknowledge 

that because we measured within-stream conditions at one time-period only we are 

unlikely to have captured the full range of conditions experienced by bugs at each 

location, although our measurements do reflect conditions at the time of sampling. 
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Semi-aquatic bug collection and processing 

Semi-aquatic bugs were collected once from five or ten 10m sub-transects of the 200m 

transects in July – September 2011 or June – August 2012, using hand-held nets (Ditrich 

et al., 2008) with mesh size of 1mm or less (hereafter, termed as “10m transect”) (Table 

S4.2). The bugs were collected from the same starting points as the measurements of 

stream environmental variables (the “0m point”). After collection, all the bugs were 

preserved in 70% ethanol. Juveniles were identified to family level, while adults were 

identified to morphospecies level, using relevant identification guides and taxonomic 

papers (Andersen, 1982; Chen & Nieser 1992, 1993a, 1993b; Chen & Zettel, 1998; 

Polhemus & Polhemus, 1988). During the identification process, advice from taxonomic 

experts was also obtained (see “Statement of contribution” [page viii] for details). 

However, although morphospecies were split as accurately as possible, it is possible that 

morphospecies in this study represent more than one species. 

In addition to identification, the body length of all individuals was measured to 

allow biomass calculations. Body length measurement was done to the nearest 1mm 

using graph paper. Biomass was then calculated using power regression equations, 

following Harianja et al. (2023a) (derived from semi-aquatic bugs from the same study 

area, see Chapter 2). Family and body form of the bugs can influence the length-biomass 

relationship, thus we used three equations for the biomass calculations: y = 0.040x 2.271 

for Cylindrostethinae, Gerrinae, and Ptilomerinae; y = 0.072x2.218 for Halobatinae; and y 

= 0.041x2.320 for Veliidae, with y = the biomass and x = the body length of a bug (see 

Harianja et al., 2023a [Chapter 2] for further details). Total biomass was obtained by 

summing of all individual biomass of semi-aquatic bugs from each of the 10-m transects 

and were used for subsequent analyses. 
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For assessment of the demographic structure of semi-aquatic bugs, we grouped 

adults and juveniles separately. Grouping was based on tarsal segments: juveniles have 

only one tarsal segment, while adults have at least two. For one species, Ptilomera sp., 

we further grouped individuals into males and females. It was not feasible to distinguish 

sex for other species (Ptilomera sp. have clear sexual dimorphism, while other species 

in this study do not). For each adult individual, we also recorded whether they were 

winged or wingless. However, because of the low number of winged adult individuals 

(only twelve in totals across streams, with streams with riparian buffer strips having ten, 

while streams without buffer strips having only two winged individuals), we did not 

conduct further analysis on this aspect of the data.  

 

Statistical analysis 

We carried out analyses and visualisations using R version 4.0.4 (R Core Team, 2021) 

and R Studio version 2022.07.1+554 (R Studio Team, 2022). For analysis, basic R 

syntax and package “dplyr” were used (Wickham et al., 2021). We used “plotrix” 

(Lemon, 2006) to calculate standard errors. To check for association between the 

presence or absence of riparian buffer strips and each of the stream environmental 

variables, we used “ltm” package (Rizopoulos, 2006). To summarise and visualise 

stream environmental variables, we used a Principal Component Analysis (PCA), run 

through built-in codes in R and “factoextra” (Kassambara & Mundt, 2020), respectively. 

For analyses on impacts of stream physical structure and the presence or absence of 

riparian buffer strips on semi-aquatic bugs, we used “vegan” (Oksanen et al., 2020) to 

run Canonical Correspondence Analysis (CCA), and “lme4” (Bates et al., 2015) to run 

Linear Mixed-Effect Models (LMMs) and Generalised Linear Mixed-Effect Models 
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(GLMMs). We used the following packages for all other visualisations in this study: 

“tidyverse” (Wickham et al., 2019), “cowplot” (Wilke, 2020), and “gridExtra” (Auguie, 

2017). 

 

Within-stream physical structure 

To reduce the dimensionality and summarise the environmental variables measured 

across all oil palm stream sites, we used PCA (Jolliffe, 1986), with data from each 10m 

transect included as a separate data point. We did not transform any variables used in the 

analyses, and all variables were standardised first to account for differing units (using a 

correlation matrix) (Jolliffe, 1986). In R this was conducted using the following function: 

“scaling = TRUE”. Sand was excluded from the PCA because its value was implied from 

the total percentages of other measured percentage cover stream variables. Since the 

stream environmental variables could be correlated with the presence or absence of 

riparian buffer strips, we assessed whether buffer strip presence was associated with 

environmental variables. For this, we ran a biserial correlation test and found that there 

was a weak to moderate correlation, suggesting that additional information was included 

in the environmental data and presence/absence of buffer information (Table S4.3). 

Therefore, for subsequent analyses, we included the presence of riparian buffer strips as 

a separate factor (hereafter “Riparian”). Finally, to assess if the stream physical structure 

differed between oil palm with and without riparian buffer strips, we ran separate Mann-

Whitney U tests for the most influential stream Principal Component (PC) scores, 

obtained from PCA between the two types of streams. 
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Impacts of within-stream physical structure and retaining riparian buffer strips on semi-

aquatic bugs 

To assess the impacts of measured stream environmental conditions as well as the 

presence or absence of riparian buffer strips on semi-aquatic bugs (abundance, total 

biomass, and richness), we ran LMMs or GLMMs, with each data point representing a 

10m transect site. For all analyses, we considered four PC scores on stream 

environmental variables (“StreamPC1”, “StreamPC2”, “StreamPC3”, and 

“StreamPC4”, obtained from the PCA) as separate predictors, because PC scores 

explained similar levels of variation among stream environmental variables. In all 

models, stream identity was included as a random factor to take into account the non-

independence of points within each stream. Rather than composite biodiversity indices, 

we chose to focus on simple measures of our community as these allow assessments of 

specific impacts of environmental conditions on semi-aquatic bugs (Barrantes & 

Sandoval, 2009). 

For abundance, we ran negative binomial models due to overdispersion. For total 

biomass and richness, we ran LMM and GLMM with gaussian and Poisson distribution, 

respectively, according to the type of data (biomass and count). To assess the importance 

of each predictor (“StreamPC1”/ “StreamPC2”/ “StreamPC3”/ “StreamPC4”/ 

“Riparian” [“Riparian” indicates the presence/ absence of riparian buffer strips]), we ran 

log-likelihood ratio tests. In particular, we used separate ANOVA tests to compare the 

full model (consisting of all predictors) with a model in which one of the predictors was 

dropped. To assess the effects on community composition, we ran CCA with 999 random 

permutation tests using stream environmental variables and buffer strip presence along 

with community data of adult bugs. To assess the impact of stream physical structure 
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and retaining riparian buffer strips on the proportion of juveniles as well as the 

proportion of female Ptilomera sp., we ran GLMM with binomial family. Similarly, for 

assessing the importance of each predictor on the proportion of juveniles and female 

Ptilomera sp., we ran log-likelihood ratio tests. Since there were very few winged 

individuals found in this study, we carried out no formal analysis on these data, but 

present totals in the results. 

 

Results 

Variability and differences in within-stream physical structure between oil palm streams 

with and without riparian buffer strips  

At the stream scale, PCA scores were spread evenly between axes 1, 2, 3, and 4 

(“StreamPC1”, “StreamPC2”, “StreamPC3”, and “StreamPC4”, respectively), with 

StreamPC1 and StreamPC2 explaining 24.5% and 18% of the variation in environmental 

variables measured in all stream sites, while “StreamPC3” and “StreamPC4” explained 

15.3% and 11.7% respectively (Figure 4.2). In general, this means that multiple 

uncorrelated variables explained environmental differences between streams. 

“StreamPC1” scores were correlated with a higher percentage cover of rocks (0.387), 

rapids (0.366) and riffles (0.306), a steeper slope (0.374), and more rapid flow speed (-

0.333, negative sign indicates that less time was needed for a tennis ball to travel the 2m 

string), but with lower percentage cover of connected pools (-0.471) (Table 4.1). 

“StreamPC2” scores were associated with wider wetted width (0.464) and higher 

percentage of pebbles (0.417), but with lower percentage of canopy openness ( -0.531) 

and deadwood (-0.332) (Table 4.1). “StreamPC3” scores were associated with a steeper 
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slope (0.312), a higher percentage of rocks (0.475), pebbles (0.372) and iso lated pools 

(0.359), but with lower percentage of riffles (-0.538) (Table 4.1). Finally, “StreamPC4” 

scores were correlated with a higher percentage of deadwood (0.427) and steeper slope 

(0.342), but with a lower percentage of isolated pools (-0.566) and narrower wetted 

width (-0.445) (Table 4.1). Streams with and without riparian buffer strips only differed 

significantly in “StreamPC4” scores (Table 4.2), with streams without riparian buffer 

strips having a higher percentage of deadwood and isolated pools, steeper slopes, and 

lower wetted widths. (Table 4.2). 

 

Impacts of within-stream physical structure and retaining riparian buffer strips on the 

abundance, total biomass, and richness of semi-aquatic bugs  

We found 2699 semi-aquatic bugs (including 1858 juveniles and 841 adults) across oil 

palm streams in this study. The bugs were from two families (Gerridae and Veliidae), 

eight genera, and 15 morphospecies (Table S4.4-S4.5). Higher “StreamPC4” scores 

were significantly associated with lower abundance of bugs (Figure 4.3, Table S4.6), 

and the presence of riparian buffer strips (“Riparian”) was significantly associated with 

higher richness of bugs (Table S4.6). Overall, the average abundance of semi-aquatic 

bugs in oil palm with and without riparian buffer strips were 104.35 (SE±11.811) and 

61.2 (SE±17.408), respectively. Additionally, the average number of morphospecies of 

semi-aquatic bugs in oil palm streams with riparian buffer strips was 3.55 (SE±0.419), 

compared to 1.4 (SE±0.221) in oil palm streams without. There were no other significant 

effects of within-stream physical structure on the abundance, total biomass, or richness 

of semi-aquatic bugs (Figure 4.3, Table S4.6). Nor was there an effect of the presence 

of riparian buffer strips on the abundance or total biomass of the bugs (Table S4.6). 
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There was a differing community composition of semi-aquatic bugs associated 

with StreamPC1 and the presence of buffer strips, but not with other environmental 

variables representing stream physical structure (Table 4.3, Figure 4.4). In particular, 

the two commonest morphospecies, Ptilomera sp. and Rhagovelia sp. differed markedly 

in their distribution in relation to the presence of riparian buffer strips: Ptilomera sp. 

were found across sites, but Rhagovelia sp. were found almost exclusively in streams 

with buffers (Figure 4.4, Table S4.5). Across the 15 morphospecies of adult bugs found 

across streams, only seven were found in oil palm without riparian buffer strips (while 

14 morphospecies in total were found in oil palm streams with riparian buffer strips) and 

they were generally in low abundance (Table S4.4). We found two genera that are 

known to be resilient to habitat change and pollution: Limnogonus and Rheumatogonus 

(Mohd Ishadi et al., 2014). On the other hand, a genus that is generally found in shaded 

streams only (Metrocoris [Polhemus, 1990]) was found at an extremely low abundance 

across streams in this study, with only one individual from streams without riparian 

buffer strips (Table S4.4-S4.5). 

 

Impacts of within-stream physical structure and retaining riparian buffer strips on the 

ratios of juveniles to adults and females to males in Ptilomera sp. 

We found that StreamPC2 (wider wetted width and higher percentage of pebbles, but 

lower percentage of canopy openness and deadwood) significantly affected the 

proportion of juveniles across streams, with higher StreamPC2 scores being associated 

with a lower proportion of juveniles. We found no other effects of within-stream physical 

structure or retaining riparian buffer strips on the proportion of juveniles and females of 

Ptilomera sp. (Figure 4.5, Table S4.7). We found a low number of winged adult 



 

156 

 

individuals across stream types, with streams with and without riparian buffer strips 

having ten and two winged individuals in total, respectively.  

 

Discussion  

At the small-scale (10m transects), the lack of clear differences that we found in most of 

environmental variables forming stream physical structure between streams with and 

without riparian buffer strips indicates that, in general, the presence of riparian buffer 

strips does not have significant impacts on within-stream physical structure, particularly 

for the parameters that we measured. This could be because the influences of wider 

catchment properties on stream conditions are more pervasive, or because the riparian 

buffers in this study were not able to protect streams from the influence of chemical 

runoff or erosion from the surrounding agricultural landscape (Harianja et al., 2023f 

[Chapter 3]; Xu et al., 2023). The characteristics of streams without riparian buffer strips 

that we recorded (higher percentage cover of deadwood, steeper slopes, fewer isolated 

pools, and lower wetted widths) could be because riparian areas around smaller streams 

with narrower wetted width are less likely to be protected during plantation 

establishment. Indeed, the RSPO (2017) advises that riparian buffer strips should be at 

least five meters wide for streams or rivers between one and five meters wide, and wider 

strips should be maintained along wider waterways. All oil palm streams in this study 

(both with and without riparian buffer strips) had average channel widths that were 

between five and twelve meters (Table S4.1). Hence, streams without buffer strips could 

have experienced more impacts of disturbance occurring on land, such as more surface 

runoff and erosion (Du et al., 2022). Smaller streams may also be more likely to be found 

on steeper slopes (Burt et al., 2023, Table S4.1) and therefore to have fewer isolated 
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pools. This higher steepness of slope could also explain the higher recorded presence of 

deadwood, which may be more readily exposed from sediment in such areas. However, 

it should be noted that buffers were variable in size and condition in this study (average 

widths of buffer strips were approximately 331m, 68m, and 26m in Gaharu, Keruing, 

and Merbau, respectively), and we only sampled two oil palm streams without buffers 

and three oil palm streams with buffers. Differences could therefore be heavily 

influenced by parameters associated with just one stream and it is important to assess 

these findings in a larger-scale study. Related to this, we collected data on stream 

physical structure once at each site. Therefore, the conditions we recorded may not be 

representative of the overall conditions of streams or the conditions experienced by semi-

aquatic bugs over longer time periods. However, some characteristics we recorded were 

less likely to be impacted by this than others (for example, percentage canopy openness, 

percentage cover of rocks, steepness of slopes, and the presence of deadwood are less 

likely to vary over the year than wetted width or flow speeds). 

We found only a limited range of species in our study system, consisting of 15 

morphospecies, from eight genera and two families. This is much lower than previous 

studies within forested areas in the region (e.g., up to 30 morphospecies from all forest 

sites in Harianja et al., 2023f [Chapter 3]). The lower number of species we found in oil 

palm is most likely due to the impacts of land-use change, altering within-stream 

environmental conditions. On a larger scale, land-use change might have caused changes 

in streamflow and have increased erosion and sedimentation (Wantzen & Mol, 2013). 

On a finer scale, changes in the water physicochemical characteristics, such as increased 

water temperature and higher nutrient content, might have occurred (Horne & Hubbart, 

2020; Lima et al., 2022; Tanaka et al., 2021). Furthermore, some resources provided by 
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forest cover (such as input of organic matter) might have been reduced or lost because 

of conversion to oil palm (Lima et al., 2022). As a result, microhabitats for some species 

of semi-aquatic bugs might have disappeared, resulting in the lower richness of bugs in 

oil palm compared to forests (see Harianja et al., 2023f [Chapter 3]). Other studies have 

also found a similar pattern, particularly that regardless of the presence of riparian buffer 

strips, oil palm streams cannot support species that are sensitive to anthropogenic 

disturbance. For instance, some insect species (including some Odonata in Carvalho et 

al., 2018 and Luke et al., 2017b, aquatic insect larvae and dung beetles in Deere et al., 

2022) are not found in oil palm streams. 

We found that oil palm streams with riparian buffer strips had more species/ 

morphospecies of semi-aquatic bugs and the community composition in streams with 

and without buffers was different. This is likely to be because oil palm with riparian 

buffer strips provides more resources than oil palm without, such as leaf litter for 

invertebrates that are prey items of semi-aquatic bugs, or terrestrial invertebrates 

themselves, falling from the surrounding margins, that are also prey items (Maier, 1977; 

Mendes et al., 2019a; Popescu et al., 2021). Furthermore, the presence of the strips may 

buffer the microclimatic conditions within streams, so bug species with lower heat 

tolerance can be supported. Indeed, studies conducted on other aquatic invertebrates 

found that oil palm streams house more species that are more tolerant to higher water 

temperatures caused by the loss of canopy cover, compared to forest streams (Mendes et 

al., 2019b).  

It is notable that only seven of the 15 morphospecies in our study were found in 

streams without buffers: Limnogonus sp., Metrocoris sp., Ptilomera sp., Rhagovelia 

sp.1, Rheumatogonus sp.1 and sp.3, and Tenagogonus sp.. Previous studies have found 
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Limnogonus species in forest as well as oil palm streams, showing this genus to be 

resilient to habitat change (Al-Shami et al., 2011; Mohd Ishadi et al., 2014; Moy et al., 

2022). In contrast, Metrocoris species are known to live in shaded streams (Polhemus, 

1990), which may explain their low abundance in this study: only one individual was 

found in oil palm streams without riparian buffer strips (although overall abundance of 

this genus across streams were generally extremely low; see Table S4.4-S4.5). 

Ptilomera and Rhagovelia species can tolerate fast-flowing water because of specialised 

structures they possess that help rowing in such habitats (Kim et al., 2022). This may 

explain their presence in oil palm streams, which can be highly variable in streamflow 

due to rapid surface runoff from surrounding agricultural land. Mohd Ishadi et al. (2014) 

also found Rhagovelia and Rheumatogonus bugs across stream sites with varying levels 

of pollutant sources (including from households, mining operations, and agriculture), 

demonstrating the resilience of these genera to changing stream conditions. 

A notable difference in the community composition between streams with and 

without buffers was in the two commonest morphospecies of bugs, Ptilomera sp. and 

Rhagovelia sp.. Ptilomera sp. was found across stream types, but in contrast Rhagovelia 

sp. was largely restricted to streams with buffers. This could be owing to a marked size 

difference between the species: Rhagovelia spp. are relatively small and perhaps more 

vulnerable to variable climatic conditions, whereas Ptilomera sp. are much larger and 

therefore perhaps more robust (Kingsolver et al., 2011). We note that, as we only 

identified bugs to morphospecies level in this study, it is possible that some 

morphospecies may have contained more than one species. However, this is unlikely to 

systematically affect the results we recorded and would only be likely to reduce the 

chance of recording changes with environmental parameters.  
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Along 10m transects, the fact that we found a higher abundance of bugs in streams 

with higher wetted width and isolated pools, as well as shallower slopes and lower 

percentage cover of deadwood, is likely to be largely related to habitat availability. 

Streams with higher wetted width and more isolated pools are likely to have a larger 

surface area, providing space for more individuals, and such conditions may be more 

likely within streams on less steep slopes. Indeed, habitat heterogeneity in oil palm can 

be associated with a higher abundance of individuals across taxa, such as frogs (Kurz et 

al., 2016) and larval dragonflies (Luke et al., 2017b). The association with a lower 

percentage of deadwood is harder to explain, as some species of semi-aquatic bugs are 

known to lay eggs on deadwood (Sweeney, 1993). It is possible that this trend again is a 

feature of the limited number of stream sites sampled in this study. The altered 

community composition we found associated with slope, percentage cover of rocks, 

rapids, riffles, connected pools and flow speed is likely to be related to each of these 

factors altering the environmental conditions for semi-aquatic bugs (Dias-Silva et al., 

2020; Moy et al., 2022), which are known to have varying requirements across species 

(Andersen, 1982; Andersen & Weir, 1997). 

In contrast to effects on abundance, richness, and composition, we did not identify 

any environmental factor or presence of buffer that affected total biomass of semi-

aquatic bugs. In contrast, other studies have found that the presence of riparian buffer 

strips is associated with a higher biomass of invertebrates (Burdon & Harding, 2008; 

Sargac et al., 2021). The opposite trend observed in this study  could have been because 

of species replacement/ turnover across sites, stabilising total biomass measurements. In 

particular, although streams with buffer strips had a generally higher abundance of semi-

aquatic bugs, this was from a combination of large- and small-bodied species across life 
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stages, while streams without buffer strips were dominated by larger bodied bugs for 

both life stages. For instance, small species (up to 4mm in body length) such as 

Rhagovelia spp. were common and abundant in streams with buffer strips, but the larger 

Ptilomera sp. (up to 19mm in body length) as well as large-bodied juveniles (up to 15mm 

in body length) remained abundant in streams without buffers, maintaining a high total 

biomass owing to their large individual size (Slade et al., 2011).  

Furthermore, at the small scale (10m transects), we found that there were more 

juveniles in streams with higher canopy openness and deadwood, but lower wetted width 

and percentage cover of pebbles. This might show that juveniles can still survive and 

grow in streams with warmer water temperature caused by higher canopy openness, and 

indeed warmer conditions could result in higher growth rates for juvenile bugs, as it can 

(within an optimal range for growth) in other insects (Kingsolver et al., 2011). The higher 

incidence of deadwood could provide a substrate for egg-laying (Sweeney, 1993), 

potentially boosting numbers of juveniles in these streams. Finally, the lower wetted 

width could mean that these streams are less commonly used by adults, potentially 

allowing juveniles to escape competition, increasing their relative numbers (Spence & 

Carcamo, 1991). 

We found an extremely low number of winged individuals at the small scale (10m 

transects) across steams and found no relationship between any environmental factors or 

the presence of riparian buffer strips on the sex ratio of Ptilomera sp.. In terms of sex 

ratio, this may show that neither sex is disproportionately affected by habitat disturbance, 

at least in Ptilomera species. This could be owing to this species being robust to change 

or could be a finding that is true across species and merits further study. As a caveat to 

this, since Ptilomera semi-aquatic bugs in this study were identified to morphospecies 
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level, this group might have included more than one species, so our results should be 

interpreted with caution. 

 

Implications and conclusion 

Our study found that certain stream environmental conditions and the presence of 

riparian buffer strips benefited semi-aquatic bugs, particularly their abundance and 

richness. In particular, we found more abundant semi-aquatic bugs in streams with 

higher wetted width and more isolated pools, but shallower slopes and lower percentage 

cover of deadwood. Further studies assessing the impacts of stream characteristics on 

other groups of animals may provide clarity towards their effects on a wider range of 

species, improving conservation efforts in agricultural landscapes.  

Despite the above findings, there were lower species richness and abundance of 

semi-aquatic bugs in oil palm streams (regardless of the presence of riparian buffer 

strips) when compared to forests from another study (Harianja et al., 2023f [Chapter 3]), 

and the species that we found in oil palm streams were generally tolerant of disturbance. 

In addition, at the small-scale (10m transects), the higher richness of semi-aquatic bugs 

in oil palm streams with riparian buffer strips than oil palm streams without was only by 

two morphospecies (average number of morphospecies in oil palm streams with riparian 

buffer strips was 3.55 (SE ± 0.419) and was 1.4 (SE ± 0.221) in streams without), 

indicating that benefits of this management approach, at least for semi-aquatic bugs, are 

limited. This lack of a strong effect is likely because of the limited impact that buffer 

presence had on environmental conditions within streams (Carvalho et al., 2018; Deere 

et al., 2022; Luke et al., 2017b). Taken together, these findings highlight that managers 

should not assert that putting in a buffer strip will compensate for the wider loss of forest. 
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More studies, particularly at a larger scale, are needed to confirm the findings from this 

study, particularly because we surveyed only five streams. In addition, over time there 

can be variation in semi-aquatic bug communities (Fernando, 1963) and stream physical 

parameters, so it is also important to carry out studies over longer-time periods. 

Finally, whilst abundance, richness, and composition of semi-aquatic bugs were 

affected by stream physical structure and the presence of riparian buffer strips, this was 

not the case for total biomass, number of winged individuals, or for the sex ratio of 

Ptilomera sp.. This suggests that these latter factors may not be helpful when assessing 

environmental change, particularly for semi-aquatic bugs in permanent lotic habitats, as 

in this study.  
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Tables and Figures 

 

Table 4.1 Outputs of PCA (Principal Component Analysis) for 30 10-m transects 
representing streams with (OPB) and without riparian buffer strips (OP) (from three and 
two streams for OPB and OP, respectively), showing loading scores of each 
environmental variable within Principal Component (PC) axis 1 to 4 (“StreamPC1”, 
“StreamPC2”, “StreamPC3”, and “StreamPC4”, respectively). Variables with loading 
scores over 0.3 for each axis are shown in bold. Each stream consisted of five transects, 
but one stream (Gaharu) having ten transects. 

Parameter Description StreamPC1 StreamPC2 StreamPC3 StreamPC4 

Average_FlowAverage 

Average flow 
speed represented 
by time needed by 
a tennis ball to 
travel a 2-m string 

-0.333 0.238 -0.076 -0.273 

Average_CanopyAverage 
Average canopy 
openness 

-0.131 -0.531 0.176 -0.079 

Average_WettedWidth    
Average wetted 
width of stream 

-0.088 0.464 -0.188 -0.445 

Slope 
Average slope 0.374 0.086 0.312 0.342 

 

Rocks 
Average 
percentage cover 
of rocks 

0.387 -0.082 0.475 -0.076 

Pebbles 
Average 
percentage cover 
of pebbles 

-0.229 0.417 0.372 0.079 

DeadWood 
Average 
percentage cover 
of dead wood 

-0.253 -0.332 -0.047 0.427 

Rapids 
Average 
percentage cover 
of rapids 

0.366 0.199 -0.202 0.154 

Riffles 
Average 
percentage cover 
of riffles 

0.306 -0.240 -0.538 -0.206 

ConnectedPools 
Average 
percentage cover 
of connected pools 

-0.471 
 

0.186 -0.038 0.141 

IsolatedPools 
Average 
percentage cover 
of isolated pools 

0.069 -0.116 0.359 -0.566 
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Table 4.2 Outputs of Mann-Whitney U-test used to assess the difference in stream 
physical structure between oil palm with (OPB, three streams) and without riparian 
buffer strips (OP, two streams), consisting of 20 and 10 10-m transects respectively. 
Stream physical structure was represented by four PC scores (“StreamPC1”, 
“StreamPC2”, “StreamPC3”, and “StreamPC4”) obtained from a PCA, which explained 
most of the environmental variability between the two stream sites. P-values that are less 
than 0.05 are given in bold and indicate significant differences.  

Compared PC scores W P-value 
StreamPC1 121 0.373 
StreamPC2 56 0.054 
StreamPC3 129 0.213 
StreamPC4 174 < 0.001 *** 

 

 

Table 4.3 Outputs of CCA (Canonical Correspondence Analysis) used to assess the 
impacts of within-stream physical structure (represented by “StreamPC1”, 
“StreamPC2”, “StreamPC3”, and “StreamPC4”) and the presence of riparian buffer 
strips (Riparian) on the community composition of semi-aquatic bugs. P-values were 
obtained from 999 random permutation tests. P-values that are less than 0.05 are given 
in bold and indicate the significant impact of a particular predictor on the community 
composition of semi-aquatic bugs. Data included adult bugs only. N = 29 of 10m stream 
transects (one transect was removed from the analysis because of zero abundance of 
adults [Binuang transect “0-10m”]). 

Predictor ꭕ2 F p-value 

StreamPC1 0.178 3.381 0.002 ** 

StreamPC2 0.088 1.681 0.095 

StreamPC3 0.046 0.870 0.492 

StreamPC4 0.045 0.860 0.472 

Riparian 0.181 3.431 0.004 ** 
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Figure 4.1 Map of streams in oil palm with and without riparian buffer strips in the SAFE (Stability of Altered Forest Ecosystems) 
Project sites in Sabah, Malaysian Borneo. The SAFE Project sites consist of streams within forest areas, an experimental area (“SAFE 
experimental area”) nearby Kalabakan Forest Reserve, as well as oil palm streams with and without riparian buffer strips. See Luke, et 
al., 2017 for more details. 

  



 

167 

 

 

Figure 4.2 PCA (Principal Component Analysis) biplots showing PC1 and PC2 (“Dim1” and “Dim2” respectively, left panel) as well PC3 
and PC4 (“Dim3” and “Dim4” respectively, right panel) site scores of streams in oil palm with (OPB) and without buffer strips  (OP). 
Arrows represent environmental variables (representing within-stream physical structure), while square and circle points represent streams 
in oil palm with and without riparian buffer strips, respectively. Differing colours represent stream sites. Axes 1 and 2 explained 24.5% and 
18% of the variation in environmental variables measured in all stream sites, while axes 3 and 4 explained 15.3% and 11.7% respectively. 
Each smaller point represents a 10-m transect from each stream site, while larger points represent the average value for each stream site. N 
= 30 of 10-m stream transects.
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Figure 4.3 Impacts of within-stream physical structure (“StreamPC1”, “StreamPC2”, 
“StreamPC3”, and “StreamPC4”) on the abundance (left-hand side panel), total biomass 
(middle panel), and richness (right-hand side panel) of semi-aquatic bugs. For analyses 
on abundance and total biomass (sum of biomass of all semi-aquatic bugs in each 10m 
transect), both juvenile and adult individuals were used. For richness analyses, only adult 
bugs were used. P-values were obtained from ANOVA tests in the framework of log-
likelihood ratio tests used to assess the importance of each predictor. Regression lines 
shown for significant associations fitted from “glm” with negative binomial family. 
Shaded areas show 95% confidence intervals. OP = Oil palm without buffer strips, OPB 
= Oil palm with buffer strips. Each point represents a 10-m transect from each stream 
site. N = 30 stream transects.
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Figure 4.4 Community composition of semi-aquatic bugs in stream sites in oil palm with (OPB, orange points) and without buffer strips (OP, 
yellow points) in relation to environmental conditions (representing within-stream physical structure) measured at stream scales, visualised by a 
Canonical Correspondence Analysis (CCA) tri-plot (Panel A). The presence of riparian buffer strips is also shown. Environmental parameters 
are indicated as arrows. Community composition is shown by adult bug morphospecies, indicated by circles with no colour but red borders. The 
position of a morphospecies represents the probability of finding that species in a stream. Mean and percentage abundance of each morphospecies 
in both stream types (OPB, OP) are also shown (Panel B and C, respectively). N = 30 stream transects (but for the CCA, one transect was 
removed from the analysis because of zero abundance of adults [Binuang transect “0-10m”]).
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Figure 4.5 Impacts of stream physical structure (represented by “StreamPC1”, 
“StreamPC2”, “StreamPC3”, and “StreamPC4”) and the presence or absence of riparian 
buffer strips (Riparian) on the proportion of juveniles (left-hand side panel) and female 
Ptilomera sp. (right-hand side panel). P-values were obtained from ANOVA tests in the 
framework of log-likelihood ratio tests used to assess the importance of each predictor. 
Regression lines shown for significant associations fitted from “glm” with binomial 
family. Shaded areas show 95% confidence intervals. OP = Oil palm no buffer, OPB = 
Oil palm with buffer strips. Each point represents 10-m transect from each stream site. 
N = 30 stream transects. 
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Supplementary materials 

 

Table S4.1 Average values of several physical characteristics of the streams in this 
study. Streams consisted of two oil palm streams without riparian buffer strips (OP) and 
three with riparian buffer strips (OPB), all located within Sabah, Malaysia. RapidEyeTM 
satellite images were taken to obtain catchment sizes. Slopes as well as channel and 
wetted widths were measured at 10-m transects in each stream site. N = 30 stream 
transects. 

Stream 
Land-use 
type 

Catchment size 
(km-square) 

Average slope 
(degrees) 

Average channel 
width (m) 

Average wetted 
width (m) 

Binuang OP 2.049 1.9 5.977 3.262 

Selangan Batu OP 2.269 3.35 7.603 5.135 

Gaharu OPB 4.943 1.35 11.072 5.796 

Keruing OPB 5.744 1.7 11.866 6.189 

Merbau OPB 4.109 2.05 8.685 5.795 

 

 

Table S4.2 Details of transects and dates of semi-aquatic bug collections in oil palm 

streams with (OP) and without (OPB) riparian buffer strips.  

Stream Land-use type Transect details Collection dates 

Binuang OP 
0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 
June – August 2012 

Selangan 
Batu OP 

0-10m, 20-30m, 80-90m, 
120-130m, 160-170m 

June – August 2012 

Gaharu OPB 
0-10m, 20-30m, 40-50m, 60-70m, 80-90m, 100-

110m, 120-130m, 140-150m, 160-170m, 180-190m 
July – September 2011 

Keruing OPB 
0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 
June – August 2012 

Merbau OPB 
0-10m, 40-50m, 80-90m, 

120-130m, 160-170m 
June – August 2012 

 

  



 

172 

 

Table S4.3 Outputs of biserial correlation tests used to assess the correlation between 
the presence of riparian buffer strips (Riparian) and stream environmental conditions 
(StreamPC1, StreamPC2, StreamPC3, StreamPC4) measured in oil palm streams in this 
study. 

What’s tested Outputs of biserial correlation test (r) 

Riparian & StreamPC1 0.180 
Riparian & StreamPC2 -0.386 
Riparian & StreamPC3 0.253 
Riparian & StreamPC4 0.480 
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Table S4.4. Summaries of richness, abundance, and total biomass (sum of biomass of all semi-aquatic bugs in each 10m transect) of 
semi-aquatic bugs found across 10m transects in oil palm streams in this study (OPB = Oil palm with riparian buffer strips, OP = oil palm 
without), and breakdown for the number of juveniles, adults, female (“PtilomeraFemale”) and male (“PtilomeraMale”) of Ptilomera sp..a 

Stream type StreamID Distance Juveniles Adults Abundance Total biomass (mg) Richness b PtilomeraMale PtilomeraFemale Ptilomera sp. 

OP Binuang 0-10m 14 0 14 4.811 0 0 0 0 
OP Binuang 120-130m 11 4 15 4.397 2 0 0 0 
OP Binuang 160-170m 18 1 19 1.325 1 0 0 0 
OP Binuang 40-50m 10 2 12 26.684 2 0 1 1 
OP Binuang 80-90m 1 2 3 4.33 2 0 0 0 

OP 
Selangan 
Batu 0-10m 69 3 72 99.902 1 2 1 3 

OP 
Selangan 
Batu 120-130m 104 1 105 72.469 1 0 1 1 

OP 
Selangan 
Batu 160-170m 116 8 124 198.998 2 3 4 7 

OP 
Selangan 
Batu 20-30m 144 7 151 152.394 2 2 4 6 

OP 
Selangan 
Batu 80-90m 83 14 97 387.771 1 10 4 14 

OPB Gaharu 0-10m 43 47 90 103.624 4 3 3 6 
OPB Gaharu 100-110m 7 27 34 125.824 2 5 7 12 
OPB Gaharu 120-130m 40 13 53 41.402 4 1 0 1 
OPB Gaharu 140-150m 80 59 139 193.6 2 2 4 6 
OPB Gaharu 160-170m 59 81 140 232.597 3 10 10 20 
OPB Gaharu 180-190m 136 80 216 172.8 4 1 4 5 
OPB Gaharu 20-30m 65 35 100 36.143 3 3 0 3 
OPB Gaharu 40-50m 48 33 81 69.684 2 5 2 7 
OPB Gaharu 60-70m 150 37 187 211.077 4 4 3 7 
OPB Gaharu 80-90m 150 49 199 52.767 2 9 6 15 
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Stream type StreamID Distance Juveniles Adults Abundance Total biomass (mg) Richness b PtilomeraMale PtilomeraFemale Ptilomera sp. 

OPB Keruing 0-10m 27 65 92 89.998 5 0 5 5 
OPB Keruing 120-130m 21 30 51 25.511 6 0 1 1 
OPB Keruing 160-170m 21 51 72 117.274 7 0 3 3 
OPB Keruing 40-50m 16 40 56 110.694 8 4 0 4 
OPB Keruing 80-90m 24 28 52 105.902 5 4 3 7 

OPB Merbau 0-10m 63 31 94 125.533 2 1 7 8 
OPB Merbau 120-130m 96 39 135 147.015 3 2 5 7 
OPB Merbau 160-170m 121 27 148 183.237 2 2 3 5 
OPB Merbau 40-50m 70 1 71 27.101 1 0 1 1 
OPB Merbau 80-90m 51 26 77 99.469 2 1 2 3 

 

a Richness used adult bugs only. Abundance includes the total number of all juvenile and adult bugs. The breakdown for juveniles and adults 
as well as female and male Ptilomera sp. (a semi-aquatic bug species in this study that was separated based on sex for further analysis) across 
streams is also shown. Biomass data were obtained from body length-biomass equations, in which biomass of each individual bug was 
derived from its body length (Harianja et al., 2023a [Chapter 2]). 
b See Table S4.5 below for the details of all the 15 morphospecies found across oil palm streams.   
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Table S4.5 The morphospecies and corresponding abundance of semi-aquatic bugs found across 10m transects (“Distance”) in oil palm 

streams (OPB = Oil palm with riparian buffer strips, OP = oil palm without) in this study (N = 30 of 10m stream transects). a 

Types of oil 
palm streams Stream Distance 
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OP Binuang 0-10m 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OP Binuang 120-130m 0 0 1 0 0 0 0 0 3 0 0 0 0 0 0 
OP Binuang 160-170m 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
OP Binuang 40-50m 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 
OP Binuang 80-90m 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 
OP Selangan Batu 0-10m 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 
OP Selangan Batu 120-130m 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
OP Selangan Batu 160-170m 0 0 0 0 7 0 0 0 0 0 0 0 1 0 0 
OP Selangan Batu 20-30m 0 0 0 1 6 0 0 0 0 0 0 0 0 0 0 
OP Selangan Batu 80-90m 0 0 0 0 14 0 0 0 0 0 0 0 0 0 0 
OPB Gaharu 0-10m 0 0 0 0 6 39 1 0 0 0 0 0 1 0 0 
OPB Gaharu 100-110m 0 0 0 0 12 15 0 0 0 0 0 0 0 0 0 
OPB Gaharu 120-130m 0 0 0 0 1 8 0 0 0 0 0 0 0 3 1 
OPB Gaharu 140-150m 0 0 0 0 6 53 0 0 0 0 0 0 0 0 0 
OPB Gaharu 160-170m 0 0 0 0 20 57 0 0 0 0 0 0 0 0 4 
OPB Gaharu 180-190m 0 0 0 1 5 73 0 0 0 0 0 0 0 1 0 
OPB Gaharu 20-30m 0 0 0 0 3 16 0 0 0 0 0 0 0 16 0 



 

176 

 

Types of oil 
palm streams Stream Distance 

Family (G, V) b 

G G G G G V V V G G G G G G G 

C
yl

in
dr

os
te

th
us

 

sc
ru

ta
to

r 

C
yl

in
dr

os
te

th
us

 s
p.

 
 L

im
no

go
nu

s 
sp

. 

M
et

ro
co

ri
s 

sp
.1

 

P
til

om
er

a 
sp

. 

R
ha

go
ve

lia
 s

p.
1 

R
ha

go
ve

lia
 s

p.
2 

R
ha

go
ve

lia
 s

p.
3 

R
he

um
at

og
on

us
 s

p.
1 

R
he

um
at

og
on

us
 s

p.
3 

R
he

um
at

og
on

us
 s

p.
4 

R
he

um
at

og
on

us
 s

p.
6 

T
en

ag
og

on
us

 s
p.

 

V
en

tid
iu

s 
sp

.1
 

V
en

tid
iu

s 
sp

.2
 

OPB Gaharu 40-50m 0 0 0 0 7 26 0 0 0 0 0 0 0 0 0 
OPB Gaharu 60-70m 0 0 0 0 7 20 0 0 0 0 0 0 0 8 2 
OPB Gaharu 80-90m 0 0 0 0 15 34 0 0 0 0 0 0 0 0 0 
OPB Keruing 0-10m 8 0 0 0 5 25 0 0 17 10 0 0 0 0 0 
OPB Keruing 120-130m 0 3 0 0 1 19 0 0 2 4 1 0 0 0 0 
OPB Keruing 160-170m 1 3 0 0 3 40 0 1 1 2 0 0 0 0 0 
OPB Keruing 40-50m 5 3 0 1 4 18 0 0 4 4 0 0 0 1 0 
OPB Keruing 80-90m 5 0 0 0 7 5 0 0 7 4 0 0 0 0 0 
OPB Merbau 0-10m 0 0 0 0 8 23 0 0 0 0 0 0 0 0 0 
OPB Merbau 120-130m 0 0 0 0 7 31 0 0 0 0 0 1 0 0 0 
OPB Merbau 160-170m 0 0 0 0 5 22 0 0 0 0 0 0 0 0 0 
OPB Merbau 40-50m 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
OPB Merbau 80-90m 0 0 0 0 3 23 0 0 0 0 0 0 0 0 0 

Total                841 

a Overall, there were 15 morphospecies with total abundance of 841. All were in the Gerridae and Veliidae families. Morphospecies 
were identified using adult individuals only. 

b G = Gerridae, V = Veliidae.
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Table S4.6 Outputs of log-likelihood ratio tests (ꭕ2 and p-values) using the GLMM 

(Generalised Linear Mixed-Effect Models) run to assess the impacts of within-stream 

physical structure (represented by “StreamPC1”, “StreamPC2”, “StreamPC3”, and 

“StreamPC4”) and the presence or absence of riparian buffer strips (“Riparian”) on the 

abundance, biomass, and richness of semi-aquatic bugs. P-values that are less than 0.05 

are given in bold and indicate significant impacts. N = 30 of 10m stream transects. 

Full model including all explanatory variables: Abundance/ Total Biomass/ Richness ~ StreamPC1 + 
StreamPC2 + StreamPC3 + StreamPC4 + Riparian + (1 | StreamID) 
Response variable Explanatory variables Outputs of log-likelihood ratio tests 

ꭕ2 p-value 

Abundance StreamPC1 0.254 0.614 

StreamPC2 3.594 0.057 
StreamPC3 3.480 0.062 
StreamPC4 10.269 0.001 ** 

Riparian 0.338 0.560 
Total Biomass StreamPC1 0.190 0.662 

StreamPC2 3.252 0.071 

StreamPC3 1.626 0.202 
StreamPC4 0.879 0.348 
Riparian 0.776 0.378 

Richness StreamPC1 1.328  0.249 
StreamPC2 2.107 0.146 
StreamPC3 1.619 0.203 

StreamPC4 0.420 0.516 
Riparian 6.060 0.013 * 

 

 

  



 

178 

 

Table S4.7 Outputs of log-likelihood ratio tests (ꭕ2 and p-values) using the GLMM 
(Generalised Linear Mixed-Effect Models) run to assess the impacts of stream physical 
structure (represented by “StreamPC1”, “StreamPC2”, “StreamPC3”, and 
“StreamPC4”) and the presence of riparian buffer strips (“Riparian”) on the proportion 
of juveniles and female Ptilomera sp.. P-values that are less than 0.05 are given in bold 
and indicate significant impacts. N = 30 of 10m stream transects. 

Full model including all explanatory variables: Proportion of juveniles/ Proportion of female Ptilomera sp. 
~ StreamPC1 + StreamPC2 + StreamPC3 + StreamPC4 + Riparian + (1 | StreamID) 
Response variable Explanatory variables Outputs of log-likelihood ratio tests 

ꭕ2 p-value 

Proportion of juveniles StreamPC1 0.052 0.818 
StreamPC2 4.060 0.043 * 
StreamPC3 0.007 0.929 
StreamPC4 0.838 0.359 
Riparian 3.546 0.059 

Proportion of female 
Ptilomera sp. 

StreamPC1 0.819 0.365 
StreamPC2 1.279 0.258 
StreamPC3 0.381 0.537 
StreamPC4 0.062 0.802 
Riparian 0.019 0.889 
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Abstract 

1. Conversion of tropical forests to oil palm plantations has driven a reduction in 

populations or loss of species. Although there are a growing number of studies 

investigating management decisions to enhance biodiversity and ecosystem functions 

within oil palm, studies investigating the impacts of alternative management strategies 

in smallholder plantations are lacking. In the world’s leading palm oil producing 

countries (Indonesia and Malaysia), smallholders make up about 40 percent of total oil 

palm plantation area. Management in smallholdings can be highly variable, ranging from 

intensive monoculture to polyculture systems, consisting of a variety of crop types. 

Currently, many plantations in the region are mature and due to be replanted, making an 

investigation of the effects of alternative management decisions at this point particularly 

timely. Butterflies are a functionally important group that pollinate wild plants, are prey 

for larger species, and are common in tropical systems. Butterfly species also show a 

range of sensitivities to habitat disturbance, with some being vulnerable to change, but 

others being common in plantations.  

2. We investigated the impacts of replanting and choice of crop management following 

replanting (growing oil palm as a monoculture or polyculture) on habitat structure and 

complexity, and on the abundance, richness, and composition of butterfly assemblages 

in smallholding oil palm plantations in Banting, Selangor, Malaysia. We also assessed 

the direct effects of habitat structure and complexity on butterfly assemblages.  

3. Across 27 plantations, we recorded 1227 butterflies from 5 families, 46 genera, and 

56 species. Habitat structure and complexity differed between management decisions 

(mature monoculture, immature monoculture, immature polyculture), although many 

environmental parameters overlapped. We found no significant differences in species 
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richness, density, and assemblage composition of butterflies between management 

decisions. However, increase in the coverage of understory vegetation, including 

hostplants and nectar sources, increased the abundance of butterflies.  

4. Synthesis and applications: Our findings suggest that replanting oil palm and choice 

of mono or polyculture have relatively few effects on butterflies, but management for 

specific features in plantations could benefit butterfly assemblages.  
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Introduction 

About 11% of the global land surface is used for crop production, and agricultural 

practices have driven the loss or reduction of biodiversity (Raven & Wagner, 2021). 

Agricultural intensification has resulted in the destruction of habitats for wildlife through 

habitat simplification in converted systems, fragmentation of remaining natural habitats, 

as well as negative impacts through inputs of pollutants, such as fertilizers, herbicides, 

and pesticides (Raven & Wagner, 2021). As a result, a wide range of terrestrial and 

aquatic taxa across biomes have experienced reductions in diversity, abundance, and 

biomass (Bar-On et al., 2018; Davison et al., 2021). Within established agricultural 

areas, farmlands that apply conservation management strategies can have a higher level 

of biodiversity than those that do not (Estrada-Carmona et al., 2022). These practices 

may also maintain ecosystem services that support yield. For example, plantations with 

higher landscape complexity can have higher species diversity, level of fruit set 

(Mediterranean cereal fields, Dainese et al., 2017), fruit production (Mexican coffee 

plantations, Vergara & Badano, 2009), and pest control (annual crop fields in South 

Korea, Martin et al., 2013).  

A good case study for this is oil palm, which had a global cultivated area of 19.5 

million hectares in 2019 (Meijaard et al., 2020), the expansion of which has resulted in 

widespread forest loss (Gaveau et al., 2016). However, previous studies have found that 

management for biodiversity in oil palm can maintain ecosystem services such as 

decomposition (Ashton-Butt et al., 2019), hence potentially benefitting production. Oil 

palm is generally replanted after 25 years, when yields begin to drop, and harvesting 

becomes less efficient. This long lifespan can result in the development of relatively 
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stable environmental conditions and resources for wildlife, potentially increasing 

biodiversity and abundance across taxa over time (Snaddon et al., 2013). However, 

removal of mature oil palm during replanting changes the structure and environmental 

conditions (Snaddon et al., 2013). Few studies have assessed the impacts of replanting 

on taxa and ecosystem functions, but these have identified a decrease in species richness 

and abundance of frogs (Kurz et al., 2016), and an altered assemblage composition of 

soil macrofauna (Ashton-Butt et al., 2019) and spiders (Pashkevich et al., 2021) 

following or a few years after replanting. However, other ecosystem functions, such as 

dung removal, soil mesofauna feeding activity (Ashton-Butt et al., 2019) and herbivory 

(Woodham et al., 2019), remained unaffected. 

The impacts of implementing alternative management at the time of replanting 

are understudied, limiting the available evidence to inform more environmentally 

sustainable replanting practices. Research in this scope could provide a more complete 

understanding of the implications of management decisions, as well as informing 

biodiversity conservation strategies in oil palm and inform sustainability certification 

schemes, such as Roundtable on Sustainable Palm Oil (RSPO) (RSPO, 2018).  

In Indonesia and Malaysia, the world’s major palm oil producers, smallholders 

make up about 40 percent of the total oil palm plantation area (Wild Asia, 2012). Unlike 

industrial plantations, smallholders often plant other crops alongside oil palm 

(polyculture). Since polyculture plantations are more diverse in crop species, this could 

support more wildlife through provision of a more complex environment, including a 

wider range of food sources, nesting sites, and refuges. Alternatively, it could be that 

polycultures result in a larger area of understory being devoted to crops, more intensive 

management, and lower levels of non-crop vegetation. As other studies have found that 
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plantations with higher levels of understory vegetation support higher biodiversity 

(Ashton-Butt et al., 2019; Hood et al., 2020; Nájera & Simonetti, 2010), this could mean 

lower biodiversity in polyculture plantations. The few studies that have investigated the 

effects of mono versus polyculture oil palm on biodiversity have found varying results 

(e.g., Asmah et al., 2017; Syafiq et al., 2016; Yahya et al., 2017). In particular, species 

richness of fruit-feeding butterflies did not differ between oil palm monoculture and 

polyculture (Asmah et al., 2017), while species richness of birds and frugivorous bats 

was higher in polyculture (Syafiq et al., 2016; Yahya et al., 2017).  

Within oil palm, invertebrates support a wide range of ecosystem services (e.g., 

nutrient cycling, biological control, and pollination, see Dislich et al. (2017). Butterflies 

are among the invertebrate groups that pollinate flowering weeds (which can be used to 

feed cattle in integrated oil palm farming [Nobilly et al., 2021]), as well as being prey 

items for many predators. Owing to their sensitivity to environmental conditions, they 

are often used as bioindicators of environmental change (Koh, 2007; Kleiman et al., 

2021). In Southeast Asia, butterfly diversity has declined considerably due to land-use 

change (Koh, 2007). To reduce further declines, altered habitats such as agricultural 

landscapes should be managed in ways that maintain higher abundance and diversity of 

butterflies. Previous studies have shown that crop management can be tailored to 

increase butterfly abundance in oil palm, (Asmah et al., 2017, Reiss-Woolever, 2023a), 

but no study has yet studied the impacts of alternative replanting strategies on butterfly 

populations.   

Using an existing patchwork of first- and second-generation oil palm 

smallholdings in Peninsular Malaysia, we assessed the effects of replanting and 

alternative replanting decisions (replanting with monoculture versus polyculture oil 
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palm plantations) on the local environment and butterfly assemblages. We asked: 1) 

How does mature oil palm monoculture (the previous dominant land-use in the area) 

differ from plots replanted with monoculture versus polyculture immature oil palm, in 

terms of habitat structure and complexity, as well as butterfly abundance, richness, and 

composition? 2) What is the impact of habitat structure and complexity across 

management decisions on the density, species richness, and assemblage composition of 

butterflies? 

 

Materials and methods 

Study sites 

Data were collected between 21 June 2022 and 28 July 2022 from 27 smallholder oil 

palm plantations in Banting, Selangor, Malaysia (2.788267°N, 101.546651°E). The 

climate category in the region is Af (tropical wet climate), characterised by a high level 

of precipitation throughout the year. The average annual air temperature and rainfall in 

the area were 27.6°C (Vijayanathan et al., 2021) and 1822.60 mm (Yusof et al., 2021). 

The 27 plantations consisted of nine each of: mature oil palm monoculture (MM01-09), 

immature monoculture (IM01-09) and immature polyculture (IP01-09) (Figure S5.1). 

None of the mature plantations were first generation oil palm. Other crops cultivated in 

the immature polyculture plantations ranged from bamboo, banana, cassava, coconut, 

galangal, yam, jackfruit, pineapple, and torch ginger. The size of plantations in this study 

ranged from 0.208 to 1.290 acres (converted to acres from step counts in the field – 

assessed by walking the perimeter of each plantation). Plots were evenly spread and 
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interspersed across an area of approximately 4.5 by 3.5 km (Figure S5.1). Details of 

each plantation, comprising information about plantation size, oil palm age, and crops 

cultivated is available in Table S5.1. The plantations used in this study form part of the 

Ecological and Social studies in Smallholder Tropical Agriculture (ESSTA) Project. The 

ESSTA Project aims to explore social, ecological, and interdisciplinary dynamics, by 

investigating how management decisions impact biodiversity, ecosystem functions and 

crop yield within oil palm smallholdings.  

 

Data collection 

Habitat structure and complexity 

As all plantations were small and surrounded by plantations or areas under different 

management practices, focal plantations were likely to be influenced by surrounding 

habitats. To account for this, we collected environmental data both within plantations, 

as well as from the surrounding area. Neighbouring habitat type characteristics were 

measured at each of the four sides of each plantation and were recorded as a percentage 

of surrounding area through perimeter walks. Categories included: oil palm 

monoculture, oil palm polyculture (any combination of crops), housing, road, empty or 

unused land, grassland or low natural vegetation including ferns, and cassava 

monoculture plantations (Figure S5.2, Table S5.2).  

When doing the perimeter walks, we counted the number of palms on each side 

of the plantation, multiplying this to calculate the total number of palms. We also 

recorded the density of butterfly nectar sources (plants with open flowers as nectar 
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sources, identified using Barnes & Chan [1990]; Fee et al. [2017], Mohamed & Idris 

[2012], Nobilly et al. [2021], and Ya’acob et al. [2022]), following the methods of 

Steffan-Dewenter & Tscharntke (1997): using a scale of 0 to 5, with 0 = absent or no 

flower, 1=<0.5 flowers per m2, 2=<1 flowers per m2, 3=<5 flowers per m2, 4=<10 

flowers per m2, 5=>10 flowers per m2. This assessment was carried out separately for 

each individual plant species observed and the average calculated for all flowering wild 

plants across the four perimeters and central path (see below for details (Table S5.3). 

We estimated the age of oil palms (in years) at each site through interviews with the 

owners of the plantations. 

Environmental data within plantations were collected along a central path 

(Figure S5.2), where we recorded crop types present and their total coverage, as well as 

the density of nectar sources, as above. We also assessed environmental parameters at 

four 5x5m sample squares (hereafter, “sample squares”) along the central path (Figure 

S5.3). The squares were created using two tape measures laid out in a cross shape with 

the top of the cross pointing north. Each contained a central sample point (hereafter, 

“main sample point”) and three sub-sample points, each equidistant from the centre 

(Figure S5.4).  

Environmental parameters measured within “sample squares” were percentage 

vegetation cover (crop, bare ground, fern, other vegetation, oil palm (either a tree or a 

sapling), leaf litter, cut fronds, and other [any type of materials other than the previous 

categories]), canopy openness, height of the nearest oil palm tree to main sampling point, 

and epiphyte cover on the same palm. Canopy openness was measured using a spherical 

densiometer (Lemmon, 1956), by standing at the “main sample point” and taking a 

reading facing north, south, east, and west. Average canopy openness was then 
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calculated and multiplied by 1.04 to give percentage openness. The height of the nearest 

oil palm tree from the “main sample point" was measured relative to the person recording 

environmental parameters (how many times the palm was the height of the person, and 

this was multiplied by the person’s height). Epiphyte cover was estimated by eye and 

recorded as overall percentage cover of trunk. At each of the three sub-sample points, 

we measured vegetation height in centimetres, using a measuring stick and then 

calculated the average for each square. 

 

Butterfly surveys 

Butterfly surveys were conducted on two days in all plantations between 9a.m. and 5p.m. 

and when it did not rain. We stratified timings of visit to each plantation type by morning, 

noon, and afternoon, and then selected specific plantations at random, to ensure that visit 

time as well as weather did not vary systematically between plantation types. During the 

survey, we systematically walked along the transect and recorded any butterflies with an 

imagined 5mx5m box in front of the recorder, covering the entire plantation area.  

Each survey lasted for up to two hours. In five cases, owing to lack of time (two 

immature monocultures (IM01, IM03), one immature polyculture (IP05), and two 

mature monocultures (MM05, MM06), plantations were not sampled completely. When 

we saw a butterfly, we recorded its scientific name. If it could not be identified, we 

caught the butterfly and put it in a clear small Ziplock plastic bag, before taking photos 

of the upper- and underside of its wings. We identified butterflies in the field or from 

these photos, using guides by Kirton (2020, third edition) and Corbet and Pendlebury 

(2020, fifth edition). We classified the butterfly based on abundance group (common, 
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less common, and rare) in Peninsular Malaysia, using descriptions by Corbet and 

Pendlebury (2020). 

 

Statistical analysis 

All analyses and visualisations were carried out with R version 4.0.4 (R Core Team, 

2021) and R Studio version 2022.07.1+554 (R Studio Team, 2022). To conduct analyses, 

we used basic R syntax and package “dplyr” (Wickham et al., 2021). We used 

“performance” (Lüdecke et al., 2021) to check overdispersion. Package “see” (Lüdecke 

et al., (2021) and “Rcpp” (Eddelbuettel, 2013; Eddelbuettel & Balamuta, 2018; 

Eddelbuettel & Francois, 2011) to visualise model assumptions. For all other 

visualisations, we used “tidyverse” (Wickham et al., 2019), “cowplot” (Wilke, 2020), 

and “gridExtra” (Auguie, 2017). For specific analyses and visualisations, we used 

several packages with more details below. 

 

Habitat structure and complexity across plantations  

We ran a PCA to summarise and reduce the dimensionality of environmental parameters  

(Jolliffe, 1986), including data collected from plantation perimeters and within 

plantations. The parameters were: plantation size (in acres), oil palm age (in years), 

percentage coverage of crops other than oil palm (bamboo, banana, cassava, coconut, 

galangal, yam, jackfruit, pineapple, and torch ginger), percentage coverage of 

neighbouring habitats (monoculture oil palm, polyculture oil palm, housing, road, empty 

or unused land, grassland, and monoculture cassava plantation), average density of 
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nectar sources for butterflies (average of sums of density scales for all nectar source 

species from each plantation), average canopy openness, average percentage ground 

cover (bare ground, oil palm tree or sapling, other crop, cut frond, fern, other vegetation, 

and other), average understory vegetation height (from all sub-sample points), average 

oil palm height (average of all heights of the nearest oil palm trees to the four main 

sampling points within a plantation), and average epiphyte cover. Percentage leaf litter 

cover was removed from the analysis, because its values were directly implied by the 

other ground cover components. We used built-in codes in R to run PCA, and to create 

PCA biplots, we used “factoextra” (Kassambara & Mundt, 2020). We ran ANOVA or 

Kruskal-Wallis tests (depending on the distribution and equality of variance of the PC 

score data) to assess differences of the most influential PC scores between management 

types.  

 

Impacts of management decisions on butterfly assemblages 

To calculate the total species richness of butterfly assemblages in each of the plantations 

and across all plantations in each management type, we used the Chao1 index (Gotelli 

& Colwell, 2011). To visualise diversity of butterflies, we created species accumulation 

curves, for all plots, separated by management decision type, and separated by individual 

plantation, allowing us to account for unequal sampling effort in later analyses, related 

to incomplete surveys or sub-optimal conditions at the time of sampling. In all cases, 

calculations and accumulation curves were created using abundance and species identity 

data, only including butterflies which were identified to species or morphospecies levels 
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(Table S5.4). To create accumulation curves and calculate the Chao1 index, we used 

“iNEXT” package (Chao et al., 2014; Hsieh et al., 2020). 

 We assessed whether alternative management decision types (mature 

monoculture, immature monoculture, immature polyculture) differed in density 

(calculated density per 500m2 by calculating the density of butterflies found per surveyed 

area over both days) and species richness (based on Chao1 index score per plantation) 

of butterflies. For this, we ran separate Kruskal-Wallis tests (since the distribution of 

data were not normal based on Shapiro-Wilk tests), with plantation type as the 

explanatory variable and density and species richness as outcome variables.  We ran non-

metric multidimensional scaling (NMDS) and produced stacked bar charts to visualise 

the assemblage composition of butterflies among management decisions. Finally, we ran 

analysis of similarities (ANOSIM) to assess whether the composition of butterflies (only 

using butterflies identified to species or morphospecies level) differed between 

management decisions. We used “vegan” (Oksanen et al., 2020) to run non-metric 

multidimensional scaling (NMDS) and analysis of similarities (ANOSIM). 

 

Impacts of habitat structure and complexity on butterfly assemblages 

To assess the direct impacts of habitat structure and complexity associated with 

management decisions on butterfly assemblages, we used Generalised Linear Models 

(GLMs), with the most influential Principal Component (PC) scores, as a fixed factor. 

For all models, we multiplied PC3 with -1, so scores were always in the direction of 

increasing complexity. Species richness and density were used in separate models as 

response variables. For GLMs run on the density of butterfly assemblages, we used 



 

192 

 

negative binomial family with log link, because of overdispersion. For GLMs run on 

species richness, we used gaussian distribution with identity link, considering the type 

of response variable (decimals). For both density and species richness analyses, we used 

log-likelihood ratio tests to assess the significance of each predictor, in which we 

compared full models with all predictors to models without one of the predictors. We 

used “lme4” (Bates et al., 2015) to run GLMs (Generalised Linear Models) and “MASS” 

(Venables & Ripley, 2002) to run negative binomial models. Assumptions for all models 

were checked using diagnostic plots. For the models (GLMs) run on the density of 

butterfly assemblages, we ran sensitivity analyses by excluding sites (IM05, IP01, IP04, 

IP06, MM06, and MM08) that were influential to the trend in the original full model 

(points [oil palm sites] that fall at or beyond the Cook’s distance on Residual vs Leverage 

diagnostic plot).  

 

Results 

Habitat structure and complexity across plantations 

The first six PC scores explained most of the variation among environmental parameters, 

with PC1 and PC2 explaining 17.3% and 12% of variation, PC3 and PC4 explaining 

9.6% and 9.2%, and PC5 and PC6 explain 8.5% and 6.5%, respectively (so in total PC1-

PC6 explain 63.1% of variation in the variables representing environmental conditions) 

(Table S5.5, Figure 5.1). The three management decision types overlapped in terms of 

habitat structure and complexity, particularly for axes 2, 3, 4, 5, and 6 (Figure 5.1). 

However, environmental parameters explaining the structure and complexity of 

plantations differed significantly for PC1 (Table 5.1), with immature monoculture 
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sitting in between mature monoculture and immature polyculture along the first axis. 

Average height, age and percentage epiphyte cover of oil palms all decreased from 

mature monoculture to immature polyculture, while percentage of cassava, banana, and 

other crop types increased. 

 

Impacts of management decisions on butterfly assemblages 

We recorded 1227 individual butterflies from 5 families (Nymphalidae, Papilionidae, 

Pieridae, Lycaenidae, and Hesperiidae), 46 genera, and 56 species from all plantations 

surveyed (Table S5.4). The average density of butterflies per 500m2 was 13 (SE ± 4.873) 

in mature monoculture, 10.666 (SE ± 2.881) in immature monoculture, and 18.444 (SE 

± 6.646) in immature polyculture. The accumulation curves generated across plantation 

types seemed to reach an asymptote, indicating that sampling had recorded most of the 

species in our focal plantations. Using only butterflies identified to species/ 

morphospecies levels (946 individuals), mature monoculture had an estimated species 

richness (based on Chao1 index) of 42 (SE ± 5.431), immature polyculture 39 (SE ± 

9.138) and immature monoculture 33 (SE ± 3.231) (Table 5.2, Figure 5.2).  

Of the 56 species/ morphospecies recorded, 50 were described as common 

species in Peninsular Malaysia (Corbet and Pendlebury, 2020), while four were 

relatively less common (Deudorix epijarbas [Lycaenidae], Erionota thrax 

[Hesperiidae], Mycalesis janardana [Nymphalidae], and Rapala pheretima 

[Lycaenidae]), and three were relatively rare species (Gangara thyrsis [Hesperiidae], 

Plastingia pellonia [Hesperiidae], and Taractrocera archias [Hesperiidae]) (Table 

S5.4). We found no endemic butterflies in this study. Across all plantations, Amathusia 
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phidippus (Nymphalidae), Appias libythea (Pieridae), Elymnias hypermnestra 

(Nymphalidae), Leptosia nina (Pieridae), Potanthus omaha (Hesperiidae), Ypthima 

baldus (Nymphalidae), and Ypthima huebneri (Nymphalidae) were the most abundant 

(>=30 individuals), with Elymnias hypermnestra being found in the highest density (208 

individuals across all plantations).  

Although the species richness of butterflies varied substantially between 

individual plantations (Table S5.6, Fig. S5.5), there were no significant differences in 

the density, estimated species richness (Table 5.3, Fig. 5.3), or assemblage composition 

of butterflies between management decisions (R = -0.034, p-value = 0.786, Figure 5.4). 

 

Impacts of habitat structure and complexity on butterfly assemblages  

Habitat structure and complexity significantly impacted the density, but not the species 

richness of butterflies (Table 5.4, Figure 5.5). In particular, PC2, PC3, and PC5 were 

significant predictors for butterfly density. Associated with PC2, butterfly density 

decreased with higher percentage of bare ground, percentage of polyculture plantation 

as a neighbouring habitat and plantation size, but increased with percentage of coconut 

and torch ginger in the plots, and the height of understory vegetation. Associated with 

PC3, butterfly density increased with percentage of monoculture plantation and road as 

neighbouring habitats, levels of nectar sources, and percentage of other vegetation, but 

decreased with more housing and polyculture plantations as neighbouring habitat types, 

and cover of cut fronds. Associated with PC5, butterfly density increased with higher 

percentage of road but lower percentage of oil palm monoculture as neighbouring habitat 

types, higher levels of nectar sources and yam, as well as lower percentage of fern and 

average height of understory vegetation. However, the observed trends were likely 
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driven by a few influential outliers (i.e., IM05, IP01, IP04, IP06, MM06, and MM08). 

Removing the outliers, resulted in PC1, PC4, and PC6 being significant drivers for 

butterfly density (Table S5.7, Figure S5.6).   

 

Discussion 

Habitat structure and complexity across plantations  

Habitat structure and complexity generally overlapped across management types. 

However, there was a clear split across habitats for PC1, with average height of oil palm 

stands, age of oil palm, and percentage epiphyte cover all increasing from immature 

polyculture to immature monoculture and mature monoculture, but average percentage 

of other crops, and percentage of cassava and banana decreasing. These differences are 

in-line with the broad habitat types and demonstrate that replanting significantly affects 

the local environment, with immature monoculture generally appearing more similar to 

mature monoculture than immature polyculture. However, the high level of overlap 

suggests that differences in coarse habitat structure as a result of growing immature oil 

palm as a monoculture or polyculture, only have marginal effects on other aspects of 

habitat structure and complexity. It should be noted that this may also be related to the 

characteristics of plantations surrounding our focal sites, which also influenced habitat 

characteristics. The varying environmental conditions we recorded within a single 

management decision type could impact biodiversity, including butterfly assemblages. 

As such, managing oil palm plantations based on broad categories, particularly among 

smallholders, may still result in differing habitat structure and complexity.  
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Impacts of management decisions on butterfly assemblages 

Across all plantations, the species richness we found was below the number of butterfly 

species recorded in forest, and only represented a small subset of all known species in 

Peninsular Malaysia: 56 in this study compared to 74 species in agroforestry orchards in 

Negeri Sembilan, Peninsular Malaysia (Wan Zaki et al., 2023), 138 species in forest in 

Pahang, Peninsular Malaysia (Suhaimi et al., 2017) and 1051 species recorded in the 

peninsula (Corbet and Pendlebury, 2020). The 50 out of 56 species were also common 

lowland species, or species found at all elevations, with larvae that feed on a range of 

plant species or have hostplants that were present in the study areas due to introduction 

or cultivation by people (Table S5.8, Corbet and Pendlebury, 2020). Therefore, it is clear 

that, although relatively diverse, the butterfly assemblage we found is dominated by 

wider-habitat and disturbance-tolerant species, backing up findings from previous work 

(Reiss-Woolever et al., 2023a, b). This again highlights the importance of conserving 

forest habitats for butterfly diversity, especially those that are sensitive to environmental 

change.  

There were no significant differences in the density (per 500m2), estimated 

species richness or composition of butterfly assemblages across management decision 

types. This finding might be related to the similarities in several environmental 

parameters between management types, or greater importance of wider habitat 

characteristics in determining butterfly communities, both of which could mean that 

butterflies did not differ greatly between plantation types.  

We found that mature monoculture had marginally higher estimated species 

richness of butterflies across plots. This could be because the environmental conditions 
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in mature plantations were more stable compared to immature plantations, providing 

microhabitats for more species (Luskin & Potts, 2011). Indeed, mature oil palm 

plantations have been recorded to have a higher richness and abundance of soil 

macrofauna than young plantations (Ashton-Butt et al., 2019), substantiating this 

hypothesis. Polyculture plantations had the second highest estimated total species 

richness, perhaps because several of the crops, cultivated in addition to oil palm, are 

hostplants or food sources for butterflies (Table S5.8). However, despite these trends, it 

must be noted that confidence intervals on our accumulation curves were overlapping, 

so differences between management types were marginal.  

 

Impacts of habitat structure and complexity on butterfly assemblages 

Assessment of the impacts of habitat structure and complexity on butterfly assemblages 

identified several environmental factors that were significantly associated with the 

density of butterflies within plantations, although none had significant impacts on 

species richness. In particular, there was a higher density of butterflies (per 500m2) in 

smaller plantations, with lower percentage bare ground, cut frond and fern cover, but 

higher percentage of other vegetation, as well as lower average height of understory 

vegetation, higher percentage cover of coconut, torch ginger, and yam, and higher levels 

of nectar sources for butterflies. In addition, neighbouring habitats were also a significant 

factor, with lower percentage polyculture plantation and housing, but higher percentage 

of road being associated with a higher densities of butterflies.  

These findings are likely to be related to resource availability and habitat 

condition. For example, smaller plantations could have had a higher density of butterflies 
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because all the available resources, such as hostplants, nectar sources, and surfaces for 

perching, were concentrated in a smaller space. The higher density of butterflies with 

more understory vegetation (Table S5.8) and higher level of nectar sources is likely to 

be because this habitat is used for perching, breeding, and nectaring sites. The negative 

association with a higher density of fern cover could be because ferns can be 

competitively dominant in plantation understories, so their increased cover could reduce 

the diversity of other resources used by butterflies. Overall, these findings are in line 

with previous studies which found the importance of maintaining understory vegetation 

within oil palm plantations to maintain more diverse and abundant butterflies (Reiss-

Woolever, 2023a, b). The higher density of butterflies we found in plantations with a 

higher average percentage of coconut (Cocos nucifera) and torch ginger (Etlingera 

elatior) could also be because both these species are hostplants of several butterfly 

species in this study (Corbet and Pendlebury, 2020).  

Environmental conditions around a plantation are also likely to influence 

butterfly density, due to effects on resources and conditions. For example, the higher 

density of butterflies in plantations surrounded by less polyculture could be because 

polyculture provides favourable resources that draw butterflies out of the focal 

plantation. Polyculture plantations and gardens in our study contained several kinds of 

crops and other plants which could be used by butterflies as resources (Table S5.8). 

Finally, roads might have been a barrier to butterflies (Muñoz et al., 2015), leading to 

relatively higher butterfly densities in the focal plantation. Our sensitivity analyses 

showed some differences in terms of significant drivers for the density of butterflies. 

This variability suggests that results were influenced by outliers, and indicates that more 

larger-scale studies should be carried out to assess the influence of different aspects of 
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smallholder variability on within-plantation biodiversity. In general, this finding could 

have been driven by the wide range of management decisions made by smallholders, 

resulting in the differing environmental conditions recorded within plantations, and 

subsequently affecting the density of butterflies (Table S5.7, Figure S5.6).  

 

Management implications 

We found remarkably few differences in both habitat structure and complexity as well 

as butterfly species richness, density, and composition between management decision 

types (mature monoculture, immature monoculture and polyculture). Similar results 

were also found by Asmah et al. (2017) who assessed fruit-feeding butterflies in 

immature oil palm mono- and polyculture and suggest that overall farmer management 

decisions have only limited impacts on butterflies. In contrast, we identified several 

environmental parameters that were associated with increases in butterfly abundance in 

plantations. Increasing the coverage of understory vegetation, particularly of hostplants 

and nectar sources for butterflies, are likely to increase the abundance of butterflies and 

could potentially be implemented at little cost. Within a smallholder context, these 

approaches could be trialled by local communities to boost the positive effects on 

butterflies. 

  



 

200 

 

Tables and Figures 

 

Table 5.1 Outputs of ANOVA or Kruskal-Wallis tests used to assess the difference in 
habitat structure and complexity between oil palm plantations across three differing 
management decisions (mature monoculture, immature monoculture, and immature 
polyculture), consisting of nine plantations for each management decision type. Habitat 
structure and complexity were represented by six PC scores (PC1-6) obtained from a 
PCA, which explained most of the variability between management decision types. P-
values that are less than 0.05 are given in bold and indicate significant differences.  

Compared 
PC scores 

Group comparison F/ ꭕ2 / diff * P-value 

PC1 Overall 52.02 < 0.001 *** 
 immature monoculture & immature polyculture -2.966 < 0.001 *** 
 immature monoculture & mature monoculture 1.935 0.001 ** 
 immature polyculture & mature monoculture 4.901 < 0.001 *** 

PC2 Overall 0.680 0.711 
PC3 Overall 1.925 0.168 
PC4 Overall 2.395 0.301 
PC5 Overall 0.176 0.840 
PC6 Overall 0.888 0.425 

* F value if ANOVA, ꭕ2 if Kruskal-Wallis test, “diff” in the case of post-hoc analyses showing value differences 
between two compared groups 
 

Table 5.2 Outputs of Chao1 index calculations (shown as “Estimator”) used to estimate 
species richness across habitat types (Mature monoculture, immature monoculture, 
immature polyculture; only butterflies identified to species/ morphospecies levels were 
used). Observed species richness, standard errors of the calculations, and confidence 
intervals are also shown. 

Plantation 
type 

Observed species 
richness 

Estimator Estimated 
standard error 

95% Lower 
confidence 

interval 

95% Upper 
confidence 

interval 

Mature 
monoculture 

42 49.177 5.431 43.92 68.836 

Immature 
monoculture 

33 35.99 3.231 33.533 49.766 

Immature 
polyculture 

39 50.962 9.138 42.167 84.179 
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Table 5.3 Outputs of Kruskal-Wallis tests run to assess differences in the density (per 
500m2) and estimated species richness of butterfly assemblages between the three 
plantation types (MM – mature monoculture, IM – immature monoculture, IP – 
immature polyculture). N = 27 plantations (nine for each management decision type).  

Explanatory variable Response variable df ꭕ2 value P-value 

Management decision 
types 

Density of butterflies per 
500m2 

2 0.864 0.648 

Estimated species 
richness (Chao1) 

2 0.786 0.674 

 

 

Table 5.4 Outputs of log-likelihood ratio tests (ꭕ2 and p-values) in GLMs (Generalised 
Linear Models) run to assess the impacts of habitat structure and complexity associated 
with oil palm crop management (represented by PCA axes 1-6 [PC1, PC2, PC3, PC4, 
PC5, and PC6]) on the density (per 500m2) and estimated species richness (represented 
by Chao1 index) of butterfly assemblages across the 27 plantations (nine for each mature 
monoculture, immature monoculture, immature polyculture). P-values that are less than 
0.05 are given in bold and indicate significant impacts. 

Full model including all explanatory variables: Density per 500m2/ Chao1 ~ PC1 + PC2 + PC3 + PC4  
Response variable Explanatory variables Outputs of log-likelihood ratio tests 

ꭕ2 P-value 

Density of butterflies per 
500m2 

PC1 1.405 0.235 
PC2 15.084 < 0.001 *** 

PC3 11.416 < 0.001 *** 
PC4 0.803 0.370 
PC5 4.288 0.038 * 

PC6 0.239 0.624 
Estimated species 
richness (Chao1) 

PC1 1.417 0.233 

PC2 0.130 0.718 
PC3 0.889 0.345 
PC4 0.746 0.387 

PC5 1.785 0.181 
PC6 0.904 0.341 
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Figure 5.1 PCA (Principal Component Analysis) biplots showing PC1 and PC2 (“Dim1” 
and “Dim2”, top left panel), PC3 and PC4 (“Dim3” and “Dim4”, top right panel), and 
PC5 and PC6 (“Dim5” and “Dim6”, bottom panel) loading scores of plantations 
(coloured points) as well as environmental variables (arrows). Axes 1 and 2 explained 
17.3% and 12% of the variation in environmental variables. Axes 3 and 4 explained 9.6% 
and 9.2%. Axes 5 and 6 explained 8.5% and 6.6%, respectively. In total, PC1-PC6 
explain 63.1% of variation in the variables representing environmental conditions. This 
study used 27 plantations, consisting of nine of each of the management decision types 
(mature monoculture, immature monoculture, and immature polyculture).  Larger points 
represent the average values of management decision types, while smaller points 
represent individual plantation. Refer to Table S5.5 to see loadings of environmental 
variables assessed in the PCA. 
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Figure 5.2 Accumulation curves based on abundance of butterfly assemblages found in 
two-day surveys for up to two-hour time window each day. Curves were created using 
individuals identified to species or morphospecies level only. Each plantation type 
consisted of nine plots. Shaded areas represent 95% confidence intervals.  

 

 

Figure 5.3 Effects of management decision types (MM = mature monoculture, IM = 
immature monoculture, IP = immature polyculture) on the density per 500m2 and 
estimated species richness of butterfly assemblages. 
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Figure 5.4 Effects of management decision types (MM = mature monoculture, IM = 
immature monoculture, IP = immature polyculture) on the composition of butterfly 
assemblages. A – NMDS plot with coloured points showing individual plantations, and open 
circles species locations (species identities not labelled). Outlying site points for each 
management type are joined together in separate polygons to visualise overlap. B – Stacked 
bar chart showing average abundance (top) and percentage abundance (bottom) of the seven 
most abundant butterfly species in the plantations, with all other species lumped as “others”.
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Figure 5.5 Effects of habitat structure and complexity associated with management decision types (mature monoculture, immature monoculture, 
and immature polyculture), represented by PC1, PC2, PC3, PC4, PC5, and PC6 (obtained from PCA used to summarise parameters representing 
environmental conditions) on the density and estimated species richness (based on Chao1 index) of butterfly assemblages. Trend lines generated 
from glm fit are shown for significant relationships. Shaded areas represent 95% confidence intervals. PC3 and PC5 were multiplied by -1 so 
all trend lines are in the same directions.
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Supplementary materials 

 

Table S5.1 Plantation size, oil palm age, as well as percentage of crops cultivated other than oil palm across plantations of differing management type 
used in this study. Each plantation type (mature monoculture [MM], immature monoculture [IM], immature polyculture [IP]) comprised nine replicates. 

Plantation 
replicate 

Plot size (acre) Palm age 
(year) 

Percentage of crops cultivated other than oil palm 

Bamboo Banana Cassava Coconut Galangal Yam Jackfruit Pineapple Torch Ginger 

IM01 0.674 6 0 0 0 0 0 0 0 0 0 
IM02 0.864 8 0 0 0 0 0 0 0 0 0 
IM03 0.326 5 0 3 0 0 0 0 0 2 0 
IM04 0.474 7 0 0 0 0 0 0 0 0 0 
IM05 0.4 7 1 5 0 0 0 0 1 0 0 
IM06 0.45 5 0 2 0 0 0 0 0 1 0 
IM07 0.967 5 0 0 0 0 0 0 0 0 0 
IM08 0.969 5 0 0 0 0 0 0 0 0 0 
IM09 0.961 5 0 0 0 0 0 0 0 0 0 

IP01 0.702 6 0 10 10 0 2.5 2.5 0 0 0 
IP02 0.395 5 0 30 10 0 0 0 0 0 0 
IP03 0.208 6 0 0 0 0 0 0 0 0 0 
IP04 0.304 5 0 20 3 3 0 0 0 2 2 
IP05 0.297 7 0 50 0 0 0 0 0 0 0 
IP06 0.395 4 0 20 15 0 0 0 0 5 0 
IP07 0.86 4 0 10 20 0 0 0 0 15 0 
IP08 0.96 6 0 5 0 0 20 0 0 0 0 
IP09 0.727 5 0 20 0 0 0 0 0 0 0 

MM01 0.245 15 0 0 0 0 0 0 0 0 0 
MM02 0.5 15 0 0 0 0 0 0 0 0 0 
MM03 0.32 20 0 0 0 0 0 0 0 0 0 
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Plantation 
replicate 

Plot size (acre) Palm age 
(year) 

Percentage of crops cultivated other than oil palm 

Bamboo Banana Cassava Coconut Galangal Yam Jackfruit Pineapple Torch Ginger 
MM04 0.524 22 0 0 0 0 0 0 0 0 0 
MM05 0.578 20 0 0 0 0 0 0 0 0 0 
MM06 0.617 22 0 0 0 0 0 0 0 0 0 
MM07 1.273 20 0 0 0 0 0 0 0 0 0 
MM08 0.904 22 0 0 0 0 0 0 0 0 0 
MM09 1.29 22 0 0 0 0 0 0 0 0 0 
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Table S5.2 Percentage neighbouring habitat types across plantations of differing management decisions in this study. Each 
plantation type (mature monoculture [MM], immature monoculture [IM], immature polyculture [IP]) comprised nine replicates. 

Plantation code Plantation 
perimeter 

Monoculture oil 
palm 

plantations 

Polyculture 
plantations 

Housing Road Empty or 
unused land 

Grassland or 
alike 

Cassava 
plantations 

IP01 A 0 0 0 100 0 0 0 
IP01 B 0 100 0 0 0 0 0 
IP01 C 0 100 0 0 0 0 0 
IP01 D 0 0 90 0 10 0 0 

IM01 A 0 0 0 100 0 0 0 
IM01 B 0 0 0 100 0 0 0 
IM01 C 100 0 0 0 0 0 0 
IM01 D 0 0 100 0 0 0 0 

MM01 A 0 0 100 0 0 0 0 
MM01 B 100 0 0 0 0 0 0 
MM01 C 100 0 0 0 0 0 0 
MM01 D 100 0 0 0 0 0 0 

MM02 A 100 0 0 0 0 0 0 
MM02 B 0 0 50 0 0 50 0 
MM02 C 100 0 0 0 0 0 0 
MM02 D 100 0 0 0 0 0 0 

IP02 A 50 0 50 0 0 0 0 
IP02 B 100 0 0 0 0 0 0 
IP02 C 0 0 0 0 100 0 0 
IP02 D 0 0 0 100 0 0 0 

IM02 A 0 100 0 0 0 0 0 
IM02 B 100 0 0 0 0 0 0 
IM02 C 100 0 0 0 0 0 0 
IM02 D 0 0 0 0 0 100 0 

MM03 A 100 0 0 0 0 0 0 
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Plantation code Plantation 
perimeter 

Monoculture oil 
palm 

plantations 

Polyculture 
plantations 

Housing Road Empty or 
unused land 

Grassland or 
alike 

Cassava 
plantations 

MM03 B 0 0 0 100 0 0 0 
MM03 C 100 0 0 0 0 0 0 
MM03 D 100 0 0 0 0 0 0 

IP03 A 0 0 0 100 0 0 0 
IP03 B 50 0 50 0 0 0 0 
IP03 C 0 100 0 0 0 0 0 
IP03 D 100 0 0 0 0 0 0 

IP04 A 0 0 100 0 0 0 0 
IP04 B 70 0 30 0 0 0 0 
IP04 C 0 0 100 0 0 0 0 
IP04 D 0 0 0 100 0 0 0 

IM03 A 0 0 0 100 0 0 0 
IM03 B 0 0 0 0 100 0 0 
IM03 C 100 0 0 0 0 0 0 
IM03 D 40 0 60 0 0 0 0 

MM04 A 0 0 0 100 0 0 0 
MM04 B 100 0 0 0 0 0 0 
MM04 C 100 0 0 0 0 0 0 
MM04 D 100 0 0 0 0 0 0 

IM04 A 0 0 100 0 0 0 0 
IM04 B 10 0 90 0 0 0 0 
IM04 C 100 0 0 0 0 0 0 
IM04 D 0 10 90 0 0 0 0 

MM05 A 0 0 0 100 0 0 0 
MM05 B 100 0 0 0 0 0 0 
MM05 C 100 0 0 0 0 0 0 
MM05 D 0 0 100 0 0 0 0 

IM05 A 100 0 0 0 0 0 0 
IM05 B 0 0 0 100 0 0 0 
IM05 C 0 0 0 100 0 0 0 
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Plantation code Plantation 
perimeter 

Monoculture oil 
palm 

plantations 

Polyculture 
plantations 

Housing Road Empty or 
unused land 

Grassland or 
alike 

Cassava 
plantations 

IM05 D 100 0 0 0 0 0 0 

IP05 A 0 0 0 0 100 0 0 
IP05 B 0 0 0 100 0 0 0 
IP05 C 0 0 0 100 0 0 0 
IP05 D 100 0 0 0 0 0 0 

MM06 A 0 0 0 100 0 0 0 
MM06 B 0 0 60 0 0 40 0 
MM06 C 100 0 0 0 0 0 0 
MM06 D 0 0 100 0 0 0 0 

IM06 A 100 0 0 0 0 0 0 
IM06 B 0 0 0 100 0 0 0 
IM06 C 0 0 0 100 0 0 0 
IM06 D 0 30 70 0 0 0 0 

IP06 A 100 0 0 0 0 0 0 
IP06 B 100 0 0 0 0 0 0 
IP06 C 0 0 0 100 0 0 0 
IP06 D 0 0 40 0 0 60 0 

MM07 A 0 0 0 100 0 0 0 
MM07 B 90 0 10 0 0 0 0 
MM07 C 40 0 60 0 0 0 0 
MM07 D 100 0 0 0 0 0 0 

IM07 A 0 0 0 100 0 0 0 
IM07 B 100 0 0 0 0 0 0 
IM07 C 100 0 0 0 0 0 0 
IM07 D 100 0 0 0 0 0 0 

IP07 A 100 0 0 0 0 0 0 
IP07 B 0 0 0 100 0 0 0 
IP07 C 100 0 0 0 0 0 0 
IP07 D 0 100 0 0 0 0 0 

MM08 A 0 0 100 0 0 0 0 
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Plantation code Plantation 
perimeter 

Monoculture oil 
palm 

plantations 

Polyculture 
plantations 

Housing Road Empty or 
unused land 

Grassland or 
alike 

Cassava 
plantations 

MM08 B 100 0 0 0 0 0 0 
MM08 C 0 0 0 100 0 0 0 
MM08 D 100 0 0 0 0 0 0 

IP08 A 0 0 0 100 0 0 0 
IP08 B 100 0 0 0 0 0 0 
IP08 C 0 100 0 0 0 0 0 
IP08 D 30 0 70 0 0 0 0 

IM08 A 100 0 0 0 0 0 0 
IM08 B 100 0 0 0 0 0 0 
IM08 C 100 0 0 0 0 0 0 
IM08 D 100 0 0 0 0 0 0 

IP09 A 0 0 100 0 0 0 0 
IP09 B 0 0 0 0 0 0 100 
IP09 C 0 0 100 0 0 0 0 
IP09 D 100 0 0 0 0 0 0 

IM09 A 0 0 0 100 0 0 0 
IM09 B 100 0 0 0 0 0 0 
IM09 C 100 0 0 0 0 0 0 
IM09 D 100 0 0 0 0 0 0 

MM09 A 0 0 100 0 0 0 0 
MM09 B 100 0 0 0 0 0 0 
MM09 C 0 0 0 100 0 0 0 
MM09 D 0 20 80 0 0 0 0 
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Table S5.3 Density of nectar sources (calculated using a scale of 1 to 5, based on Steffan-Dewenter & Tscharntke [1997]) across plantations of differing 
management decisions in this study. Sum of all nectar sources per plantation section are also shown (last column). Each plantation type (mature monoculture 
[MM], immature monoculture [IM], immature polyculture [IP]) comprised nine replicates. Nectar sources were assessed through central and perimeter 
walks (refer to Figure S5.2). 
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IM01 Central 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10

IM01 A 0 0 0 0 5 0 5 0 0 3 NA 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16

IM01 B 0 0 0 5 5 5 0 0 0 0 5 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24

IM01 C 0 0 0 0 4 0 3 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IM01 D 0 0 0 0 0 0 5 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 18

IM02 Central 0 2 2 0 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24

IM02 A 0 0 0 0 5 5 5 0 0 0 4 0 0 0 0 0 0 0 0 4 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 28

IM02 B 0 3 0 0 5 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 20

IM02 C 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3

IM02 D 0 0 0 0 5 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6

IM03 Central 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 14

IM03 A 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 3 0 5 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 21

IM03 B 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 2 0 0 0 4 0 0 0 0 4 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22

IM03 C 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

IM03 D 0 0 0 0 5 0 2 0 0 0 1 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IM04 Central 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

IM04 A 0 0 0 0 4 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

IM04 B 0 0 0 0 4 0 4 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IM04 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

IM04 D 0 1 0 0 2 0 3 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

IM05 Central 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4

IM05 A 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

IM05 B 0 0 0 0 5 0 0 0 0 0 0 0 0 0 3 0 0 0 0 4 0 0 0 0 4 0 5 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 26
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IM06 Central 0 0 0 0 5 0 0 5 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

IM06 A 0 2 0 0 2 0 2 5 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16

IM06 B 0 0 0 0 3 0 3 3 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16

IM06 C 0 0 0 0 0 0 2 5 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13

IM06 D 0 0 0 0 3 0 4 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14

IM07 Central 0 0 0 0 5 0 0 5 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 5 2 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 36

IM07 A 0 0 0 5 5 0 2 4 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 3 2 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 35

IM07 B 0 0 0 0 5 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10

IM07 C 0 0 0 0 3 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

IM07 D 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

IM08 Central 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 8

IM08 A 0 0 0 0 5 0 1 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IM08 B 0 0 0 0 3 0 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

IM08 C 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3

IM08 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

IM09 Central 0 0 0 0 5 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 12

IM09 A 1 0 3 0 5 0 0 0 0 2 3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 5 0 0 0 2 0 4 5 0 0 0 37

IM09 B 0 0 0 0 4 0 2 0 0 3 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 20

IM09 C 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

IM09 D 0 0 0 0 5 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

IP01 Central 0 2 0 0 5 0 NA 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13

IP01 A 0 0 0 5 5 0 5 3 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24

IP01 B 0 0 0 0 5 0 5 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16

IP01 C 0 2 0 5 5 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17

IP01 D 0 0 0 4 5 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IP02 Central 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4

IP02 A 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

IP02 B 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

IP02 C 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

IP02 D 0 0 0 0 0 0 5 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6
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IP03 Central 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3

IP03 A 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7

IP03 B 0 2 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15

IP03 C 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

IP03 D 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

IP04 Central 0 0 0 0 2 0 1 0 0 3 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10

IP04 A 0 0 0 4 5 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14

IP04 B 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6

IP04 C 0 0 0 0 0 0 5 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IP04 D 0 0 0 0 5 0 5 0 0 2 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17

IP05 Central 0 0 0 0 5 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15

IP05 A 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17

IP05 B 0 2 0 2 5 5 1 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 35

IP05 C 0 2 0 0 4 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

IP05 D 0 0 0 0 5 0 2 0 0 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13

IP06 Central 0 0 0 0 5 0 3 2 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 3 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 20

IP06 A 0 0 0 0 5 0 0 3 0 1 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13

IP06 B 0 0 0 0 2 0 2 3 0 2 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14

IP06 C 0 0 0 3 0 0 3 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IP06 D 0 0 0 5 5 0 3 5 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 3 0 0 0 0 0 0 5 5 3 3 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 49

IP07 Central 0 0 2 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6

IP07 A 0 0 0 0 0 0 3 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

IP07 B 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

IP07 C 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4

IP07 D 0 0 1 0 5 0 2 3 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 5 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 25

IP08 Central 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

IP08 A 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 5 0 0 0 0 0 0 0 0 0 0 0 20

IP08 B 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

IP08 C 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3

IP08 D 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 7
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IP09 Central 0 0 0 3 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 2 22

IP09 A 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6

IP09 B 0 0 0 0 5 0 5 0 0 3 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 2 0 0 0 0 0 0 0 26

IP09 C 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

IP09 D 0 0 0 0 2 0 3 0 0 0 0 0 0 0 2 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10

MM01 Central 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

MM01 A 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM01 B 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7

MM01 C 0 0 0 0 5 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM01 D 0 0 0 0 5 0 0 0 0 0 0 0 0 3 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13

MM02 Central 0 0 0 0 0 0 3 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

MM02 A 0 0 0 0 0 3 2 0 0 0 0 0 0 0 5 5 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 18

MM02 B 0 0 0 0 0 0 3 0 0 5 0 0 0 0 5 5 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19

MM02 C 0 0 0 0 0 0 3 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM02 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

MM03 Central 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM03 A 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM03 B 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM03 C 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM03 D 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

MM04 Central 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

MM04 A 4 0 0 0 5 0 0 0 0 0 0 0 0 0 0 5 0 0 0 5 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 29

MM04 B 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13

MM04 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

MM04 D 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15

MM05 Central 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

MM05 A 0 0 0 0 5 0 5 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 3 0 0 0 0 4 5 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 32

MM05 B 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

MM05 C 0 0 0 0 5 0 5 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

MM05 D 0 NA 0 0 5 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14
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MM06 Central 0 0 0 0 5 0 5 0 0 0 0 0 0 0 0 0 0 0 5 2 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 25

MM06 A 0 0 0 0 5 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

MM06 B 0 0 0 4 5 0 0 0 0 3 1 4 0 0 0 5 0 0 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 37

MM06 C 0 0 0 0 3 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

MM06 D 0 0 0 3 5 0 0 0 0 0 0 4 0 0 0 5 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22

MM07 Central 0 0 0 0 4 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

MM07 A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

MM07 B 0 0 0 0 4 0 2 0 0 2 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 18

MM07 C 0 0 0 0 5 0 2 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

MM07 D 0 0 0 0 3 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7

MM08 Central 0 2 0 0 5 0 3 0 0 3 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15

MM08 A 0 0 0 0 5 0 4 0 0 0 0 0 0 0 0 0 3 0 0 3 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 20

MM08 B 0 0 0 0 5 0 4 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

MM08 C 0 0 0 3 3 0 5 0 0 0 0 0 0 0 5 2 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 26

MM08 D 0 0 0 0 4 0 5 0 0 0 0 0 0 0 5 0 0 0 0 1 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17

MM09 Central 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

MM09 A 0 0 0 0 5 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 18

MM09 B 0 0 0 0 0 0 2 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6

MM09 C 0 0 0 0 5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 2 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 20

MM09 D 0 0 0 0 4 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 11
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Table S5.4 List of butterflies identified to species or morphospecies levels across all plantations in this study (946 out of 1227 butterflies surveyed in 
this study). Each plantation type (mature monoculture [MM], immature monoculture [IM], immature polyculture [IP]) comprised nine replicates. 

  

Pl
an

ta
tio

n 
re

pl
ic

at
e

A
cr

ae
a 

te
rp

si
co

re

A
cy

to
le

pi
s 

pu
sp

a

A
llo

tin
us

 u
ni

co
lo

r

A
m

at
hu

si
a 

ph
id

ip
pu

s

A
nc

is
tr

oi
de

s 
ni

gr
ita

A
pp

ia
s 

lib
yt

he
a

C
at

op
si

lia
 p

om
on

a

C
hi

la
de

s 
pa

nd
av

a

D
el

ia
s 

hy
pa

re
te

D
eu

do
ri

s 
ep

ija
rb

as

E
ly

m
ni

as
 h

yp
er

m
ne

st
ra

E
ri

on
ot

a 
th

ra
x

E
up

lo
ea

 e
yn

dh
ov

ii

E
up

lo
ea

 m
ul

ci
be

r

E
ur

em
a 

he
ca

be

E
ur

em
a 

sa
ri

G
an

ga
ra

 th
ry

si
s

G
ra

ph
iu

m
 a

ga
m

em
no

n

H
yp

ol
im

na
s 

bo
lin

a

H
yp

ol
yc

ae
na

 e
ry

lu
s

Id
eo

ps
is

 v
ul

ga
ri

s

Ja
m

id
es

 c
el

en
o

Ju
no

ni
a 

al
m

an
a

Ia
m

br
ix

 s
al

sa
la

Le
pt

os
ia

 n
in

a

Lo
xu

ra
 a

ty
m

nu
s

M
yc

al
es

is
 a

na
pi

ta

M
yc

al
es

is
 ja

na
rd

an
a

M
yc

al
es

is
 m

in
eu

s

M
yc

al
es

is
 s

p.

N
ep

tis
 h

yl
as

O
ri

en
s 

go
la

O
rs

ot
ri

ae
na

 m
ed

us

Pa
pi

lio
 d

em
ol

eu
s

Pa
pi

lio
 d

em
ol

io
n

Pa
pi

lio
 p

ol
yt

es

Pa
rn

ar
a 

sp
.

Pe
lo

pi
da

s 
m

at
hi

as

Pe
lo

pi
da

s 
sp

.

Pl
as

tin
gi

a 
na

ga

Pl
as

tin
gi

a 
pe

llo
ni

a

Po
ta

nt
hu

s 
om

ah
a

Po
ta

nt
hu

s 
sp

.

Pr
os

ot
as

 n
or

a

Ps
ol

os
 fu

lig
o

Py
ro

ne
ur

a 
la

to
ia

R
ap

al
a 

ph
er

et
im

a

Sp
in

da
si

s 
lo

hi
ta

Su
as

tu
s 

gr
em

iu
s

Ta
ra

ct
ro

ce
ra

 a
rc

hi
as

Te
lic

ot
a 

co
lo

n

Te
lic

ot
a 

sp
.

Yp
th

im
a 

ba
ld

us

Yp
th

im
a 

ho
rs

fie
ld

ii

Yp
th

im
a 

hu
eb

ne
ri

Zi
zi

na
 o

tis

IM01 0 0 0 3 0 1 0 5 0 0 2 0 0 0 0 0 0 0 0 0 1 0 0 1 2 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 4 0 0 0

IM02 0 0 0 1 0 1 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 9 0 0 0

IM03 1 0 0 2 0 2 0 0 0 0 6 0 0 0 0 0 0 0 1 0 0 0 3 0 2 0 0 1 2 0 0 3 2 1 0 1 1 1 0 0 0 2 0 0 0 0 0 0 0 0 0 0 12 0 3 0

IM04 0 0 0 3 2 2 0 1 0 0 17 0 0 0 0 2 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 3 0

IM05 0 0 0 5 0 3 0 8 0 0 7 0 0 1 1 1 0 0 1 0 1 0 0 0 7 0 1 0 1 0 2 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 1 0 0 0 5 0 2 0

IM06 2 0 0 0 0 3 0 1 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 2 0 0 0 3 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 3 0

IM07 0 0 0 0 0 7 0 0 0 0 7 0 0 9 0 0 0 0 4 1 0 0 1 3 10 0 1 0 1 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 11 0 1 0

IM08 0 0 0 1 0 1 0 0 0 0 10 0 0 0 1 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 4 0 0 0

IM09 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

IP01 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0 2 0 0 0 1 0 0 0 0 2 1 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0 3 0 0 0

IP02 0 0 0 1 0 1 0 0 0 0 7 3 0 0 0 3 0 0 0 0 0 0 0 0 1 0 0 1 4 2 1 0 0 2 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 2 0 0 0

IP03 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0

IP04 0 0 0 2 10 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 1 0 1 1 2 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 13 0 0 0

IP05 0 0 0 1 0 4 0 1 0 0 9 0 0 0 2 0 0 0 0 0 0 0 1 3 3 0 0 0 1 0 1 0 1 1 0 1 0 0 0 0 0 2 0 0 0 0 0 0 3 0 1 0 10 0 1 0

IP06 1 0 0 0 0 3 0 0 0 0 0 0 0 1 0 0 0 0 2 0 0 0 0 6 3 0 0 0 3 0 0 0 3 2 0 1 0 0 0 0 0 11 0 0 0 0 0 1 0 0 0 0 17 1 4 0

IP07 6 0 0 0 0 3 0 2 0 0 7 0 0 0 1 0 0 0 0 0 0 0 2 1 2 0 0 0 1 0 0 0 4 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 6 0 3 0

IP08 0 0 0 4 1 0 0 0 0 0 14 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

IP09 0 1 1 3 0 1 0 0 0 0 14 0 0 0 0 1 0 0 0 2 0 0 0 0 9 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 12 0 0 0

MM01 0 0 0 2 0 0 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 10 0 0 0

MM02 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 2 0 0 0 0 0 0 1 0 0 0 0 0 0

MM03 0 0 0 0 0 1 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0

MM04 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9 0 1 0

MM05 0 0 0 0 0 4 0 1 0 0 5 0 0 0 0 1 0 1 0 4 0 0 3 0 1 0 0 0 3 0 0 0 3 2 0 1 0 1 0 0 0 1 0 0 0 0 1 0 1 0 0 1 8 0 2 4

MM06 0 0 0 1 0 4 0 0 0 0 11 0 0 2 0 0 0 0 0 0 0 0 1 7 0 5 0 0 3 0 0 0 7 0 1 0 1 2 1 0 0 5 0 0 0 0 0 0 0 0 0 0 18 0 6 0

MM07 0 0 1 1 0 0 0 0 0 0 22 0 0 0 1 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 2 0 0 4 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 5 0 0 0

MM08 0 0 1 4 0 0 0 0 0 0 9 0 0 0 0 0 1 0 0 0 0 0 1 2 3 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 9 0 0 0

MM09 2 0 0 0 0 4 0 0 1 1 20 0 0 0 0 4 0 1 4 0 0 0 1 0 3 0 0 0 0 0 1 0 1 1 0 1 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0 8 0 1 0



 

218 

 

Table S5.5 Outputs of PCA (Principal Component Analysis) used to summarise parameters representing environmental conditions across plantations 
with varying crop management (mature monoculture, immature monoculture, and immature polyculture) in this study. The four mos t influential PC 
scores (PC1-4) explaining variabilities in the environmental conditions are shown (PC1 and PC2 explain 17.3% and 12% of variation among 
environmental parameters, PC3 and PC4 explain 9.6% and 9.2%, while PC5 and PC6 explain 8.5% and 6.5%, respectively, so in total PC1-PC6 explain 
63.1% of the variation in the variables representing environmental conditions). The three variables with the highest loadings (in positive and negative 
directions) are shown in bold for each axis. Each plantation type consisted of nine plantations. *  

Parameter Description PC1 PC2 PC3 PC4 PC5 PC6 
PlotSize_acre The size of each plantation plot (acre) 0.166 0.198 -0.178 -0.119 0.003 -0.037 
PalmAge The age of oil palm in each plantation 0.331 0.037 -0.057 -0.122 0.008 0.121 
OtherCropType_Bamboo The percentage of bamboo as another crop type in each plantation 0.021 0.166 0.194 0.422 0.234 -0.116 
OtherCropType_Banana The percentage of banana as another crop type in each plantation -0.267 -0.173 0.046 0.113 0.104 0.245 
OtherCropType_Cassava The percentage of cassava as another crop type in each plantation -0.300 0.040 0.030 -0.151 0.030 -0.189 
OtherCropType_Coconut The percentage of coconut as another crop type in each plantation -0.047 -0.346 -0.230 0.177 0.120 -0.245 
OtherCropType_Galangal The percentage of galangal as another crop type in each plantation -0.070 0.178 -0.225 0.062 -0.044 0.086 
OtherCropType_Yam The percentage of yam as another crop type in each plantation -0.165 0.184 -0.215 -0.226 0.282 -0.018 
OtherCropType_Jackfruit The percentage of jackfruit as another crop type in each plantation 0.021 0.166 0.194 0.422 0.234 -0.116 
OtherCropType_Pineapple The percentage of pineapple as another crop type in each plantation -0.206 0.013 0.065 -0.077 -0.065 -0.234 
OtherCropType_TorchGinger The percentage of torch ginger as another crop type in each plantation -0.047 -0.346 -0.230 0.177 0.120 -0.245 
Neighbouring_MonoOilPalm Monoculture oil palm plantation being the neighbouring habitat type 0.160 0.123 0.242 0.025 -0.375 -0.127 
Neighbouring_PolyPlantations Polyculture plantation being the neighbouring habitat type -0.216 0.254 -0.267 -0.158 0.071 -0.150 
Neighbouring_Housing Housing being the neighbouring habitat type 0.072 -0.253 -0.358 0.000 0.120 0.033 
Neighbouring_Road Road being the neighbouring habitat type -0.056 -0.011 0.199 0.116 0.382 0.160 
Neighbouring_Other_EmptyOrUnusedLand Empty or unused land being the neighbouring habitat type -0.160 -0.112 0.160 0.020 0.092 0.368 
Neighbouring_Other_GrasslandOrAlike Grasslands or alike being the neighbouring habitat type 0.009 0.001 0.134 -0.179 -0.072 -0.365 
Neighbouring_Other_Cassava Monoculture cassava plantation being the neighbouring habitat type -0.083 -0.027 -0.121 0.113 -0.108 0.218 
Sum The sum of nectar sources for butterflies 0.007 -0.036 0.251 -0.178 0.342 -0.014 
CanopyAverage_percent Average canopy openness -0.145 0.162 -0.113 -0.341 0.226 -0.047 
UnderstoryCover_Bare Percentage bare ground as ground cover -0.114 0.381 -0.152 0.184 -0.118 0.028 
UnderstoryCover_Palm Percentage oil palm tree as ground cover 0.093 0.022 0.066 0.131 0.109 -0.434 
UnderstoryCover_OtherCrop Percentage other crop as ground cover -0.319 -0.172 -0.196 0.131 -0.051 0.088 
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Parameter Description PC1 PC2 PC3 PC4 PC5 PC6 
UnderstoryCover_CutFrond Percentage cut frond as ground cover 0.270 -0.097 -0.247 0.127 -0.004 -0.080 
UnderstoryCover_Fern Percentage fern as ground cover -0.074 -0.176 0.031 0.027 -0.313 -0.010 
UnderstoryCover_OtherVeg Percentage other vegetation as ground cover 0.025 -0.199 0.259 -0.310 0.198 -0.002 
UnderstoryCover_Other Percentage other as ground cover 0.259 0.069 -0.075 0.018 0.108 0.269 
AverageHeight_cm Average height of understory vegetation (cm) -0.043 -0.331 0.180 -0.163 -0.182 -0.025 
PalmHeight_m Average height of oil palm closest to main sampling point (m) 0.344 -0.030 -0.093 -0.102 0.043 0.094 
TotalEpiphyteCover_percent Average percentage epiphyte cover 0.312 -0.109 -0.083 -0.067 0.232 -0.099 

* PC1 was mainly associated with higher height of oil palm stands (0.344), older age of oil palm (0.331), higher percentage epiphyte cover (0.312), 

and lower percentage ground cover of other crops (-0.319), cassava (-0.300) and banana (-0.267). PC2 was mainly associated with higher percentage 

bare ground (0.381), higher percentage of polyculture plantations as neighbouring habitat types (0.254), larger plantation size (0.198), but lower 

percentage cover of coconut (-0.346) and torch ginger (-0.346), and lower height of understory vegetation (-0.331). PC3 was mainly associated with 

higher percentage of monoculture oil palm plantation (0.242), but lower percentage of housing (-0.358), and polyculture plantations (-0.267) as 

neighbouring habitat types, as well as higher summed nectar sources for butterflies (0.251), higher percentage of other vegetation (0.259), but lower 

percentage of cut fronds (-0.247) as ground cover. PC4 was mainly associated with a higher percentage of bamboo (0.422), jackfruit (0.422) and bare 

ground (0.184), but lower yam (-0.226), and lower percentage of other vegetation (-0.310), and canopy openness (-0.341).  PC5 was mainly associated 

with higher percentage of road (0.382) but lower percentage of monoculture oil palm (-0.375) as neighbouring habitat types, higher summed nectar 

sources (0.342), and higher percentage of yam (0.282), as well as lower average percentage of fern as ground cover (-0.313) and lower average height 

of understory vegetation (-0.182). Finally, PC6 was mainly associated with higher percentage of other substrates (either termite mound, moss, fallen 

palm, palm stump, dead wood, or moss and termite mound) (0.269) but lower percentage of oil palm tree (-0.434) as ground cover, higher percentage 

of empty or unused land (0.368) but lower percentage of grassland or similar habitat (-0.365) as neighbouring habitat types, as well as higher percentage 

of banana (0.245) but lower percentage of coconut (-0.245) and torch ginger (-0.245) as other crop types.
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Table S5.6 Chao1 index scores (“Estimator”) used to estimate species richness of 
butterfly assemblages across oil palm management types (only butterflies identified to 
species/ morphospecies levels were used for calculations). Estimated species richness 
are shown for individual plantation plots. Observed species richness, standard errors of 
the estimation, and confidence intervals are also shown. 

Plantation replicates Observed 
species 
richness 

Estimator Estimated 
standard error 

95% lower 
confidence 
interval 

95% upper 
confidence 
interval 

MM01 11 49.571 20.270 11 89.300 
MM02 8 29.777 11.860 8 53.024 
MM03 6 11.6 4.383 6 20.191 
MM04 3 3 0.492 3 3.965 
MM05 20 44.479 23.395 20 90.333 
MM06 16 22.166 8.235 16 38.308 
MM07 10 22.195 9.163 10 40.154 
MM08 11 17.066 7.761 11 32.278 
MM09 18 67.137 23.866 20.360 113.915 
IM01 12 20.64 8.947 12 38.177 
IM02 7 9.147 4.303 7 17.583 
IM03 18 21.994 9.613 18 40.836 
IM04 10 11.459 3.916 10 19.135 
IM05 17 27.448 16.418 17 59.627 
IM06 11 14.878 5.285 11 25.238 
IM07 17 61.262 23.549 17 107.418 
IM08 11 38.096 13.966 11 65.470 
IM09 5 13 3.665 5.816 20.183 

IP01 12 30.984 18.301 12 66.855 
IP02 15 25.322 10.741 15 46.376 
IP03 5 5.923 1.868 5 9.585 
IP04 11 17.104 7.751 11 32.297 
IP05 18 42.456 19.758 18 81.182 
IP06 15 21.144 13.239 15 47.092 
IP07 15 20.853 9.254 15 38.991 
IP08 4 4.95 0.715 4 6.352 
IP09 12 29.632 16.743 12 62.450 
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Table S5.7 Outputs of log-likelihood ratio tests (Deviance and p-values) in the GLMs 
(Generalised Linear Models) run to assess the impacts of habitat structure and 
complexity associated with management decisions (represented by PC1, PC2, PC3, PC4, 
PC5, and PC6 – PC3, PC5, and PC6 was multiplied by -1 before running the tests for 
visualisations) on the density (per 500m2) of butterfly assemblages across 21 plantations 
(out of 27 plantation plots in total) – influential outliers that contributed to the observed 
trend (replicates that fall at or beyond the Cook’s distance on Residual vs Leverage 
diagnostic plot) were removed (IM05, IP01, IP04, IP06, MM06, and MM08). P-values 
that are less than 0.05 are given in bold and indicate significant impacts . 

Full model including all explanatory variables: Density per 500m2 ~ PC1 + PC2 + PC3 + PC4 + PC5 + PC6 

Response variable Explanatory variables Outputs of log-likelihood ratio tests 

ꭕ2 P-value 

Density of butterflies per 
500m2 

PC1 7.444 0.006 ** 
PC2 3.429 0.064 
PC3 2.256 0.133 

PC4 11.367 < 0.001 *** 
PC5 0.490 0.483 
PC6 11.651 < 0.001 *** 
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Table S5.8 List of butterflies surveyed in this study and their corresponding resources which were available in the study sites (except 
for ornamental cycad (Cycadaceae), the hostplant of Chilades pandava, which was found in a garden close to one of our study sites). * 

Butterfly species Resource Function of 
resource 

Category of resource 

Ancistroides nigrita Etlingera elatior (Zingiberaceae) and other Zingiberaceae Hostplant Crop 

Appias libythea Cleome rutidosperma (Capparaceae) Hostplant Understory vegetation 
Amathusia phidippus Elaeis guineensis (Araceae) Hostplant Crop 

Cocos nucifera (Araceae) Hostplant Crop 

Chilades pandava Cycadaceae Hostplant Ornamental cycad 
Elymnias hypermnestra Elaeis guineensis (Araceae) Hostplant Crop 

Erionota thrax Musa spp. (Musaceae) Hostplant Crop 
Gangara thyrsis Elaeis guineensis (Araceae) Hostplant Crop 

Cocos nucifera (Araceae) Hostplant Crop 

Graphium agamemnon Lantana (Verbenaceae) Hostplant Understory vegetation 
Hypolimnas bolina Asystasia gangetica (Acanthaceae) Hostplant Understory vegetation 
Iambrix salsala Poaceae Hostplant Understory vegetation 

Junonia almana Lindernia (Linderniaceae) Hostplant Understory vegetation 
Leptosia nina Cleome rutidosperma (Capparaceae) Hostplant Understory vegetation 
Mycalesis anapita Poaceae Hostplant Understory vegetation 

Mycalesis janardana Poaceae Hostplant Understory vegetation 
Mycalesis mineus Poaceae Hostplant Understory vegetation 
Neptis hylas Musa spp. (Musaceae) Food plant Crop 

Psophocarpus tetragonolobus (Fabaceae) Hostplant Understory vegetation 
Oriens gola Poaceae Hostplant Understory vegetation 

Orsotriaena medus Poaceae Hostplant Understory vegetation 
Pelopidas mathias Poaceae Hostplant Understory vegetation 
Plastigia naga Araceae Hostplant Crop 

Plastingia pellonia Araceae Hostplant Crop 
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Butterfly species Resource Function of 
resource 

Category of resource 

Potanthus omaha Axonopus compressus (Poaceae) and other Poaceae Hostplant Understory vegetation 
Psolos fuligo Araceae Hostplant Crop 
Pyroneura latoia Araceae Hostplant Crop 

Rapala pheretima Mallotus paniculatus (Euphorbiaceae) Hostplant Understory vegetation 
Spindasis lohita Melastoma malabathricum (Melastomataceae) Hostplant Understory vegetation 

Taractrocera archias Poaceae Hostplant Understory vegetation 
Telicota colon Poaceae Hostplant Understory vegetation 
Ypthima baldus Axonopus compressus (Poaceae) Hostplant Understory vegetation 

Ypthima horsfieldii Poaceae Hostplant Understory vegetation 
Ypthima huebneri Poaceae Hostplant Understory vegetation 
Zizina otis Mimosa pudica (Fabaceae) Hostplant Understory vegetation 

* Information on food plants (food sources for adult butterflies) and hostplants (food sources for caterpillars) for the butterflies were 

obtained from Corbet and Pendlebury (2020). 
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Figure S5.1 Study sites in Banting, Selangor, Peninsular Malaysia; comprising of nine smallholder-managed oil palm plantations of 
mature monoculture, immature monoculture, and immature polyculture. Map of Peninsular Malaysia: Google Earth.
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Figure S5.2 Schematic illustrating a single study site and how perimeter (blue arrows) 
and central walks (black arrows) were conducted. Perimeter walks were done to assess 
neighbouring habitat types and the density of food sources for butterflies. Central walks 
were to assess the types of crops cultivated as well as the density of food sources for 
butterflies. Green square represents the perimeter of the plantation. 
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Figure S5.3 Schematic illustrating the set-up of measurements of environmental 
parameters within plantations done along the central line of each plantation. Each 5 
x 5 m sample square (red square) contained one main central sample point (dark red 
circle) and three sub-sample points (pink diamonds). Green square represents the 
perimeter of the plantation.  
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Figure S5.4 5m x 5m sampling square (“sample squares”) for environmental 
parameter measurements within each plantation, created using two tape measures 
laid out in a cross shape with the central sample point at the centre of the cross. 
Main central sample point (“main sample point") shown with red circle and three 
sub sample points with pink diamonds. 
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Figure S5.5 Accumulation curves of butterfly assemblages from mature monoculture (MM, left), immature monoculture (IM, middle), 
and immature polyculture (IP, right) (plantations that consisted of fewer than 20 individuals were excluded for visualization: MM02, 
MM03, MM04, IM09, IP01, and IP03). 
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Figure S5.6 Effects of habitat structure and complexity associated with crop management (mature monoculture immature monoculture, and 
immature polyculture) represented by PC1, PC2, PC3, PC4, PC5, and PC6 (obtained from PCA used to summarise parameters representing 
environmental conditions) on the density of butterfly assemblages. Only 21 out of 27 plantation plots were used – influential outliers that 
contributed to the observed trend (replicates that fall at or beyond the Cook’s distance on Residual vs Leverage diagnostic plot) were 
removed (IM05, IP01, IP04, IP06, MM06, and MM08). PC6 was multiplied by -1 so all trend lines are in the same directions. Trend line 
generated from glm fit is shown for the significant relationship. Shaded areas represent 95% confidence intervals.
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Abstract 

Current studies investigating the effects of habitat change and management on 

populations generally use metrics such as abundance, richness, biomass, and 

community/ assemblage composition. Most studies are also carried out at relatively large 

scales, with small-scale studies of how individuals use specific features of habitats being 

rare. Assessing this aspect of habitat change and management can increase 

understanding of how differing structure and complexity affect the behaviour of a 

species in using resources and, therefore, why some systems support more individuals 

and species than others. Using a small-scale case-study approach, we investigated how 

two tropical butterfly species (Leptosia nina [Pieridae] and Ypthima spp. 

[Nymphalidae]), commonly found in oil palm plantations, used the habitat, in terms of 

movement and accessing resources (resource-use behaviours). Using novel direct-

observation methods, we followed seven and nine individuals of each species 

respectively (numbers were low due to the limited availability of butterflies and time 

constraints during the study period), for three minutes in smallholder-owned oil palm 

plantations in Banting, Selangor, Malaysia. Observations were pragmatically made 

across plantations of three main management types: immature monoculture, immature 

polyculture, and mature monoculture plantations, representing a range of habitat 

conditions and complexities. We compared the distance travelled and characteristics of 

locations used by butterflies and paired control points (generated by pairing observed 

distances travelled but selecting the direction for each movement after a stop at random). 

We assessed how individuals in the two species used the local environment and whether 

this differed with habitat structure and complexity. Due to the low number of 

observations, we did not have enough evidence to explain how habitat structure and 
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complexity affect the resource-use behaviours of the two butterfly species. However, we 

did find that a higher proportion of L. nina butterflies landed on vegetation compared to 

controls, while Ypthima spp. butterflies selected higher average heights of substrate than 

controls. In conclusion, we demonstrated that butterflies display fine-scale habitat choice 

and choose specific features of a habitat to land on, even within fairly homogenous 

plantation habitats, and with a limited sample size in this study. This highlights the 

importance of maintaining resources that are used by butterflies within plantations, 

although conclusions need to be investigated further due to the low number of 

individuals we observed. We note that the methods used in this study, while time-

consuming, yielded detailed information on each species at a fine scale. We call for more 

studies to trial related methods in other habitats.  
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Introduction 

Studies investigating the impacts of environmental change on biodiversity are commonly 

done through usage of metrics such as abundance, species richness, composition, and 

biomass (e.g., Elek et al., 2022; Turner & Foster, 2009; Wan Zaki et al., 2023). Despite 

providing a big picture of the outcomes of environmental change on the studied species, 

how resources within a habitat are used (“resource-use” behaviours) cannot be measured 

directly using these metrics. Studying resource-use behaviours is important, since the 

behaviours of animals can alter when natural conditions change (Wilson & Fox, 2020) 

and are often the first response recorded towards changes in the environment 

(Tuomainen & Candolin, 2011). Changes in behaviour can have consequences on the 

fitness of individuals, as well as on their survival and reproduction (Tuomainen & 

Candolin, 2011). For example, change in habitat structure in a cloud forest in Kenya 

altered the mate-locating strategy of an Afrotropical butterfly species (Salamis 

parhassus), from perching to patrolling (Bonte & Dyck, 2009). However, the 

behavioural change observed in this butterfly species did not affect their population, 

perhaps because they are a disturbance-tolerant species (Bonte & Dyck, 2009). However, 

behavioural changes in other species or taxa may have detrimental consequences on their 

populations, particularly if they are sensitive to environmental change. Furthermore, it 

is often loss of habitat complexity and resources at the small scale (e.g., microclimate, 

food- and hostplants) that drive losses of species across the wider area (Bladon et al., 

2020). 

In Southeast Asia, where the level of biodiversity and endemism is relatively high 

compared to many other regions (Myers et al., 2000), oil palm expansion has been one 
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of the major drivers for declines in abundance and species losses (Foster et al., 2011; 

Meijaard et al., 2020). However, once plantations are established, the negative impacts 

of ongoing cultivation on biodiversity can be reduced through conservation management 

within oil palm, which can maintain a higher richness and abundance of certain taxa, as 

well as improving ecosystem functions (Ashton-Butt et al., 2018; Hood et al., 2020; 

Slade et al., 2011; Tao et al., 2016; Woodham et al., 2019) compared to traditional 

management approaches. Among animals, a wide range of invertebrates persist and can 

support numerous ecosystem functions within oil palm. For instance, butterflies are 

common in the system, and act as generalist pollinators, as well as food sources for other 

species. Several studies have assessed how butterfly assemblages can be better supported 

within oil palm plantations. In general, it has been demonstrated that increasing the 

number of crop species and maintaining understory vegetation, which are used as 

hostplants and/ or nectar sources by butterflies, can increase butterfly richness or 

abundance (Asmah et al., 2017; Harianja et al., 2023g [Chapter 5]; Reiss-Woolever et 

al., 2023a, b). Despite this, how habitat structure and complexity within oil palm 

plantations affect resource-use behaviours of butterflies is not yet known. 

Butterflies are ectotherms which rely on the temperature of the environment to 

adjust their body temperature. Active sunbathing to warm up is often done by butterflies 

to prepare for flight, which is needed to find resources (nectar, breeding site, and shelter) 

and for reproduction (Naik et al., 2022). In contrast, when the weather is hot, butterflies 

seek shaded areas to cool down (Kemp & Krockenberger, 2004). All these behaviours 

require the availability of variable microclimatic conditions within a system (Kuefler & 

Haddad, 2006). Management within agricultural landscapes can therefore determine 

whether the resources needed by wildlife, such as butterflies, are provided.  
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In an oil palm context, habitat structure and complexity within plantations can 

change dramatically over the oil palm life cycle, particularly after replanting (which 

usually occurs when oil palm stands reach 25 years of age (Snaddon et al., 2013), 

creating a hotter and drier environment because of the loss of canopy cover, as well as 

reduction of plant transpiration (Luskin & Potts, 2011; Pashkevich et al., 2021). 

Microclimatic conditions can become more equable as the crop grows, although it takes 

several years for the canopy to reclose, shading the understory (Luskin & Potts, 2011). 

Following replanting, plantation managers may also decide to alter their management, 

such as replanting with all oil palm (monoculture) or a mixture of oil palm and other 

crops (polyculture) (Harianja et al., 2023g [Chapter 5]). Growers can also be highly 

variable in terms their understory vegetation management, with some removing the 

vegetation completely by spraying and manual cutting, but others leaving vegetation to 

grow (Luke et al., 2020). All these approaches may affect resource-use behaviour by 

butterflies. Hence, investigating the effects of varying habitat structure and complexity 

(associated with management decisions) on resource-use behaviours of butterflies may 

provide evidence on whether certain aspects of structure and complexity better support 

butterfly assemblages (Azhar et al., 2015; Kuefler & Haddad, 2006). Such information 

could inform strategies to better support butterfly assemblages in plantations, which in 

turn could maintain higher butterfly numbers. 

Based within smallholder plantations in Selangor, Malaysia, our study is the first 

that assesses the resource-use behaviours of two common butterfly species (Leptosia 

nina [Pieridae] and Ypthima spp. [Nymphalidae]), and whether these differ with oil palm 

habitat complexity. We flag that this represents a small-scale case study to trial our 

methodological approaches for studying fine-scale butterfly habitat choices. We 
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conducted direct observations to assess resource-use behaviours of the butterflies as they 

moved through plantations and compared these to paired controls, where direction of 

travel was randomised after each stop. We addressed the following questions: 1) What 

are the effects of habitat structure and complexity on butterfly resource-use behaviour 

(total distance flown, start to finish distance flown, number of hops, and the proportion 

of time spent flying) of the two species? 2) How do observed butterflies differ from their 

paired controls in use of resources (i.e., proportion perching on vegetation, height of 

perching substrates chosen, and start-to-finish distance flown) for each species?  

 

Materials and methods 

Study sites 

Data were collected from 11 smallholder oil palm plantations between 20 June and 3 

August 2022 in Banting, Selangor, Malaysia (2.788267°N, 101.546651°E). The average 

annual rainfall and air temperature and were 1822.60 mm (Yusof et al., 2021) and 27.6°C 

(Vijayanathan et al., 2021) in the area. The choice of specific plantations was pragmatic, 

based on the presence of suitable butterflies, and intended to represent a range of habitat 

structure and complexity, rather than for formal comparisons across different types of 

management. The 11 plantations consisted of three management decision types: five 

mature monocultures, two immature monocultures, and four immature polycultures, and 

all sized between 0.4 and 1.29 acres (Table S6.1, Figure 6.1). Other crops that were 

cultivated in the immature polycultures were banana, cassava, coconut, galangal, 

pineapple, torch ginger, and yam (Table S6.1). The study plantations therefore 

represented a wide range of habitat structure and complexity, allowing us to assess the 
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effects of varying structure and complexity on butterfly small-scale movement and 

resource use. In general, the range of annual usage of fertilisers and herbicides by 

smallholders in this study (excluding MM03 due to missing data) was 62.5 – 1000 kg/ha 

and 0 – 32 l/ha, respectively (based on unpublished self-reported data from 

smallholders). All other relevant information regarding the age of the oil palm stands , 

understory cover and level of shelter, as well as butterfly replicates, are available in 

Table S6.1 and S6.2. 

 

Direct observation of butterflies 

We followed the movement of individual butterflies at all plantations for a subset of two 

common species: Leptosia nina and Ypthima spp.. Observed butterflies were chosen 

pragmatically (based on presence and to fit with data collection during a larger study), 

across the three plantation management types, and some plantations contained more than 

one butterfly observation (Table S6.1). We did not aim to achieve equal numbers of 

observations in each management type, but rather included observations from across 

management types to ensure a range of conditions were represented , and to allow us to 

assess whether understory structure and complexity affected results.  

Leptosia nina is distributed across the Oriental region, can be found at moderate 

elevations and is abundant in Peninsular Malaysia (Corbet and Pendlebury, 2020). Its 

hostplants are Capparis heyneana, Crateva religiosa, and Cleome rutidopsperma 

(Corbet and Pendlebury, 2020). L. nina are found in open areas and known to fly slowly 

(“bobbing flight”) and low near substrates (rarely more than one meter from the ground) 

(Corbet and Pendlebury, 2020 and personal observation). Ypthima is a genus that is 



 

237 

 

distributed across Africa as well as the Indo-Australian region and can be found in high 

abundance at all elevations (Corbet and Pendlebury, 2020). Its larvae feed on grasses 

(Poaceae) (Corbet and Pendlebury, 2020). In terms of behaviour, Ypthima spp. are found 

commonly around grasses, either perching or flying short distances (“skipping” flight 

pattern) (Osozawa et al., 2017; Sugiura et al., 2010; and personal observation). 

We selected these species, as they were locally common in all plantation types 

and therefore represented a tractable choice for this project . The second species could 

consist of several different species (other surveys taking place in the area found three 

species of Ypthima butterfly (Harianja et al., 2023g [Chapter 5]). However, confirming 

to the species level was not always feasible, because it was not possible to catch all 

butterflies after the three minutes of direct observations (caught butterflies at IP03, 

MM0-03, 04, and 05 were all Ypthima baldus, but other individuals were not caught). 

As all species in this genus show similar behaviour (Osozawa et al., 2017; Sugiura et al., 

2010; and personal observation), we chose to lump data for this study, but acknowledge 

that this represents a caveat to our findings, as behaviour could differ between related 

species in the genus. 

For each individual encountered, we waited for one minute before starting 

observations, to make sure that the behaviour of the observed butterfly was not 

influenced by our presence. Directly after this, we recorded the date, time, and weather 

condition (overcast/ sunny), as well as the species of the observed butterfly, the identity 

of the plant on which they were found (if perching), and their activity by audio-recording 

the different activities on a smartphone as we followed the individual for three minutes. 

This allowed us to calculate the duration of different activities and location of perching 

points post-hoc. Activity categories recorded were flying, interacting (chasing another 
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butterfly), nectaring, sunning (perching on substrate with wings angled towards the sun, 

and at least some forewing exposed above the hindwing), and resting (perching on 

substrate with wings not angled to the sun). If a butterfly perched for too-brief an interval 

to assess its behaviour, this was categorised as resting. We set up flags and recorded the 

GPS position wherever a butterfly landed, enabling us to calculate the exact distance 

travelled and how circuitous the route taken was. Butterflies that were recorded for less 

than three minutes, either because we lost sight of them, or because they flew outside of 

the surveyed plantation, were excluded from analyses. Throughout the three-minute 

observations, we did not chase the butterflies (but followed where they moved) and kept 

our distance (at least ~2 meters or more from the butterfly), to minimise any chance of 

disturbance. Occasionally, the butterfly flew past us, and during such events, which we 

could not control, we stood still and made no movements. No butterflies were obviously 

disturbed by our presence during observations. 

For each butterfly recorded, we then manually simulated a control flight of equal 

distance and number of stops, beginning from where each butterfly recording began. For 

the control flights, we conducted the measurements immediately after the three-minute 

observations on the butterflies. After each “perching point”, we generated a random 

bearing to enable us to determine direction of flight using https://www.random.org 

(Haahr, 2020), prepared in advance, and paired length of each flight, until all movements 

within the three-minute recording period had been replicated. The website enabled us to 

generate random numbers, which we used as the degrees on a hand-held compass as the 

random bearings. The GPS locations of all control “perching points” where butterflies 

landed, were recorded using a handheld GPS unit (Garmin GPS Map 64S, with an 

accuracy of 3.05 – 3.66 meters). Any bearings which created a point beyond the 
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plantation were noted, and then regenerated. This ensured all control movements were 

constrained within the plantation, in line with the observed butterfly movements 

themselves. Our calculated movements provided us with controls to compare with 

movement patterns of the observed butterflies, hence making the only difference the 

direction of each movement (set by the random bearings).  

Direct observations on butterflies were carried out between 09.00 and 17.00. The 

day of data collection in each type of plantation with differing management decisions 

was done in a randomized way to ensure that there were no systematic differences in day 

of collection between management types. However, due to weather, herbicide spraying 

activities by the plantation owners, and logistics, three of the mature monoculture 

plantations were surveyed on three consecutive days. We also recorded the time window 

of collections (morning/ noon/ afternoon) for each survey. 

 

Environmental data collection  

Environmental data were collected at all perching points for butterfly and control 

collections. We collected data within a 5m x 5m square surrounding the individual 

perching point. Measurements were only taken at points that were separated by at least 

1m in distance. If the observed butterfly made a perch and moved to a point that was less 

than 1m, environmental parameter measurements were only taken at the first point, and 

the values were used for both points. This was done to save time during observations 

and because points at distances of less than one metre were likely to have the same 

environmental conditions.  
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Environmental parameters measured were percentage ground cover of different 

substrates and shelter, as well as whether the butterfly landed on vegetation or another 

substrate, and the height of substrate that the butterfly landed on. Ground cover 

categories were grass, ferns, herbs, dead oil palm fronds, bare ground, and other (any 

substrates that were not classified in any of the previous categories). Shelter was assessed 

by recording whether there was any substrate taller than waist height in the cardinal 

directions, north, east, south, west, and summing values to give a single shelter reading 

(0 if no shelter present, and 4 if all directions had a barrier). For recording identity of 

substrate and height of substrate at control points, we measured the highest substrate 

present using the drop-disk method, wherever the point landed, particularly if the points 

fell on a clump of understory vegetation. To do this, we used a 1.5 m pipe and a disk 

with a hole at its centre. At each of the points, where the observed butterflies made 

perches, the pipe was set vertically, then the disk was inserted from the top of the pipe 

and dropped. The substrate height was measured by recording the height from the ground 

to where the disk fell. However, if the point fell on an individual substrate (e.g., an 

individual stick of vegetation, or a stack of oil palm dead fronds), we used a measuring 

stick to directly record the height. This was done because the disk’s weight could press 

the individual vegetation to the ground and therefore would have made it difficult to 

measure its real height. 

 

Data processing 

Prior to running statistical analyses on parameters used in this study, we carried out data 

processing first to standardise inputs. In particular, total distance flown was calculated 

by summing the distance travelled by the butterflies between perches during the three-
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minute observations (in cm). Start to finish distance flown was obtained by calculating 

the distance between first and last perching points of the observed butterflies and their 

paired controls using GPS coordinates (calculation from the “geosphere” package in R 

(Hijmans, 2022), and converted to cm). There were some clear cases of overestimations 

by the package in calculating the start to finish distance (when calculations were larger 

than the total distance flown). However, in all cases this amounted to less than 15m and 

was likely due to inaccurate coordinate measurements by the GPS unit. As this 

inaccuracy should not bias the results, since there could also be errors in the other 

direction (i.e., straight line distances being shorter than they really were), we did not 

adjust calculated values for analyses. Number of hops were obtained from sums of hops 

made by the butterflies during the three-minute observations. Finally, the proportion of 

time spent flying was calculated by dividing 180 seconds (three minutes of direct 

observation) by time spent flying in seconds. An activity was considered as flying only 

if it was at least one second in duration, so very quick movements between close 

substrates were not included. For both number of hops and proportion of time spent 

flying, we used audio recordings to extract detailed information on the observations. 

 

Statistical analysis 

Analyses and visualisations were run using R version 4.0.4 (R Core Team, 2021) and R 

Studio version 2023.03.0-386 (R Studio Team, 2023). We used basic R syntax and 

package “dplyr” for general analyses (Wickham et al., 2021). We used “plotrix” (Lemon, 

2006) to calculate standard errors. The following packages were used for visualisations: 

“tidyverse” (Wickham et al., 2019), “cowplot” (Wilke, 2020), and “gridExtra” (Auguie, 

2017). We provide details below on packages we used for specific analyses.  
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Habitat structure and complexity across management decisions 

We used PCA (Principal Component Analysis) to summarise environmental parameters 

collected from butterfly perching points across all plantation management types , 

therefore representing complexity in habitat features at the local scale chosen by 

butterflies (during three-minute observations) within plantations across mature and 

immature oil palm monoculture as well as immature polyculture sites (Table S6.1 and 

S6.2). We included all management types together, to ensure that a wide range of habitat 

conditions were present. For Leptosia nina, environmental parameters we analysed using 

PCA were percentage cover of 1) grass, 2) herb, 3) bare ground, 4) oil palm dead frond, 

and 5) other, as well as 6) shelter. We excluded ferns from the percentage ground cover 

because its values were implied from the other parameters forming ground cover. For 

Ypthima spp., we analysed the same parameters, but did not include shelter, due to 

several missing values (four missing values out of nine replicates/ individual butterflies 

in the group). 

 

The effects of habitat structure and complexity on resource-use behaviour  

We used the most influential PC scores from the PCA as summary variables of habitat 

structure and complexity in separate generalised linear models (GLMs), which were used 

to assess the impact of habitat structure and complexity on resource-use behaviours of 

the two butterfly species. In particular, the resource-use behaviours were represented by 

the following: 1) total distance flown, 2) start to finish distance flown, 3) number of 
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hops, and 4) the proportion of time spent flying. To summarise environmental  

parameters shaping habitat structure and complexity, we used a Principal Component 

Analysis (PCA) with available (built-in) codes in R, and “factoextra” for visualisations 

through PCA biplots (Kassambara & Mundt, 2020).  

For total and start to finish distance flown, we used gaussian distribution with 

identity link in separate models. We used poisson distribution with log link for the 

analyses on number of hops. Finally, we used binomial distribution with logit link for 

the models on the proportion of time spent flying. To assess the importance of each 

predictor, we use log-likelihood ratio tests. We compared full models consisting of all 

predictors with models with one of the predictors dropped. For all the analyses, we 

validated model assumptions. We used “performance” to check overdispersion in the 

GLMs (Generalised Linear Models) with poisson distribution (Lüdecke et al., 2021), as 

well as “see” (Lüdecke et al., (2021) with “Rcpp” (Eddelbuettel, 2013; Eddelbuettel & 

Balamuta, 2018; Eddelbuettel & Francois, 2011) to check model assumptions. 

We were aware that time windows (morning/ noon/ afternoon) and weather 

(overcast/ sunny) might have influenced the behaviours of the observed butterflies. To 

check if there was any pattern, we ran separate ANOVA or Kruskal-Wallis tests to assess 

whether there was any difference in the resource-use behaviours of butterflies 

(particularly: 1) total distance flown, 2) start to finish distance, 3) number of hops, and 

4) the proportion of time spent flying) across time windows and weather. In each case, 

we checked the distribution of the values of outcome variables as well as their equality 

of variance before deciding to use either ANOVA or Kruskal-Wallis tests, using the 

package “car” (Fox & Weisberg, 2019) to check the equality of variance with Levene’s 

test. In most cases, there were no significant patterns, although weather was a significant 
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factor in the start to finish distance flown by the Ypthima spp. butterflies (Table 

S6.3&S6.4, Figure S6.1&S6.2). We then ran a biserial correlation test to assess whether 

weather correlated with the use of habitat by Ypthima spp. butterflies.  

To assess the effect of habitat structure and complexity on Ypthima spp. 

butterflies, we used PC1 and PC2, which are the first and the second axis generated by 

PCA. We found that there was a weak correlation between weather and PC1, but a strong 

correlation with PC2 (Table S6.5). We therefore excluded time window and weather 

from most later analyses to keep models simple, given our low replicate number. 

However, for the analysis on start to finish distance flown, we incorporated weather in 

the model used to assess the effect of habitat structure and complexity (represented by 

PC1 and PC2). 

 

Differences between butterflies and paired controls in using resources within plantations 

across habitat structure and complexity 

To assess how butterflies used resources within plantations, we compared observed 

butterflies with their paired controls. We compared the following: 1) proportion of 

perches on vegetation, 2) the height of substrates being perched on, and 3) start-to-finish 

distance flown. For these, we used separate paired Wilcoxon tests for each butterfly 

species group. For the first and the second analyses, we used data from the second to the 

last “perching points”. This was because the first points of both butterflies and their 

paired controls had the same values (because we used the first “perching points” of the 

butterflies as the first “perching points” of the paired controls). As with previous 

analyses, we used the “geosphere” package to calculate the start and finish distance 
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flown by the butterflies and their paired controls, using the coordinates measured by the 

GPS units. 

 

Results 

Habitat structure and complexity across management decisions 

For Leptosia nina points, we found that PC1 and PC2 scores contributed most to the 

variation (43.3 and 30%, respectively) in habitat structure and complexity across 

plantations, particularly in terms of understory cover and level of shelter (Figure S6.3). 

PC1 scores were associated with lower percentage cover of bare ground but higher cover 

of oil palm dead fronds, while PC2 scores were associated with lower percentage cover 

of grass but higher cover of oil palm dead fronds (Table 6.1). 

 For Ypthima spp. points, PC1 and PC2 scores were also the most important in 

explaining variation (48% and 30.7%, respectively) in habitat structure and complexity 

across plantations, particularly in terms of understory cover (Figure S6.5). PC1 scores 

were mainly associated with lower percentage cover of herbs but higher cover of grass, 

while PC2 scores were mainly associated with lower percentage cover of oil palm dead 

fronds but higher cover of other substrates (Table 6.2). These other substrates included 

banana plants, climbing plants, dead leaves, debris, ditches, dead wood (of oil palm), 

mango trees, moss, mature or young oil palm trees, and pineapples.  
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The effects of habitat structure and complexity on resource-use behaviour  

Overall, Leptosia nina butterflies flew further during direct observations than Ypthima 

spp. butterflies, as well as making more hops and spending a higher proportion of time 

in flight. Average of total distance flown, start-to-finish distance flown, number of hops, 

and proportion of time spent flying (compared to other activities) during the three-minute 

direct observations on L. nina butterflies were 1808.93 (SE ± 458.9) cm, 1327.30 (SE ± 

408.8) cm, 6.57 (SE ± 1.3), and 0.42 (SE ± 0.1), respectively, while for Ypthima spp. 

butterflies, they were 201.62 (SE ± 61.5) cm, 225.46 (SE ± 51.9) cm, 1.63 (SE ± 0.3), 

and 0.06 (SE ± 0.02), respectively. When perching on vegetation, the plant species 

selected were Ageratum conyzoides and Asystasia gangetica (plus one unidentified 

species) for Leptosia nina, and Ageratum conyzoides, Asystasia gangetica, Brachiaria 

milliformis, Centotheca lappacea, Melastoma sp., and Melastoma malabatrichum for 

Ypthima spp.. We found that there were no significant effects of habitat structure and 

complexity within plantations on either total or start to finish distance flown, number of 

hops, or proportion of time spent flying for L. nina butterflies (Table 6.3, Figure 6.2). 

We found the same patterns for the Ypthima spp. butterflies (Table 6.4, Figure 6.3). 

 

Differences between butterflies and paired controls in using resources within plantations 

across habitat structure and complexity 

There were significant differences between Leptosia nina and their paired controls in 

proportion landing on vegetation (Table 6.5), with L. nina butterflies always landing on 

vegetation, but this not being the case for control points (Figure 6.4). However, there 

were no significant differences between L. nina butterflies and their paired controls in 
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average height of substrates landed on or start to finish distance. There was a significant 

difference between Ypthima spp. butterflies and their paired controls in average height 

of substrates being landed on (Table 6.6), with Ypthima spp. butterflies almost always 

landing on substrates with higher heights than their paired controls (Figure 6.5). There 

were no significant differences between Ypthima spp. butterflies and their paired controls 

in proportion landing on vegetation or start to finish distance. 

 

Discussion 

Due to the low numbers of individual butterflies observed in this study, we did not have 

enough evidence to show any particular association between habitat structure and 

complexity and resource-use behaviours of butterflies. However, we did find that 

Leptosia nina butterflies were more likely to land on vegetation than their control points. 

This indicates that L. nina butterflies specifically select vegetation as a landing site 

within plantations, either for nectaring or resting, as we directly observed in this study. 

In particular, most perching points of the butterflies were understory vegetation 

(particularly Ageratum conyzoides and Asystasia gangetica), which are both common 

nectar sources for the butterflies. The lack of difference in the average height of 

substrates landed on between butterflies and controls could be because L. nina butterflies 

tend to fly low near substrates (Corbet and Pendlebury, 2020), and may have little 

preference for vegetation of differing heights. In addition, the lack of difference could 

be related to the choice of habitat structure and complexity available within plantations. 

For example, in our observations, the possible perching locations at control points were 

bare ground, debris, herbs, and ferns, the heights of which only ranged from zero to 
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several centimetres. In other words, although we observed that the butterflies made 

choices, as has been found in other studies (Azhar et al., 2015), in this case height alone 

cannot be used to indicate substrate preferences of the butterflies.  

In contrast, we found that Ypthima spp. butterflies chose significantly higher 

vegetation than their paired controls. One of the reasons that butterflies chose higher 

substrates could be to intercept more energy from sunlight to warm up (Dennis & Sparks, 

2005). Indeed, whenever we observed the butterflies sunning, their chosen substrates 

were always higher than their paired controls. In contrast, we did not observe any 

difference between the proportion of butterflies landing on vegetation and control points. 

This could be due to the habitat structure and complexity within plantations. In 

particular, most of the plantations used by the Ypthima spp. butterflies had a variety of 

understory vegetation, and only five out of seventeen perching points were on bare 

ground or debris, driving the lack of significant difference observed. In addition, the 

short distance flown between individual perching points by Ypthima spp. butterflies (also 

observed by other studies, e.g., Osozawa et al., 2017; Sugiura et al., 2010), compared to 

L. nina butterflies, increased the chance that paired controls fell within the same or 

similar substrate type (although with different heights) to butterfly points, making it less 

likely for us to detect a difference with the methods used in this study. 

Finally, for both butterfly species there was a lack of significant difference in 

terms of start to finish distance flown between butterflies and controls. This could be 

because of the relatively small size of plantations used in this study, which effectively 

constrained the total distances recorded for both butterfly and control measurements. 

However, it could also mean that these species were not specifically associating with a 

certain area of the plantation, but moving at random (Kareiva & Shigesada, 1983). 
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Indeed, both species are generalists (Corbet and Pendlebury, 2020), so it could be that 

resources are equally available across all areas of the plantation (Kuefler & Haddad, 

2006). In addition, neither are reported to form territories or defend an area as adults 

(Corbet and Pendlebury, 2020), which could result in more limited movements in other 

species that carry out these behaviours. 

It is important to acknowledge the low sample size in this study, which reduces 

the chance of detecting real impacts of habitat structure on butterfly movement. Indeed, 

we found that weather as well as the presence of oil palm dead frond and other substrates 

(mainly grasses) significantly affected the start to finish distance flown by Ypthima spp. 

butterflies. Regarding the presence of grasses, this might have been driven by the 

reliance of Ypthima butterflies on grasses (Poaceae) as their host plants (Corbet and 

Pendlebury, 2020; Osozawa et al., 2017; Sugiura et al., 2010). However, when all factors 

were included in the same model (weather as well as PC1 and PC2 representing habitat 

structure and complexity), there was no significant relationship, despite the clear pattern 

seen. It is also possible that other habitat characteristics not recorded in our study, such 

as distance from surrounding habitats or roads, affected our observations. However, as 

comparisons between butterflies and controls were paired, these larger-scale affects are 

unlikely to have affected this component of our study. We call for more work to employ 

these methods more widely to verify our findings.   

 

Implications of the direct observation methods used in this study 

We found that plantations across management decision types overlapped in terms of 

habitat structure and complexity, likely partly explaining the lack of effects on resource-
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use behaviours by both L. nina and Ypthima spp. butterflies. However, we directly 

observed that both butterflies used a range of substrates during the three-minute 

observations, which were mainly understory vegetation, for either resting, sunning, or 

nectaring. This may emphasize the importance of maintaining complexity within 

plantations (Azhar et al., 2015), particularly understory vegetation (Reiss-Woolever et 

al., 2023a, b, Wan Zaki et al., 2023), to support the resource-use behaviours of 

butterflies. Indeed, all the butterfly activities we observed (resting, sunning, or nectaring) 

have direct consequences on the population number of butterflies.  

The conclusions we draw in this study, particularly in terms of the association 

between resource-use behaviours of the butterflies and habitat structure and complexity, 

should be investigated further, due to the low number of individual butterflies that we 

observed. Additionally, the possibility that our observations include more than one 

species within Ypthima butterflies, also means that these results should be interpreted 

with caution, as different species could display different preferences. However, this may 

not be a strong effect, since we found that all the individuals observed behaved very 

similarly, as noted in other studies (Osozawa et al., 2017; Sugiura et al., 2010). 

We also demonstrated that the methodological approach with direct observations 

that we employed in this study can be effective in assessing fine scale factors within a 

system that are important for target species. We have shown that by direct observations, 

it is possible to quantify how individuals use the existing resources. This method could 

help to identify resources and habitat characteristics that are important for maintaining 

populations of butterfly species (Naik et al., 2022), as well as informing the design of 

habitats that facilitate resource-use behaviours.  
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Tables and Figures 

 

Table 6.1. PCA (Principal Component Analysis) outputs showing scores of principal 
components (PC) 1 and 2 explaining the variation in habitat structure and complexity 
(measured by several environmental parameters) within oil palm plantations, taken from 
sites used by Leptosia nina butterflies (N = 7). The two highest scores for both axes are 
shown in bold. 

Environmental 
parameter 

Description PC1 
  

PC2 
  

Grass Average percentage ground cover that was grass 0.073 -0.602 
Herb Average percentage ground cover that was herb 0.310 -0.521 
BareGround Average percentage ground cover that was bare ground -0.572 0.238 

OilPalmDeadFrond 
Average percentage ground cover that was dead fronds 
of oil palm 0.512 0.295 

Other 
Average percentage ground cover that was not any of the 
above categories -0.413 -0.043 

Shelter 
Average of any substrate that had height at least the 
waist level of the observer -0.369 -0.468 

 

 

Table 6.2. PCA (Principal Component Analysis) outputs showing scores of principal 
components (PC) 1 and 2 explaining the variation in habitat structure and complexity 
(measured by several environmental parameters) within oil palm plantations, taken from 
sites used by Ypthima spp. butterflies (N = 9). The two highest scores for both axes are 
shown in bold. 

Environmental 
parameter 

Description PC1 
  

PC2 
  

Grass Average percentage ground cover that was grass 0.598 -0.297 
Herb Average percentage ground cover that was herb -0.535 0.378 
BareGround Average percentage ground cover that was bare ground -0.402 -0.193 

OilPalmDeadFrond 
Average percentage ground cover that was dead fronds of 
oil palm -0.403 -0.434 

Other 
Average percentage ground cover that was not any of the 
above categories 0.173 0.736 
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Table 6.3. Outputs of log-likelihood ratio tests (Deviance and p-values) in the GLMs 
(Generalised Linear Models) run to assess the effects of habitat structure and complexity 
(represented by PC1 and PC2) on resource-use behaviours of Leptosia nina butterflies 
(N = 7). 

Full model including all explanatory variables: Total distance flown/ Start to finish distance flown/ Number 
of hops/ Proportion of time spent flying ~ PC1 + PC2 

Response variable Explanatory variables Outputs of log-likelihood ratio tests 
Deviance P-value 

Total distance flown (cm) PC1 -856523 0.449 
PC2 -1996442 0.248 

Start to finish distance 
flown (cm) 

PC1 -1295298 0.328 

PC2 -298149 0.639 
Number of hops PC1 -2.144 0.143 

 PC2 -0.568 0.451 

Proportion of time spent 
flying 

PC1 -0.005 0.943 
PC2 -0.528 0.467 

 

 

 

Table 6.4. Outputs of log-likelihood ratio tests (Deviance and p-values) in the GLMs 
(Generalised Linear Models) run to assess the effects of habitat structure and complexity 
(represented by PC1 and PC2) on resource-use behaviours of Ypthima spp. butterflies 
(N = 9). For the analysis on start to finish distance flown, weather was incorporated into 
the model, due to a significant relationship found with both start to finish distance flown 
and PC2. 

Full model including all explanatory variables: Total distance flown/ Start to finish distance flown/ Number 
of hops/ Proportion of time spent flying ~ PC1 + PC2 

Response variable Explanatory variables Outputs of log-likelihood ratio tests 
Deviance P-value 

Total distance flown (cm) PC1 -32487 0.323 
PC2 -39796 0.274 

Start to finish distance 
flown (cm) 

PC1 -186.7 0.918 

PC2 -6488.8 0.546 
Weather -16995 0.328 

Number of hops PC1 -0.511 0.474 
 PC2 -0.174 0.675 

Proportion of time spent 
flying 

PC1 -0.009 0.921 

PC2 -0.023 0.877 
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Table 6.5. Outputs of paired Wilcoxon tests, run to assess the difference in proportion 
of perches on vegetation, average heights of substrates landed on, and start to finish 
distance flown by Leptosia nina butterflies and their paired controls (N = 7). Significant 
differences are shown in bold.  

Compared parameters V  P-value 

Proportion of landing on vegetation 27 0.031 * 
Average heights of substrates being landed on (cm) 22 0.218 
Average start to finish distance flown (cm) 15 0.401 

 

 

Table 6.6. Outputs of paired Wilcoxon tests, run to assess the difference in proportion 
of perches on vegetation, average heights of substrates landed on, and start to finish 
distance flown by Ypthima spp. butterflies and their paired controls (N = 9). Significant 
differences are shown in bold.  

Compared parameters V  P-value 
Proportion of landing on vegetation 10 0.097 
Average heights of substrates being landed on (cm) 36 0.014 * 
Average start to finish distance flown (cm) 7.5 0.309 
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Figure 6.1 Map showing data collection sites in smallholding oil palm plantations in Banting, Selangor, Peninsular Malaysia, which 
consisted of five mature monocultures, two immature monocultures, and four immature polycultures. Map source: Google Earth 
(showing Peninsular Malaysia).
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Figure 6.2 Scatter plots showing relationship between habitat structure and complexity 
(PC1 & PC2) on the total distance flown (cm), start to finish distance flown (cm), number 
of hops, and proportion of time spent flying of Leptosia nina butterflies. N = 7 
individuals. Different plantation types are shown with different symbols and colour for 
visual comparison only. 
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Figure 6.3 Scatter plots showing relationship between habitat structure and complexity 
(PC1 & PC2) on the total distance flown (cm), start to finish distance flown (cm), number 
of hops, and proportion of time spent flying of Ypthima spp. butterflies. N = 9 individuals 
(with the exception for number of hops and proportion of time spent flying, for which N 
= 8).  Different plantation types are shown with different symbols and colour for 
comparison only. For the boxplot showing the association between weather and start to 
finish distance, all the plantations across management decision types are lumped 
together. The lines in the middle of boxplots show median values, while the top and 
bottom of boxplots indicate upper and lower quartiles, respectively. Upper and lower 
tails indicate maximum and minimum values. Individual points outside of boxplots show 
outliers. 
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Figure 6.4 Comparisons between Leptosia nina butterflies (“Butterfly”) and their paired 
controls in terms of average proportion landing on vegetation (left), average height of 
substrates landed on (cm) (middle), and average distances between start and finish points 
(cm) (right). The lines in the middle of boxplots show median values, while the top and 
bottom of boxplots indicate upper and lower quartiles, respectively. Upper and lower 
tails indicate maximum and minimum values. Individual points outside of boxplots show 
outliers. N = 7 individuals.  

 

 

 

 

Figure 6.5 Comparisons between Ypthima spp. butterflies (“Butterfly”) and their paired 
controls in terms of average proportion landing on vegetation (left), average height of 
substrates landed on (cm) (middle), and average distances between start and finish points 
(cm) (right). The lines in the middle of boxplots show median values, while the top and 
bottom of boxplots indicate upper and lower quartiles, respectively. Upper and lower 
tails indicate maximum and minimum values. Individual points outside of boxplots show 
outliers. N = 9 individuals.  
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Supplementary materials 
 

Table S6.1 The characteristics of plantations where butterflies were observed in this study (plantation size, oil palm age, and percentage of crops 
cultivated other than oil palm) across three types of management (mature monoculture, immature monoculture, and immature polyculture), as 
well as details of the individual butterflies observed in each. Immature monocultures (IM01&02) consisted of two replicates, immature 
polycultures (IP01-04) of four, and mature monocultures (MM01-05) of five. Number of replicates across management types was based on the 
availability of the butterflies which could be surveyed during the sampling period (20 June – 3 August 2022), and while a larger-scale study was 
taking place. 

Plantation 
replicate 

Observation 
dates 

Plot 
size 

(acre) 

Palm 
age 

(year) 

Percentage of crops cultivated other than oil palm Observed 
butterfly 

Bamboo Banana Cassava Coconut Galangal Yam Jackfruit Pineapple Torch ginger  

IM01 14 July 2022 0.4 7 1 5 0 0 0 0 1 0 0 Ypthima spp.4 
             Leptosia nina3 

IM02 26 July 2022 0.969 5 0 0 0 0 0 0 0 0 0 Leptosia nina5 

IP01 20 June 2022 0.702 6 0 10 10 0 2.5 2.5 0 0 0 Leptosia nina1 
IP02 4 July 2022 0.208 6 0 0 0 0 0 0 0 0 0 Leptosia nina2 
IP03 15 July 2022 0.304 5 0 20 3 3 0 0 0 2 2 Leptosia nina4 
IP04 18 July 2022 0.395 4 0 20 15 0 0 0 0 5 0 Ypthima spp.5 

MM01 3 August 2022 0.245 15 0 0 0 0 0 0 0 0 0 Leptosia nina7 
MM02 27 June 2022 0.5 15 0 0 0 0 0 0 0 0 0 Ypthima spp.1 
MM03 14 July 2022 0.617 22 0 0 0 0 0 0 0 0 0 Ypthima spp.2 

             Ypthima spp.3 
MM04 2 August 2022 0.904 22 0 0 0 0 0 0 0 0 0 Ypthima spp.7 

             Ypthima spp.8 
             Ypthima spp.9 
             Leptosia nina6 

MM05 28 July 2022 1.29 22 0 0 0 0 0 0 0 0 0 Ypthima spp.6 
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Table S6.2 Characteristics of understory complexity in each of the surveyed plantations in this study. Percentage cover of understory 
complexity was assessed from 5x5m areas surrounding each of perching points of the surveyed butterflies. Level of shelter was assessed by 
counting the number of times a substrate was present within 5m at a researcher’s waist height, in each of the directions north, south, west, 
and east surrounding a perching point. Because most values of shelters in the observations on Ypthima spp. butterflies were not available 
(NA/ missing data), shelter was not included in the analyses on Ypthima spp. butterflies. 

Plantation 
replicate 

Observed butterfly Observation 
date 

Average percentage cover of understory complexity  Average level of 
shelter (0-4) 

             Grass           Herb Bare ground Oil palm dead frond Other * 

IP01 Leptosia nina1 20 June 2022 7 
5 

18 
19 

26.5 21.5 21.5 0.625 
IP02 Leptosia nina2 4 July 2022 39 11 20 1.2 
IM01 Leptosia nina3 14 July 2022 10 40 20 10 20 1 
IP03 Leptosia nina4 15 July 2022 0 30 20 25 2.5 0 
IM02 Leptosia nina5 26 July 2022 10 30 30 10 10 2.5 

MM04 Leptosia nina6 3 August 2022 7.222 24.444 35 11.111 21.666 1 
MM01 Leptosia nina7 4 August 2022 17.272 32.272 13.636 24.545 12.272 0.818 

MM02 Ypthima spp.1 27 June 2022 1.666 45 33.333 11.666 6.666 NA 
MM03 Ypthima spp.2 14 July 2022 42.5 41.25 8.75 0 7.5 NA 
MM03 Ypthima spp.3 14 July 2022 60 

80 
10 
5 

0 5 25 NA 
IM01 Ypthima spp.4 14 July 2022 0 10 0 1.666 
IP04 Ypthima spp.5 18 July 2022 12.5 50 7.5 27.5 2.5 3 

MM05 Ypthima spp.6 28 July 2022 0 60 10 20 10 NA 
MM04 Ypthima spp.7 2 August 2022 20 50 0 5 20 NA 
MM04 Ypthima spp.8 2 August 2022 5 60 5 20 10 0 
MM04 Ypthima spp.9 2 August 2022 10 60 2.5 0 27.5 NA 

* “Other” category was any type of substrate, but not any of the other categories. From all the observations, “Other” category was either 
a banana, mango, oil palm, or pineapple tree, or dead leaves, debris, or a dead oil palm trunk.
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Table S6.3 Outputs of ANOVA tests run to assess the effects of time window and 
weather on the resource-use behaviours of Leptosia nina butterflies. 

Explanatory 
variable 

Response variable df F value P-value 

Time window 
(morning/ noon/ 
afternoon) 

Total distance flown (cm) 2 0.196 0.829 

Start to finish distance flown (cm) 2 0.407   0.691 
Number of hops 2 1.129   0.408 
Proportion of time spent flying 2 0.189   0.835 

Weather (Sunny/ 
Overcast) 

Total distance flown (cm) 2 1.462   0.293 
Start to finish distance flown (cm) 2 0.494   0.521 

Number of hops 2 0.419   0.553 
Proportion of time spent flying 2 2.572   0.184 

 

Table S6.4 Outputs of ANOVA/ Kruskal-Wallis tests run to assess the effects of time 
window and weather on the resource-use behaviours of Ypthima spp. butterflies. 
Significant differences between time windows and weather categories are given in bold.  

Explanatory 
variable 

Response variable df F/ Chi-square value* P-value 

Time window 
(morning/ noon/ 
afternoon) 

Total distance flown (cm) 2 0.099   0.907 
Start to finish distance flown (cm) 2 2.83   0.136 
Number of hops 2 0.3 0.860 

Proportion of time spent flying 2 0.011 0.989 
Weather (Sunny/ 
Overcast) 

Total distance flown (cm) 2 1.665   0.238 

Start to finish distance flown (cm) 2 6.875 0.034 * 
Number of hops 2 0.106 0.744 
Proportion of time spent flying 2 2.639   0.155 

*F if ANOVA, Chi-square if Kruskal-Wallis 

 

Table S6.5 Outputs of biserial correlation test to assess whether weather correlated with 
the habitat use by Ypthima spp. butterflies. PC1 and PC2 represented environmental 
variables forming habitat structure and complexity. Weather was either sunny or 
overcast. 

Variables assessed for correlations Outputs of biserial correlation test 
PC1 & weather -0.354 
PC2 & weather -0.728 
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Figure S6.1 Box plots showing time window (morning, noon, or afternoon) and weather 
(overcast or sunny) against the total distance flown (cm), start to finish distance flown 
(cm), number of hops, and proportion of time spent flying of Leptosia nina butterflies 
across plantations with differing structure and complexity. The lines in the middle of 
boxplots show median values, while the top and bottom of boxplots indicate upper and 
lower quartiles, respectively. Upper and lower tails indicate maximum and minimum 
values. Individual points outside of boxplots show outliers. NA indicates missing data. 
N = 7 individuals.  
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Figure S6.2 Box plots showing time window (morning, noon, or afternoon) and weather 
(overcast or sunny) against total distance flown (cm), start to finish distance flown (cm), 
number of hops, and proportion of time spent flying of Ypthima spp. butterflies across 
plantations with differing structure and complexity. The lines in the middle of boxplots 
show median values, while the top and bottom of boxplots indicate upper and lower 
quartiles, respectively. Upper and lower tails indicate maximum and minimum values. 
Individual points outside of boxplots show outliers. N = 9 individuals.  



 
 

263 

 

 

     
Figure S6.3 PCA plot summarising environmental parameters shaping habitat structure and complexity within oil palm plantations 
associated with management decision types, based on observations of Leptosia nina butterflies. Axes show measured environmental 
parameters, representing habitat structure and complexity within plantations, which were based on points on which L. nina butterflies 
made perches. Smaller points represent individual observations on L. nina butterflies. Larger points represent average values of habitat 
structure and complexity per management decision types. 
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Figure S6.4 PCA plot summarising the environmental parameters shaping habitat structure and complexity within oil palm plantations 
associated with management types based on observations of Ypthima spp. butterflies. Axes show measured environmental parameters, 
representing habitat structure and complexity, which were based on points on which Ypthima spp. butterflies perched. Smaller points 
represent individual observations on Ypthima spp. butterflies. Larger points represent average values of habitat structure and complexity. 
There is only one point for each of the two immature plantations, because there is only one replicate for each of the immature plantations. 
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Chapter 7: General discussion 

 

7.1 | Objectives of this thesis 

Logging and oil palm expansion are two major drivers of rainforest degradation in 

Southeast Asia, including Peninsular Malaysia and Borneo, making studies aiming to 

understand their impacts on biodiversity and how management within altered habitats 

can be improved, an important part of biodiversity conservation in the region. Despite 

the growing number of ecological studies investigating this, there are many understudied 

taxa and unanswered ecological questions around how differing management options 

affect local wildlife. This research is particularly important because rainforests in 

Southeast Asia contain an extremely high level of biodiversity, including many sensitive 

taxa (compared to Africa, Central and South America [Gibson et al., 2011]), and a high 

level of endemism (Myers et al., 2000). Additionally, agricultural landscapes can support 

persisting (tolerant to anthropogenic disturbance) taxa that can sometimes be important 

for supporting production or are crop pests. Therefore, understanding how management 

can be tailored to the requirements of these organisms can improve biodiversity 

conservation and support ecosystem functions within altered systems. This thesis 

investigated the impacts of land-use change and management decisions by industrial oil 

palm growers (in terms of maintaining riparian buffer strips) on semi-aquatic bugs 

(Gerromorpha, Hemiptera) in Borneo, and smallholders (in terms of replanting and crop 

choice post replanting) on butterflies (Rhopalocera, Lepidoptera) in Peninsular 

Malaysia. 

Semi-aquatic bugs, particularly in Southeast Asia, are extremely understudied, 

making research in this thesis the first to investigate the impacts of land-use change and 
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associated environmental conditions on this group in the region. Despite numerous 

ecological studies on butterflies, questions around the effects of varying management 

approaches within agricultural landscapes in Southeast Asia remain understudied for this 

group. For instance, we are only aware of three other studies that have investigated how 

management decisions (crop choice in terms of poly vs monoculture or understory 

vegetation management within plantations) within oil palm smallholdings affect 

butterflies, and how plantations can be tailored to increase the abundance or richness of 

butterflies (Asmah et al., 2017; Azhar et al., 2015; Sunkar et al., 2019). Such studies are 

of great importance, since 40% of oil palm plantations in Southeast Asia are cultivated 

by smallholders (Wild Asia, 2012). This means that if better approaches for biodiversity 

conservation within oil palm smallholding plantations are identified and implemented, 

they could create a considerable positive change for biodiversity conservation, 

particularly for butterflies, in altered habitats in the region. 

In addition to the above main questions, this thesis has contributed to developing 

methods which can help assessments of environmental impacts on semi-aquatic bugs, 

particularly on their biomass, as well as increasing understanding of how butterflies use 

fine-scale resources within habitats through direct observations. The developed methods 

to estimate the biomass of semi-aquatic bugs from their body lengths can save time and 

resources needed to weigh individual samples and provide a higher accuracy of 

estimation of biomass for this group. Finally, direct observation methods to assess the 

behaviour of butterflies in using resources within habitats can help to identify parameters 

and characteristics that are directly important to support butterflies, hence increasing 

their numbers. 
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7.2 | Synthesis 

7.2.1 Preventing conversion of remaining primary forest is likely to be the top 
priority for conservation of biodiversity 

This thesis demonstrated the importance of primary (old-growth) forests for 

conservation of biodiversity, represented by findings on semi-aquatic bugs and 

butterflies. I found that the average richness of semi-aquatic bugs and butterflies are 

lower in altered habitats than in primary forests (semi-aquatic bugs: old-growth forest = 

13.6, SE ± 2.9, logged forest = 11.0, SE ± 2.3, oil palm with riparian buffer strips = 6.0, 

SE ± 2.1, oil palm without riparian buffer strips = 4.0, SE ± 1.0, Chapter 3; butterflies 

(estimated species richness based on Chao1 index): mature monoculture = 42, SE ± 

5.431, immature polyculture = 39, SE ± 9.138, and immature monoculture = 34, SE ± 

5.905, compared to 138 species in forest in Pahang, Peninsular Malaysia (Suhaimi et al., 

2017), Chapter 5). This thesis therefore has added novel evidence to the existing 

findings on how land-use change affects wildlife in Southeast Asia. In particular, the 

steep decline observed for semi-aquatic bugs following rainforest conversion may 

indicate that this group is particularly sensitive to disturbance. 

Generally, the loss of species following forest conversion is caused by a change 

in microclimatic conditions and microhabitats, as well as loss of key resources (e.g., 

substrates for laying eggs, hostplants, nectar sources, or refuges), and loss of 

connectivity between suitable habitats. In this thesis, the reduction of semi-aquatic bug 

species due to forest conversion (for logging and oil palm) was associated with changes 

in environmental conditions at catchment, riparian, and stream scales. At the catchment 

and riparian scales, reduction in species richness of semi-aquatic bugs was associated 

with reduced forest cover and quality, basal and leaf area, aboveground biomass, canopy 
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cover, and vine cover. At the stream scale, associated parameters were reduction in 

percentage cover of rocks, steep slopes, percentage cover of isolated pools, and flow 

speed, but increase in water temperature, canopy openness, percentage cover of riffles, 

rapids, connected pools, and deadwood. 

Many other studies have indicated that protection of remaining primary forests 

should be a priority for biodiversity conservation (e.g., Barlow et al., 2007; Gardner et 

al., 2009; Kosmos et al., 2018; Spitzer et al., 1993). One of the reasons is that species 

losses as a result of habitat change are not always immediate, with declines continuing 

for many years (Angeler et al., 2014; Dumbrell & Hill, 2005), and changes persisting for 

centuries (Edwards et al., 2014; Rubin et al., 2017). In addition, habitat restoration can 

take a long time (decades or centuries, for example) and a large investment to return 

conditions and functions to pre-disturbance levels (Edwards et al., 2014; Ong & 

Vandermeer, 2018; Poff, 2009). For instance, even though canopy cover in forests can 

recover when logging is relaxed, one study found that after 53 years, canopy height was 

still not equivalent to that in primary forests (a study based in logged forests in Peninsular 

Malaysia, Okuda et al., 2019). Furthermore, the costs of conducting evaluation on a 

restoration project can be more expensive than running the project itself (Rubin et al., 

2017). Protection of intact forest landscapes in Southeast Asia is also crucial due to the 

need of connectivity for some sensitive species (such as some damselfly species in 

Carvalho et al., 2018, as well as larvae of aquatic insects and dung beetles in Deere et 

al., 2022). This is because tropical species can have longer lifespans (e.g., Beck & 

Fiedler, 2008) and generation times (e.g., Coffman & de la Rosa, 1998), as well as lower 

local and regional population densities, and patchier distributions (Edwards et al., 2014; 
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Stratford & Robinson, 2005), compared to temperate species. Considering all the above, 

protection of primary forests, must be prioritised, before it is too late. 

 

7.2.2 Connectivity: the impacts of edge effects on terrestrial species and the 
importance of land and water linkage for conservation of aquatic species  

In the context of terrestrial systems, the conditions surrounding a single habitat (edge 

effects) can have significant implications for the populations of local species, 

particularly mobile species. This thesis found that the conditions surrounding 

smallholding oil palm plantations had a significant influence on the abundance of 

butterflies (Chapter 5). Plantations that were surrounded by road had a higher 

abundance of butterflies, indicating isolation due to the presence of roads (Muñoz et al., 

2015). On the other hand, plantations that were surrounded by polyculture plantations 

and housings had a lower butterfly abundance, indicating movement from within 

plantations to surrounding habitats, potentially due to the presence of resources nearby 

(e.g., polyculture plantations can consist of crops that can be food plants for butterflies , 

and houses can have gardens that contain nectar sources). Considering these results, 

management by stakeholders, particularly oil palm smallholders in this case, should take 

spatial effect (“connectivity”) into account. Since smallholding plantations are 

commonly smaller (e.g., between 0.245 and 1.29 acres, Chapter 5 & 6; less than 50 

hectares in Shuhada et al., 2020) than industrial plantations (that can cover thousands of 

hectares, e.g., Shuhada et al., 2020) and owners often live close to each other as 

neighbours, it is possible that smallholders could work together to support local 

biodiversity. 
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The connection between land and water means that any modification occurring 

on land has impacts on both terrestrial and aquatic ecosystems. For example, studies 

have demonstrated that land-use change alters many aspects of waterways, including its 

morphological characteristics and features (e.g., Luke et al., 2017a) and aquatic 

assemblages (e.g., e.g., Chellaiah & Yule, 2018; Dias-Silva et al., 2020a). When forest 

is converted into a plantation, there is often runoff of soil particulates as well as nutrients, 

and chemicals (herbicides and pesticides), particularly if crops are grown to the edge of 

waterways (Williamson et al., 2008). Such runoff disrupts the natural state of the water 

chemistry and alters channel physical structure. Additionally, modifications that occur 

in the area surrounding water bodies can alter the microclimatic conditions in and around 

the water (Chapter 3 & 4) and reduce inputs from riparian habitats (Lo et al., 2020). 

This in turn, can cause the loss of some taxa whose preferred microhabitats are lost, 

reduced, or altered due to shifts in stream conditions. 

Finally, habitat disturbance and change on land affecting aquatic ecosystems also 

represents potential threats to human health and wellbeing. For instance, inputs from the 

catchment surrounding waterways can pollute water, making it unsafe for humans to use. 

In addition, if waterways are polluted, consumption of freshwater species, such as fish, 

might also impact the health of people who eat them (Al-Mamun et al., 2018; Williamson 

et al., 2008). In the longer term, the loss of sensitive taxa might disrupt the stability of 

an aquatic system, resulting in declines of taxa of direct benefits to people (Feio et al., 

2023). Since a high number of people in Southeast Asia live in rural areas (The World 

Bank, 2023) or rely on farming, and use waterways in this way for drinking (Ismail & 

Go, 2021), change in the water quality could impact a very large number of people. 
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7.2.3 Importance of taking large- and small-scale approaches to understand habitat 
change and incorporate biodiversity conservation into altered habitats 

As a complement to preventing further conversion of primary forests, conservation 

efforts should also be conducted outside of protected areas. Such approaches can support 

persisting (tolerant) taxa through provision of habitats and resources. This approach will 

not protect disturbance intolerant or forest specialist taxa (Atkinson et al., 2022), but can 

support a higher level of biodiversity in the surrounding landscape, as well as associated 

functions. Studies have shown the importance of incorporating both landscape (large) 

and local (small) scale biodiversity conservation approaches in altered habitats (e.g., 

Ashton-Butt et al., 2018; Kurz et al., 2016; Luke et al., 2017b), and this thesis has also 

demonstrated this. Indeed, management that considers key requirements of target taxa 

often has a higher success rate for effective conservation (e.g., Kolkman et al., 2022). 

This is because effective management for biodiversity conservation provides the 

conditions and resources that targeted taxa need to feed and reproduce (Kolkman et al., 

2022; Samways et al., 2020), such as nest and egg laying sites, food resources, shelter, 

and connectivity (Samways et al., 2020). 

At the large scale, in Chapters 3 and 5, this thesis identified several 

environmental parameters that significantly impacted semi-aquatic bugs (in terms of 

abundance, species richness, and community composition) and butterflies (abundance)  

within oil palm landscapes. We found higher richness and abundance of semi-aquatic 

bugs in streams with forested margins (riparian buffer strips) and within streams which 

had less rapid flow speed, lower water temperature and average canopy openness, as 

well as lower percentage rapids and riffles, and those with steeper slopes, and higher 

percentage cover of rocks, isolated pools, and deadwood (Chapter 3). For butterflies, 
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there was a higher density of butterflies with more understory vegetation (particularly 

species that are hostplants for larvae) and more abundant nectar sources (Chapter 5). 

These findings therefore can inform plantation managers on factors that are likely to 

increase the abundance of both taxa. 

At the small scale (10-meter transects), Chapter 4 found that the presence of 

riparian buffer strips was significantly associated with a higher number of semi-aquatic 

bugs, and impacted community composition. Within-stream physical structure was also 

associated with more abundant semi-aquatic bugs at the small scale (particularly wider 

wetted width, more isolated pools, shallower slopes, and lower percentage of 

deadwood). Additionally, streams with forested riparian buffer strips supported a higher 

richness of semi-aquatic bugs than streams without (although still considerably lower 

than streams with a forested catchment, i.e., only by two species in this thesis). 

Furthermore, streams with higher canopy openness, higher percentage cover of 

deadwood, lower percentage cover of pebbles, and narrower wetted width were 

associated with a higher proportion of juvenile bugs (Chapter 4). Finally, in Chapter 

6, understory vegetation characteristics affected the behaviours of two common butterfly 

species (Leptosia nina and Ypthima spp.). From the direct observations, I found that 

understory vegetation within plantations supported the resource-use behaviours of the 

two butterfly species, particularly by providing nectar sources and substrates for resting 

and sunning. Similar with the large-scale effects, tailoring management to the 

requirements of target taxa at the small scale could potentially provide better support for 

such taxa within altered habitats (Reiss-Woolever et al., 2023a, b). 
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7.2.4 Working with varied stakeholders with differing management decisions 

Findings from this thesis (Chapters 3 – 6) and other studies from the existing literature 

(e.g., King & Brown, 2010; Reed et al., 2008) indicate that management to support 

biodiversity conservation should be tailored to the type of stakeholders. Industrial 

plantations and smallholders differ in size and in how they manage plantations. Firstly, 

industrial plantations are generally larger in size than smallholdings (Shuhada et al., 

2020). Secondly, unlike industrial plantations, smallholding plantations tend to be 

located among other types of land-use, such as habitation (Chapter 5). Such an 

arrangement will have different impacts on local wildlife, when compared to industrial 

plantations. For instance, this thesis found that differing neighbouring habitat types 

surrounding a plantation significantly affected the abundance of butterflies (Chapter 5). 

Thirdly, industrial plantations and smallholdings also differ in their management (Comte 

et al., 2012; Shuhada et al., 2020), again resulting in different impacts on the 

environment. For example, industrial oil palm has more extensive research and 

development to improve production, such as leaf and soil analyses, whilst smallholdings 

commonly do not have access to such sophisticated approaches. As a result, industrial 

plantations are often much more targeted in their application of pesticides and fertilisers 

(Comte et al., 2012). Additionally, as shown in this thesis, some smallholders cultivated 

oil palm with other crops (polyculture), unlike industrial plantations. Although we found 

no significant effects of practicing such polyculture on the diversity and abundance of 

butterflies (Chapter 5), oil palm polyculture plantations could provide food resources 

for local butterflies, such as fruit-producing crops that can be food resources for fruit-

feeding butterflies (Asmah et al., 2017), opening up a possibility of enhancing the 

number of local butterflies within smallholding plantations. 
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 Considering the above, to provide better habitats and resources for biodiversity, 

recommendations for optimum agricultural practices should be tailored to the type of 

estate under consideration. Although current policies have been established according to 

the type of stakeholders (RSPO, 2018), understanding on how differing layouts of 

plantations and management practices can impact wildlife differently is still lacking 

(Luke et al., 2019b; Popkin et al., 2022). Therefore, this thesis has provided new 

evidence of how current management in industrial and smallholding plantations affect 

local biodiversity. 

 

7.2.5 The pervading effects of climate change 

Climate change can exacerbate existing threats from forest conversion and associated 

impacts (pollution as well as altered chemical and physical structures of habitats) in 

terrestrial (Habel et al., 2021; Molina-Martínez et al., 2016) and freshwater systems (to 

Bühne et al., 2021; Carpenter et al., 2011). Impacts resulting from climate change, such 

as warming average temperatures, changes in the lengths of seasons, as well as increased 

extreme weather events, can drive extinction of species, particularly those that are 

temperature sensitive. Habitat change can also alter microclimatic conditions within a 

system (Lembrechts & Nijs, 2020), potentially making habitats more susceptible to 

climate change-induced warming. For instance, the loss of canopy cover in oil palm 

streams without riparian buffer strips, that I found in this study, as well as the hotter air 

temperature within oil palm plantations than forests (Hardwick et al., 2015) can be even 

higher with a warming climate, potentially causing more loss of sensitive species. To 

avoid further loss of biodiversity, conservation management within altered habitats 
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should be tailored to facilitate organisms to get the resources they need, such as access 

to shelter and breeding sites, food plants, or prey items. 

In this thesis, I identified several factors that are associated with a higher 

abundance or richness of semi-aquatic bugs (Chapter 3 & 4) as well as abundance of 

butterflies (Chapter 5) and their behaviours (Chapter 6), and those factors are 

potentially related to the resources these two taxa need to survive and reproduce. 

Therefore, more research investigating the potential dual benefits of these approaches 

(for guarding against habitat loss effects and climate change effects) is  needed.  Some 

studies predict that species in the tropics may be more vulnerable to climate change, due 

to their narrower tolerance to environmental temperature variation (Bonacina et al., 

2023). Despite existing studies assessing how tropical communities respond to a 

warming climate, studies answering how differing taxa, such as macroinvertebrates, 

respond to such change is lacking, meriting further investigation (Bonacina et al., 2023).  

 

7.3 | Directions for future research 

This thesis has identified several environmental parameters associated with the richness, 

abundance, and community composition of semi-aquatic bugs, as well as the density of 

butterfly assemblages. Future research could be directed to investigate the effects of 

those parameters further and assess whether they benefit these two taxa, in terms 

maintaining similar community/ assemblage composition to forest sites. Paired to this, 

future research could investigate how these factors affect the food web in a local system, 

to quantify any cascading effects through the ecosystem. Such research could provide 

clarity in how the population size of a taxon affects other taxa and higher trophic levels. 
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For semi-aquatic bugs, further research could also include assessments of the 

effects of differing buffer widths on semi-aquatic bug communities. This thesis has 

demonstrated that the loss of riparian buffer strips alters the community composition of 

semi-aquatic bugs, indicating the importance of maintaining forested riparian margins. 

However, it is still not known if differing buffer size will have different effects on semi-

aquatic bugs. In addition, since findings in this thesis are based on studies in industrial 

plantations, it is not certain if the same results would be obtained for smallholdings. 

Hence, another potential scope of research is assessing the effect of forest buffers in a 

smallholding context. This is particularly relevant, since characteristics and management 

of industrial and smallholding plantations differ (Comte et al., 2012; Shuhada et al., 

2020). Assessing the effects of alternative riparian margin restoration on semi-aquatic 

bugs is also another potential area for further study, particularly regarding the type of 

vegetation forming the buffer strips. 

For butterflies, research could also be carried out to assess the efficiency of 

conservation efforts, if local smallholders work together. I found that the population of 

wildlife in a plantation is significantly affected by the conditions of its surrounding area. 

Hence, there is potential scope for research to assess whether tailoring efforts within and 

around plantations could benefit butterfly assemblages. Since butterflies are a popular 

animal group among smallholders in the study sites (from surveys conducted by a 

colleague in our research group), their popularity could be used as a tool to garner further 

conservation efforts within smallholding plantations. For example, during my studies, I 

corresponded about butterflies with smallholders through a WhatsApp group, which 

could represent a tool for supporting coordinated smallholder management. Finally, the 
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behavioural methods that I developed in Chapter 6 could be applied to a wider range of 

butterfly species and study systems. 

At a broader level, future research should also consider incorporating the impacts 

of inputs from multiple systems on biodiversity, since human actions often cause 

widespread effects (Ormerod et al., 2010). In an oil palm context, there are many aspects 

of management that were not directly assessed in this study, but could potentially affect 

freshwater communities, such as how wastewater from oil palm mills is treated and how 

this affects waterways and local species. There are also very few studies that assess how 

interactions between land-use change and climate change affect dynamics within 

freshwater systems, such as streamflow, water temperature (due to global warming), 

habitat structure, aquatic species, and ecosystem processes (Taniwaki et al., 2017).  

Finally, in terms of restoring degraded systems for biodiversity conservation, it 

is important to identify and quantify specific targets for restoration (Rubin et al., 2017). 

Such targets should be tailored to differing priorities in different systems, particularly in 

terms of what functions or services should be prioritised. For polluted urban streams, for 

example, restoring water quality may be the top priority, rather than restoring habitats to 

meet the requirements of certain taxa. In contrast, in other less-degraded areas, more 

targeted interventions, such as adding dead wood into water bodies, may be more 

appropriate to benefit taxa with these requirements, but which may not be heavily 

influenced by water quality (Rubin et al., 2017). 
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7.4 | Conclusion 

This thesis has provided novel evidence about the impacts of rainforest logging and 

conversion to oil palm on semi-aquatic bugs in Sabah, Borneo as well as effects of 

replanting and management decisions within oil palm smallholdings on butterfly 

assemblages in Banting, Peninsular Malaysia. Rainforest conversion reduces species 

richness and abundance of semi-aquatic bugs in Borneo, while differing management 

decision of oil palm smallholders do not have significant impacts on butterfly 

assemblages in Peninsular Malaysia. In addition, I have demonstrated that tailoring 

management at large and small scales can improve biodiversity conservation in altered 

systems, particularly for semi-aquatic bugs and butterflies. I also developed length-

biomass equations that can be used to estimate the biomass of semi-aquatic bugs from 

their body lengths, facilitating future ecological studies to consider assessment on 

biomass of semi-aquatic bugs. Additionally, the developed methods for direct 

observations on butterflies can be used to understand how different butterfly species use 

resources within habitats. As habitat change continues to accelerate worldwide, and the 

impacts of climate change on taxa become more marked, it is more important than ever 

that conservation approaches are developed to efficiently target conservation protection 

to the most biodiverse areas, while also supporting functionally important taxa in the 

wider landscape. My thesis has added to the body of knowledge supporting these 

approaches for understudied taxa and ecosystems. 
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