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Arthropods play important roles in ecosystem function and are widely used as indicator species 

in terrestrial biomonitoring surveys. Traditionally, arthropod surveys have relied on 

morphological taxonomic identification, which is typically labour intensive and requires 

expertise in identification across multiple taxonomic groups. This makes undertaking in-depth 

arthropod surveys costly. In recent years, DNA metabarcoding has emerged as a 

complementary tool that can help combat some of the disadvantages of morphological surveys 

due to its ability to assess biodiversity from hundreds of samples in parallel rapidly. Another 

advantage of DNA metabarcoding is that it allows for the detection of organisms that the 

arthropods have in one way, or another interacted with, for instance, plants or vertebrates. This 

thesis explores how DNA metabarcoding of invertebrates can monitor ecosystem responses to 

change by looking at invertebrates as a proxy for broader ecosystem functioning and health. I 

begin with a review of the various uses that metabarcoding has for monitoring terrestrial 

ecosystems (Chapter 2). I then follow with four experimental chapters covering some of the 

main ways that metabarcoding can be used to monitor environments with the common themes 

of a) the scale of the impact, b) measuring species interactions, and c) how this information 

can be used for conservation and land management. I look at the scale at which invertebrates 

can be used to detect changes in the ecosystem through the lens of overall arthropod 

communities at mine sites (Chapter 3). I then delve into how the interactions between plants 

and invertebrates change in response to urbanisation (Chapter 4). My final chapters look at 

the interactions of arthropods with vertebrates, and I aim to uncover how we can use 

invertebrate derived DNA (iDNA) from carrion flies in Australian ecosystems to track 

vertebrate populations (Chapters 5 and 6). The results from this body of work add depth and 

clarity to the tremendous potential of invertebrate metabarcoding to monitor terrestrial 

ecosystems and therefore opens the door to many new and exciting avenues for future research 

that will eventually make invertebrate metabarcoding more widespread in terrestrial 

ecosystem monitoring. 
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ler en vigtige rolle i økosystemets funktioner og er meget udbredt som indikatorarter i 

jordbaserede biomonitoreringsundersøgelser. Traditionelt har leddyrundersøgelser været 

afhængige af morfologisk taksonomisk identifikation, som typisk er arbejdskrævende, samt 

kræver ekspertise til identifikation af arter på tværs af flere taksonomiske grupper, hvilket gør 

det dyrt at foretage dybdegående undersøgelser af leddyr. I de senere år er DNA-

metabarcoding dukket op som et komplementært værktøj, der kan hjælpe med at bekæmpe 

nogle af ulemperne ved morfologiske undersøgelser, grundet dets evne til hurtigt at vurdere 

biodiversitet ud fra hundredvis af prøver parallelt. En anden fordel ved DNA-metabarcoding 

er, at det giver mulighed for påvisning af organismer der på den ene eller anden måde har 

interageret med leddyr, for eksempel planter eller hvirveldyr. Denne afhandling undersøger 

hvordan DNA-metabarcoding a hvirvelløse dyr kan bruges til monitorering af økosystemers 

respons til ændringer i miljøet, ved at se på hvirvelløse dyr som en proxy for bredere 

økosystemfunktion og sundhed. Jeg begynder med en gennemgang af de forskellige 

anvendelser metabarcoding har til overvågning af terrestriske økosystemer (kapitel 2). Jeg 

følger derefter op med fire eksperimentelle kapitler, der dækker nogle af de vigtigste måder 

metabarcoding kan bruges til at overvåge miljøer med de fælles temaer som a) størrelse af 

miljøpåvirkningen, b) mål for artsinteraktioner og c) hvordan denne information kan blive 

brugt til natur forvaltning og land management. Jeg undersøger under hvilket omfang 

hvirvelløse dyr kan bruges til at detektere ændringer i økosystemet, ved brug a leddyr 

communities omkring miner (kapitel 3). Jeg dykker derefter ned i, hvordan interaktionerne 

mellem planter og hvirvelløse dyr ændrer sig som reaktion på urbanisering (kapitel 4). Mine 

sidste kapitler ser på leddyrs interaktioner med hvirveldyr, hvor jeg hvordan vi kan bruge DNA 

fra hvirvelløse dyr (iDNA), specifikt ådselfluer i australske økosystemer, til at spore 

hvirveldyrpopulationer (kapitel 5 og 6). Resultaterne fra dette arbejde demonstrere det enorme 

potentiale metabarcoding af hvirvelløse dyr har til at overvåge terrestriske økosystemer og 

åbner derfor døren til mange nye og spændende muligheder for fremtidig forskning, der i sidste 

ende vil gøre metabarcoding af hvirvelløse dyr mere udbredt i terrestrisk 

økosystemovervågning. 
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Arthropods play various roles in ecosystem function and are widely used as indicator 

species in terrestrial biomonitoring surveys. Traditionally, arthropod surveys have 

relied on morphological taxonomic identification, which is typically labour intensive 

and requires expertise in identification across multiple taxonomic groups. This makes 

undertaking in-depth arthropod surveys costly. In recent years, DNA metabarcoding 

has emerged as a complementary tool that can help combat some of the disadvantages 

of morphological surveys due to its ability to assess biodiversity from hundreds of 

samples in parallel rapidly. Another advantage of DNA metabarcoding is that it allows 

for the detection of organisms that the arthropods have in one way, or another 

interacted with, for instance, plants or vertebrates. This thesis explores how DNA 

metabarcoding of invertebrates can monitor ecosystem responses to change by looking 

at invertebrates as a proxy for broader ecosystem functioning and health. 

The research described within this thesis encompasses a literature review and four 

different case studies, with the common theme of using DNA metabarcoding on 

invertebrates. I sought to answer whether invertebrate DNA metabarcoding can be 

used to monitor changes in terrestrial ecosystems through the lens of three key areas; 

the ability and sensitivity to detect change, uncover species interactions, and finally, 

its utility for conservation and land management.  

Chapter 2 presents a comprehensive literature review describing the history and 

applications of bulk arthropod sample metabarcoding. Here, I review previous 

literature to explore the use of this technique in monitoring arthropod diversity, habitat 

quality assessment, the study of plant-pollinator interactions, vertebrate monitoring, 

and the transmission of vector-borne pathogens. I also discuss current limitations and 

perspectives on future research areas.  

In Chapter 3, I aimed to examine the sensitivity of the DNA metabarcoding method to 

detect change through a case study at three mine sites in the Midwest region of Western 
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Australia. Here I aimed to uncover if exploration infrastructure impacted ground-

dwelling arthropods and the scale of impacts if they occurred. I found that the 

communities of arthropods were strongly affected by the type of exploration 

disturbance, with community composition shifting within 100 metres from more 

extreme disturbances. This chapter showed that DNA metabarcoding is sensitive to 

detect change at a very small scale, with implications for ecosystem management and 

remediation of these impacted landscapes. 

In Chapter 4, I examine how invertebrate DNA metabarcoding can be used to look at 

species interactions through the case study of native bees in the urban Perth 

Metropolitan Region of Western Australia. In this study, I examined eight species of 

cavity-nesting bees to determine how their foraging sources changed in urban and 

natural environments by looking at the contents of nesting tubes. I discovered that 

DNA metabarcoding could identify patterns of change in foraging behaviour, with 

specialised bee species identified to access a much broader range of forage sources 

than previously thought when found in urban environments. Furthermore, for two bee 

species in this study that were difficult to survey visually this was the first time that 

forage sources and potential host plants had been recorded. These results demonstrate 

that DNA metabarcoding can be used to reveal species interactions and uncover 

knowledge on species ecology that traditional methods had been unable to show.  

In Chapters 5 and 6, I combine the three key areas of my thesis to examine how 

sensitive DNA metabarcoding is to identify species interactions and how uncovering 

this data can be used in conservation and land management. Here I look at invertebrate 

derived DNA (iDNA) from carrion flies to monitor vertebrates. First, I aimed to 

examine the scale and preference of carrion flies by looking at different classes of 

animals and the distance that these animals can be detected using a case study of Perth 

Zoo (Chapter 5). I uncovered that iDNA from carrion flies is predominantly 

mammalian and can be detected at an approximate distance of 1.25 km from a source 

point. This technique was then applied in a naturalised environment to detect the 

distribution of several key mammalian species within a 742 km2 area of fragmented 

reserves and pastoral land (Chapter 6). Here I found that these iDNA detections were 

representative of known distributions of the key taxa and was able to detect several 

threatened mammal species within reserves.  



 ix 

In a broader context, the data and analyses presented in this thesis emphasise how 

essential invertebrate biomonitoring is for understanding ecosystem health. Through 

the case studies, I demonstrate that invertebrate DNA metabarcoding technology can 

be used beyond simple arthropod biodiversity surveys to provide valuable insight into 

various areas of ecological interest. This thesis creates new knowledge and tests novel 

methods, opening new ways to interpret and design DNA metabarcoding studies - 

ultimately leading to better detection of biodiversity changes in the environment. The 

results from this body of work add depth and clarity to the tremendous potential of 

metabarcoding as a tool to monitor terrestrial ecosystems and therefore opens the door 

to many new and exciting avenues for future research that will eventually make 

invertebrate DNA metabarcoding more widespread in terrestrial ecosystem 

monitoring. 
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CHAPTER 1  

GENERAL INTRODUCTION 
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1.1 Biomonitoring 

Environmental change has profoundly altered biodiversity and the provision of 

ecosystem services across the globe (Bohan et al., 2017). Since the Industrial 

Revolution, biomonitoring programs have been used to measure these environmental 

changes and their effects on the natural world (Gray et al., 2014). Biomonitoring refers 

to the monitoring of biological indicators of stressors in the environment; this can refer 

to monitoring at a molecular level of biochemical markers of stress or monitoring 

large-scale impacts, such as the changes in structure and composition of whole 

communities of organisms (Derocles et al., 2018). Hereafter I refer to biomonitoring 

at this community scale. At a community level, biomonitoring refers to recording 

species diversity and abundances across locations using various ecosystem census 

techniques and taxonomic identification (Derocles et al., 2018). This census 

information is then assessed against a baseline level relative to a reference system or 

idealised target (for example, a target based on an acceptable level of a response 

variable or a restoration goal) (Gray et al., 2014). Biomonitoring studies can measure 

the response and recovery of communities from disturbances, protect biodiversity, 

evaluate compliance, and build on the understanding of the relationship between the 

abiotic and biotic components of ecosystems (Hershey, Lamberti, Chaloner, & 

Northington, 2010). Hence, biomonitoring underpins many areas of environmental 

policy and land management (Niemeijer, 2002). Many different organism groups can 

be used in biomonitoring; however, invertebrates are most commonly used in both 

terrestrial and aquatic ecosystems (Gerlach, Samways, & Pryke, 2013).  
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1.1.1 Biomonitoring using invertebrates 

Invertebrates are a group of highly diverse organisms that constitute a large proportion 

of the species and biomass on Earth (Wagner, 2020). They exhibit a diversity of size, 

life histories, and habitat specialisations essential to various critical ecosystem 

services, such as pollination (Obrist & Duelli, 2010). These factors make invertebrates 

ideal ecosystem indicators (Kim, 1993). Furthermore, the diversity and ubiquity in 

many environments, ease of sampling, and sensitivity to disturbance have made 

invertebrates standard measures of ecosystem stress and health (Birk et al., 2012; 

Gerlach et al., 2013).  

Invertebrate biomonitoring programs usually involve the mass collection of 

invertebrates in traps, followed by morphological identification of the individual 

specimens within traps, calculating biodiversity and abundance (Gerlach et al., 2013). 

However, despite the value of invertebrates as indicators in the environment, their 

usage has been limited due to the high taxonomic diversity of invertebrate groups, 

which includes numerous cryptic and undescribed species with poorly known ecology 

(McGeoch, 1998). Therefore, to carry out biomonitoring using invertebrates requires 

a deal of expertise in morphological identification across invertebrate groups, which 

can be resource and time-intensive depending on the availability of identification keys, 

local experts, or the volume of individuals within a trap (Gerlach et al., 2013; 

McGeoch, 1998; Yu et al., 2012).  
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To navigate this limitation, some studies will identify taxa with coarser taxonomic 

resolution (de Oliveira, Ortega, Ribas, Lopes, & Bini, 2020; Souza et al., 2016) or use 

well studied focal groups to act as a proxy (Pik, Oliver, & Beattie, 1999) instead of 

studying whole arthropod composition within a system. These species groups are used 

as indicators of system responses to stress because their ecology and species are well 

known, they respond quickly to disturbance, and their responses can reflect overall 

ecosystem responses (Pik et al., 1999). This comes with its own sets of caveats. Some 

studies have found that coarse taxonomic resolution is unable to identify diverse 

responses to ecosystem stress (Macher et al., 2016). Additionally, some invertebrate 

species are so spatially distinct from other groups (for example, ants on the forest floor, 

compared to flying insects within the canopy), the disturbance impacts to one species 

group may not transcend into all groups (Silva, Karunarathna, & Karunaratne, 2017). 

With global biodiversity in decline, especially in arthropods and other invertebrate 

groups (Wagner, 2020), there is a motivation to document ecosystem biodiversity 

changes and develop and communicate methods to mitigate the threats to global 

ecosystems (Wilson & Fox, 2021). Technological advancements will be an important 

part of increasing the accuracy, speed, and breadth of biodiversity monitoring. One 

such advancement has been using DNA-based methods to monitor arthropod 

communities in ecosystems.  



 5 

1.2 DNA metabarcoding as a tool for biomonitoring 

DNA-based strategies for identifying species have been proposed since the 1980s 

using various techniques (Taberlet, Coissac, Pompanon, Brochmann, & Willerslev, 

2012). However, the development of polymer chain reaction (PCR) based 

amplification of DNA (Mullis & Faloona, 1987; Saiki et al., 1988) and the discovery 

of universal primers (T. D. Kocher et al., 1989; Taberlet, Gielly, Pautou, & Bouvet, 

1991) have given way to a standardised approach for ‘DNA barcoding’ for species 

identification. In the last two decades, DNA barcoding has been applied globally to 

catalogue life on the planet. This impressive effort has facilitated the creation of global 

taxonomic reference libraries, such as the Barcode of Life database 

(http://www.barcodeoflife.org/), to document and curate the world’s taxonomic 

biodiversity. However, DNA barcoding was designed for the identification of species 

from DNA isolated from intact single specimens using Sanger sequencing (Taberlet et 

al., 2012), with a focus on taxonomic delimitation (Hubert & Hanner, 2015). With the 

high number of invertebrate specimens collected from ecological studies, DNA 

barcoding by itself may not be practical for use as it can be very time-consuming or 

near impossible to select appropriate specimens for such analysis (Taberlet et al., 

2012). The development of high-throughput sequencing (HTS) (also known as next-

generation sequencing (NGS)) has made it possible to generate millions of sequencing 

reads in parallel – paving the way for metagenomic applications that could be used to 

identify genetic material from communities of mixed organisms. One such 

metagenomic technique is metabarcoding.  

http://www.barcodeoflife.org/
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The term metabarcoding was first used in 2011 (Pompanon, Coissac, & Taberlet, 

, describing the simultaneous PCR amplification and 2011; Riaz et al., 2011)

-sequencing of DNA from various species in one sample using ‘universal’ mini

. These regions are selected because they (Taberlet et al., 2012)arcode gene regions b

are shared amongst a wider group of organisms (universal) but have enough variation 

. The metabarcoding (Riaz et al., 2011)within the region to distinguish taxa apart 

thodology uses PCR primers tagged with molecular identification tags (MIDS) or me

8 bp) that can -indexes. MID tags are generally small nucleotide sequences (between 5

identify one sample from another. Amplifying each sample using primers with a 

allows for the pooling of multiple samples (multiplexing) to be  unique MID tag

. Sequences can then be associated back to (Taberlet et al., 2012)sequenced together 

the sample they originated from, and the taxa within the sample can be identified. This 

rsity audits can now be conducted across hundreds of samples means that biodive

simultaneously, significantly decreasing the time it would take to perform the same 

. (Ji et al., 2013)studies using morphological identification  
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1.3 DNA metabarcoding of invertebrates 

The development of metabarcoding techniques has dramatically increased the scope 

of biodiversity assessments, especially for invertebrates with large numbers of cryptic 

or undescribed species. The use of metabarcoding to identify arthropods was first 

attempted by Yu et al. (2012) to characterise the biodiversity of arthropods from bulk 

samples of canopy sweepings and malaise traps in the tropics. This study showed that 

it was possible to use metabarcoding to assess biodiversity rapidly and accurately 

across a range of taxa. Since then, DNA metabarcoding based analysis of invertebrate 

groups has been applied in a wide variety of ecological applications across the globe, 

from ecosystem restoration monitoring (Fernandes et al., 2019) to tracking pathogens 

(Miller, Hopkins, Inward, & Vogler, 2016). Metabarcoding of whole invertebrate 

communities has been shown to be faster and more cost effective than traditional 

morphological identification across samples (Ji et al., 2013). Further, because 

metabarcoding assays can be used to target specific groups of organisms, collecting an 

invertebrate sample for metabarcoding is not restricted to identifying just the 

invertebrates within it. Invertebrates are used for biomonitoring because of their 

importance to ecosystems through their interactions with the many different trophic 

groups (McGeoch, 1998). Using invertebrate metabarcoding makes it possible to look 

at the interactions of multiple groups within an environment, from plants to vertebrates 

(Schnell et al., 2015; van der Heyde et al., 2020). Measuring species interactions and 

networks in ecosystems has been recommended as a critical next step in improving 

biomonitoring science (Gray et al., 2014). 
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1.3.1 Plant-insect interactions 

One of the most pivotal interactions in ecological systems is between insects and plants 

(Potts et al., 2010). These relationships are crucial for many different ecosystem 

functions, from pollination to disease spread, and hence have direct links to human 

food production systems and overall ecosystem health. The traditional methodologies 

associated with measuring and studying plant-insect interactions require observing the 

plant and insect species and assessing the nature of their interaction (Burkle & 

Alarcón, 2011). However, it is difficult to conduct these studies at large scales because 

of the time and skill required to undertake observation studies (Alarcón, 2009). Hence, 

the development of DNA based techniques in recent years has been explored as a 

beneficial complement to traditional methods (Evans & Kitson, 2020). Here, 

metabarcoding can be used on the gut contents of insects for dietary studies (Masonick, 

Hernandez, & Weirauch, 2019), or metabarcoding can even be applied to flowers to 

uncover plant-pollinator networks by detecting the invertebrates that have visited 

(Thomsen & Sigsgaard, 2019). Furthermore, it is possible to study insect behaviour 

and foraging patterns through metabarcoding insect pollen loads (Lucas et al., 2018; 

Macgregor et al., 2019; Pornon et al., 2016) or insect brood cells (Gresty et al., 2018). 

For species with little knowledge on ecology or host-plant preference, the use of 

metabarcoding can be beneficial to bridge these knowledge gaps and aid in the 

conservation and management of ecosystem functioning and diversity.  



 9 

1.3.2 Vertebrate-invertebrate interactions 

Many invertebrate groups interact with vertebrates by feeding on their blood, faeces, 

carcasses, or flesh. Metabarcoding can be used on the gut contents of these 

invertebrates to detect these food sources and hence monitor vertebrate species in the 

environment (Calvignac-Spencer, Leendertz, Gilbert, & Schubert, 2013). This is 

known as invertebrate derived DNA (iDNA) and has been applied to a variety of 

invertebrate groups such as leeches (Ji et al., 2022; Schnell et al., 2015), carrion flies 

(Calvignac‐Spencer et al., 2013; Rodgers et al., 2017; Schubert & Stockhausen, 2015), 

mosquitoes (Massey et al., 2021; Reeves, Holderman, Gillett-Kaufman, Kawahara, & 

Kaufman, 2016), sandflies (A. Kocher et al., 2017; Massey et al., 2021), and ticks 

(Gariepy, Lindsay, Ogden, & Gregory, 2012). Although, it is also possible to use 

arthropods sourced from bulk arthropod samples such as malaise traps to identify 

vertebrates (Lynggaard et al., 2019). Traditional methods for monitoring vertebrates 

require the direct observation of an animal or its traces, which is usually carried out by 

trapping animals or conducting observational surveys (Lee, Gan, Clements, & Wilson, 

2016). In recent years, non-invasive methods have developed as technology has 

advanced, such as acoustic or camera trapping. However, these methods require 

considerable person-hours to process audio or visual recordings, and often the 

identification of smaller-bodied or non-mammalian species can be challenging 

(Gogarten et al., 2019). In comparison studies, iDNA has shown to be a valuable tool 

for detecting smaller-bodied and arboreal mammals and can detect groups such as 

amphibians and birds that can be difficult to detect using camera traps alone (Gogarten 

et al., 2019). Hence, iDNA metabarcoding has immense utility in conservation and 

land management.  
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1.4 The DNA metabarcoding workflow  

The applications of invertebrate DNA metabarcoding for terrestrial monitoring are 

seemingly endless. However, several key considerations need to be made across the 

workflow to use the metabarcoding method effectively. The following section will 

briefly describe the DNA metabarcoding workflow to explain the key terms and 

methodology used throughout this body of work (simplified in Fig 1-1). 

 

 

Figure 1-1:  Basic Invertebrate DNA metabarcoding workflow. Once samples are 

collected, DNA is extracted. Next, PCR amplification is used to add MID tags. 

Sequencing libraries are then prepared and pooled for sequencing. After sequencing, 

samples are quality-filtered, demultiplexed, and dereplicated using various 

bioinformatics protocols. The sequences in the samples can then be taxonomically 

identified and used in biodiversity analysis. Created with BioRender.com. 
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1.4.1 Sources of DNA for metabarcoding 

Invertebrate DNA metabarcoding has a unique versatility in a biomonitoring context 

in that it is a methodology that can be applied in a variety of ways. There are a few 

main approaches to metabarcoding that studies have used for invertebrates. The 

dominant method has been through the collection of bulk arthropod samples from traps 

which are commonly used for standard biodiversity monitoring (for example, pitfall 

traps, malaise traps, and leaf litter traps) in both aquatic and terrestrial ecosystems 

(Beng et al., 2016; Kuntke, de Jonge, Hesselsøe, & Lund Nielsen, 2020; Liu, Clarke, 

Baker, Jordan, & Burridge, 2019). These are often called ‘bulk tissue samples’ or ‘bulk 

samples.’ It is also possible to extract invertebrate DNA from environmental substrates 

such as soil (Oliverio, Gan, Wickings, & Fierer, 2018), water (Mychek‐Londer, 

Balasingham, & Heath, 2019), and even air (Roger et al., 2022). This is known as 

environmental DNA or eDNA. Further, studies have branched out encompassing more 

than just biodiversity audits of invertebrates, but into the interactions within 

ecosystems. As discussed previously, this has considerable benefit in dietary studies 

(Masonick et al., 2019), pollination studies (Pornon et al., 2016), and detecting 

vertebrates (Schnell et al., 2015). 

Processing and extracting DNA from these samples is entirely dependent on the type 

of sample collected. Typically, with bulk sample invertebrates, it is best practice to 

size select specimens and then homogenise whole samples together to help overcome 

bias associated with uneven biomass in a mixed sample (Creedy, Ng, & Vogler, 2019; 

Elbrecht, Peinert, & Leese, 2017). Recently, new techniques have emerged in non-

destructive DNA extractions from arthropods. For example, a digestion buffer can be 

used that still retains the integrity of the exoskeletons of arthropods (Nielsen, Gilbert, 

Pape, & Bohmann, 2019). It is also possible to extract DNA for metabarcoding 

invertebrate communities from filtered preservative ethanol used in insect traps 

(Erdozain et al., 2019). The benefit of these non-destructive techniques is the retention 

of diagnostic features for taxonomic identification if reference databases are lacking, 

building reference databases, or undertaking abundance quantification if required. 

Although, the success of extracting DNA from these specimens the second time around 

may be limited (Carew, Coleman, & Hoffmann, 2018). 
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1.4.2 Amplicon sequencing 

Metabarcoding is also sometimes referred to as amplicon sequencing (Taberlet, Bonin, 

Zinger, & Coissac, 2018), and this is because it works through the sequencing of PCR 

amplicons. Once DNA has been extracted from a sample, PCR can be carried out to 

amplify targeted barcoding gene regions. Primer pairs, or assays, are short fragments 

of synthetic oligonucleotides that anneal and amplify target DNA; this target is an 

amplicon. There is no universal barcode region with taxonomic resolution across the 

entire tree of life. Therefore, assays are designed and chosen for a target species or a 

broader taxonomic group. The choices made in assay selection impact the biodiversity 

you can detect from a sample (Alberdi, Aizpurua, Gilbert, & Bohmann, 2018), and 

trade-offs need to be made when considering size, breadth, resolution of the assay, and 

the availability of reference barcodes to identify the species in a sample. For example, 

for arthropods, the cytochrome c oxidase subunit I (COI) mitochondrial DNA region 

is generally the most used in invertebrate metabarcoding studies. There has been 

considerable effort into designing and testing invertebrate metabarcoding assays from 

this gene region (Elbrecht et al., 2019). Although the COI region is not perfect (Deagle, 

Jarman, Coissac, Pompanon, & Taberlet, 2014; Porter & Hajibabaei, 2020), there is 

enough representation across reference sequence databases for major invertebrate 

taxonomic groups to make it a popular choice, as opposed to other regions such as the 

mitochondrial 12S ribosomal RNA (rRNA) gene used for vertebrates (Riaz et al., 

2011). The taxa targeted by PCR assays, however, are not limited to just one group of 

organisms, and it is possible to multiplex multiple metabarcoding assays together on 

one sample to uncover a range of biodiversity simultaneously. Invertebrate DNA 

metabarcoding has excellent potential for application in broad biodiversity audits and 

in uncovering ecosystem interactions between different trophic levels.  
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PCR involves three main stages, denaturing, annealing, and extending. At high 

temperatures, double-stranded DNA is denatured and separates into two single strands; 

the temperature is then lowered to allow the primers to anneal to target regions on the 

single strands, and the temperature is then raised slightly to allow for DNA 

polymerases to extend the target DNA using synthetic deoxynucleotide triphosphates 

(dNTPs). These stages are repeated as a cycle (denaturing, annealing, extending), 

doubling the number of DNA copies every single time. The number of cycles is 

variable but can range from 20-50 cycles depending on the efficiency of the reaction 

and the initial starting quantity of target DNA (Taberlet et al., 2018). Using PCR, it is 

possible to generate thousands to millions of copies of target DNA from a very small 

initial amount. Therefore, metabarcoding by essence is very sensitive to 

contamination. Furthermore, if matching the target of the metabarcoding assays, any 

small amount of DNA will also amplify alongside the ‘real’ sample. Therefore, it is 

good practice to include negative controls in PCR and sequence these alongside real 

samples to assess potential contamination and background contamination levels. PCR 

is also recommended to be conducted with the sterile practice in mind, with physical 

separation between the areas where DNA extractions occur and PCR amplification is 

performed (Goldberg, Strickler, & Fremier, 2018). The final number of amplicon 

copies can be quantified through visualisation on gel electrophoresis or quantitative 

PCR (qPCR), which measures the incorporation of a fluorophore during the extension 

phase to quantify DNA copy numbers in real-time.  

The efficiency of PCR is known to be variable depending on several different factors. 

Whilst, in some cases, biomolecules extracted alongside DNA, such as tannins, can 

inhibit PCR amplification, other factors such as the quality of the polymerases, the GC 

content of the primers chosen, or reaction conditions can impact reaction efficiency 

(Best, Oakes, Heather, Shawe-Taylor, & Chain, 2015). Therefore, amplicon 

sequencing workflows require quality and inhibition control checking to minimise bias 

(Murray, Coghlan, & Bunce, 2015). This will usually involve the selection of an 

optimal dilution of a sample to maximise the efficiency of PCR (Best et al., 2015; 

Murray et al., 2015). In this case, positive controls (of known quantities of uninhibited 

DNA) can also be included alongside real samples to assess inhibition levels of the 

reaction.  
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The basis of metabarcoding is the addition of MID tags to samples so that sequences 

can be identified from the sample in which they originated. These tags are added in 

the PCR reaction, whereby the metabarcoding primers also include a MID tag. The 

uniquely tagged amplicons can then be pooled and built into sequencing libraries, and 

the contents of many samples can be sequenced in parallel (Bohmann et al., 2011). 

The most common platform used today for amplicon sequencing is Illumina 

technology (Carøe & Bohmann, 2020). Illumina platforms rely on the addition of 

flanking adapters to amplicons which are complementary to the surface of the 

sequencing flow cell along with an index that acts as a unique tag for each sample. 

There are a few main approaches to adding these adapters to samples. 1) a one-step 

PCR approach, where PCR is conducted using regular gene-specific assays, the 

adapters and sample indexes are then added through ligation in a PCR free manner; 2) 

a two-step PCR approach, where samples are first amplified with the metabarcoding 

primers that carry sequence overhangs, and the second round of PCR incorporates the 

sequencing adapters and indexes; and 3) a one-step PCR approach with fusion tagged 

primers, that contains the forward and reverse adapters and indexes already as part of 

the primers (Taberlet et al., 2018). Amplicons are combined in equimolar quantities in 

a sequencing library to ensure equal sequencing depth across all samples. The fusion 

tagging approach allows for individual replicates to be incorporated into ready-to-

sequence libraries in one go, this minimises the risks associated with PCR 

contamination. Further steps to library preparation include fragment analysis and size 

selection of amplicons to remove primer dimer and purification and quantification of 

the library for optimal sequencing efficiency (Stat et al., 2017).  
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1.4.3 Bioinformatics and sequence analysis 

The most important part of working with metabarcoding data lies in the processing of 

the huge amounts of data that comes from next-generation sequencing. Whilst 

computational and storage requirements for metabarcoding data are high, another 

crucial aspect is dealing with the noise associated with amplicon datasets (Taberlet et 

al., 2018). Improvements in sequencing technology have allowed for more detailed 

descriptions of biological diversity, on both an intra and interspecific level, and for the 

detection of molecular artifacts from the amplicon sequencing methodologies. 

Bioinformatic processing, therefore, is an essential part of metabarcoding analyses to 

filter out these artifacts and reveal true ecological patterns. There are a range of tools 

available that can be used for quality filtering, including OBITools (Boyer et al., 2016), 

USEARCH (Edgar and Flyvbjerg, 2015), and R packages such as DADA2 (Callahan, 

McMurdie, Rosen, & Han, 2015). The steps and parameters that are used in 

bioinformatic processing vary in accordance with the multiplexing and sequencing 

strategies used. However, the main steps revolve around quality filtering and curating 

sequences based on quality scores (termed ‘Phred quality scores’) associated with the 

base call reading from the sequencing run. Further steps include merging reads (if 

using paired-end sequencing); sequence demultiplexing, where the MIDs used to 

identify samples are used to place each sequence to the sample it originated from; 

dereplicating sequences, where identical sequences are clustered together to reduce the 

size of the data; and the removal of chimeras and only partially sequenced 

metabarcodes. These steps are used to minimise and remove obvious artifacts that 

could stem from PCR or the sequencing methodology. However, PCR and sequencing 

errors in metabarcoding and numerous and unique sequences are more numerous than 

the actual expressions of true taxonomic diversity within any taxonomic group 

(Schloss, Gevers, & Westcott, 2011). 
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Whilst singleton unique sequences are often considered spurious and removed from 

datasets (Clare, Chain, Littlefair, & Cristescu, 2016), constructing groups of similar 

sequences, known as clustering, is an important part of seeing past the artifactual 

inflation in metabarcoding datasets to find the true biological patterns. Sequences can 

then be clustered into operational taxonomic units (OTUs) where a certain similarity 

threshold between sequences is used to group sequences together (usually between 97-

99%) or remain as unique amplicon sequence variants (ASVs). ASVs can also be 

known as zero-distance OTUs or zOTUs. ASVs or OTUs can then be matched against 

sequence reference databases to taxonomically identify the sequences clusters. While 

publicly available databases such as BOLD and GenBank are popular options, custom 

reference databases of sequences generated from single source specimens can also be 

used for querying against. Taxonomic assignments are made in accordance with 

percentage identity matching and query coverage of a sequence to those available in a 

reference database. The quality of the match to the database can leave taxonomic 

assignments of sequences ranging from a phylum to species level assignment. For 

some geographic regions, there is a lack of available reference sequence databases and 

available biodiversity information (Ashfaq & Hebert, 2016). In these cases, it can be 

possible to identify patterns in a taxonomy-independent space using ASVs or OTUs 

instead. The use of these sequence clusters (taxonomically identified or otherwise) 

provides community composition data that can then be used to make alpha or beta 

diversity assessments, however, with the caveat that nuanced ecological or functional 

inferences can be lost in taxonomy-independent space. Nevertheless, the ability to 

move beyond a taxonomy-dependent space means that metabarcoding analysis can be 

a valuable tool across multiple scales, and allows for rapid, but meaningful analysis 

even in the absence of complete databases.   
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1.5 Research gaps 

Although there has been considerable development in metabarcoding technologies, the 

predominant effort has been on assessing the benefits and limitations of its application 

in aquatic environments (Thomsen & Willerslev, 2015). Furthermore, this extends to 

invertebrate metabarcoding, where there has been considerable emphasis on using 

metabarcoding to monitor aquatic macroinvertebrate communities (Elbrecht, Vamos, 

Meissner, Aroviita, & Leese, 2017). The lack of terrestrial studies has been attributed 

mainly to the scarcity of knowledge available for terrestrial invertebrate groups. In 

aquatic systems, macroinvertebrate communities have been used routinely in habitat 

quality assessment protocols. This is because there is available knowledge on how 

habitat quality indicators (for example, pH level or nutrient load) impact the abundance 

and diversity of species in these invertebrate communities (Macher et al., 2016). 

However, whilst terrestrial systems utilise invertebrates in habitat quality assessment 

as well, there remain some significant gaps in our knowledge of species diversity and 

ecology (Paknia, Rajaei, & Koch, 2015). Therefore, developing terrestrial invertebrate 

metabarcoding studies represents a way to bridge both gaps in knowledge in the 

applications of terrestrial metabarcoding and in our understanding of terrestrial 

invertebrate diversity and ecology. 
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This thesis discusses case studies that aim to bridge three main research gaps. Firstly, 

understanding the sensitivity of this technique to detect change. It is known that using 

arthropod metabarcoding is just as sensitive as biodiversity surrogacy measures in 

determining changes in the environment (Barsoum, Bruce, Forster, Ji, & Yu, 2019). 

When it comes to environments impacted by subtle impacts, little is known about the 

sensitivity of metabarcoding to detect these changes at varying spatial scales. Further, 

this leads to the second research gap; knowledge of terrestrial invertebrate ecology. 

Understanding the scale and extent of environmental impacts is only possible when 

related to understanding how these disturbances impact invertebrate ecology. For 

many species in biodiversity hotspots, there is a significant gap in the knowledge of 

ecology and taxonomy (Ashfaq & Hebert, 2016; Gálvez-Reyes et al., 2020). This make 

interpreting the results from any biodiversity audit, including metabarcoding, difficult 

if there is insufficient data to draw meaningful ecological assessments. Therefore, 

building knowledge on species ecology will be an important part of developing 

metabarcoding studies for terrestrial biomonitoring. Finally, the third area requiring 

knowledge is the calibration of iDNA studies. To draw meaningful conclusions, it is 

necessary to understand any monitoring tool's full strengths and limitations. Although 

iDNA studies have shown to be effective in detecting vertebrate biodiversity (Schnell 

et al., 2015), studies are just beginning to explore the parameters for successful 

vertebrate detection using this method. This includes studies on the length of time that 

DNA persists (Owings et al., 2019), the effects of using different invertebrate groups 

(Massey et al., 2021), or host selection preferences (Hanya et al., 2019). However, this 

calibration effort is not evenly distributed across all the groups of invertebrates used 

in iDNA studies, and more research is required for specific groups, such as carrion 

flies.  
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1.6 Research question and thesis overview 

Understanding the scope and potential usages of metabarcoding methodologies will 

be essential for developing terrestrial ecosystem monitoring tools in the future. My 

thesis therefore addresses the overarching question of: ‘how can invertebrate DNA 

metabarcoding be used to monitor the response of terrestrial ecosystems to change?’ 

(Fig 1-2). This central research question will be answered across studies based in 

Western Australia. This thesis contains one literature review chapter (Chapter 2) and 

four data chapters (Chapters 3 to 6). Chapters 2 to 6 compromise papers in review for 

publication or prepared for publication in academic journals and follow the referencing 

style and formatting of the respective journals that they are prepared for. For continuity 

between chapters, each chapter will begin with a preface of the chapter within the 

context of the overall thesis. The final discussion chapter (Chapter 7) will synthesise 

the main findings of the thesis and make comment on the scope of this field of research 

as a technique for monitoring terrestrial ecosystems.  

In Chapter 2, I discuss the current and future applications of bulk arthropod 

metabarcoding in terrestrial ecological monitoring. The aim of this chapter was to give 

a current examination of the field and to look at the technique’s capabilities for 

terrestrial biomonitoring. Here gaps and future directions in the research are identified 

through the lens of bulk-sample metabarcoding.  

In Chapter 3, I investigate the impacts of exploration infrastructure on ground-

dwelling arthropod communities using bulk sample metabarcoding at three mine sites 

in Australia’s Midwest region. Here I look at the impacts of three different types of 

infrastructure and examine the impacts on the communities at each site. This chapter 

represents a common use of metabarcoding to examine biodiversity of arthropods, 

showing the sensitivity of the technique to detect fine scale differences in invertebrate 

communities across broader landscape level disturbances.  
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In Chapter 4, I investigate the impacts of urbanisation on the foraging habits of solitary 

cavity nesting bees in the Perth metropolitan region. This chapter represents the use of 

the ecology of an invertebrate species to reveal subtle impacts of urbanising effects on 

pollinator behaviour. This chapter further builds on how metabarcoding of 

invertebrates can be used, looking beyond biodiversity audits of invertebrates and into 

species interactions. 

In Chapter 5 and 6, I use invertebrate metabarcoding to investigate how invertebrate 

interactions in the environment can be used for conservation and land management. In 

Chapter 5 I explore iDNA monitoring through carrion flies by looking at three main 

areas; distance from a source point, biomass, taxonomic group, and how these will 

impact the detectability of vertebrates from carrion flies. The results from this study 

are used to inform the interpretations from Chapter 6. 

In Chapter 6, I use the methodology established in Chapter 5 in a field-based study. 

Here I use the iDNA method to explore the distribution of mammals within the highly 

fragmented Wheatbelt region of Western Australia focusing on conservation reserves 

and road edges. This chapter explores how iDNA metabarcoding can be used in a 

conservation and land management setting.
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Figure 1-2  Conceptual framework relating the background, key research question and specific aims of thesis 
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How can invertebrate DNA metabarcoding be used for monitoring terrestrial ecosystem responses to change?

Biomonitoring using invertebrates

• Biomonitoring is a critical process for assessing 
environmental health and mitigating the effects of 
anthropogenic stress on ecosystems

• High diversity, ease of collection, and quick to respond to 
disturbances in the environment makes invertebrates 
ideal candidates for biodiversity monitoring

• Widely used as environmental indicators for ecosystem 
health

• Difficult to monitor wide taxonomic breadth
• Time consuming
• Requires a great deal of expertise
• Using proxies (indicator species) not ideal as 

they cannot describe fine scale changes in 
biodiversity

Need a cost effective way to use invertebrate monitoring 
in the environment 

Further development/research required for how 
invertebrate DNA metabarcoding can be used in 

conservation and land management

The sensitivity of 
metabarcoding to detect 

change

DNA metabarcoding as a tool for 
biomonitoring 

• Barcoding - cataloguing the diversity of life on 
Earth

• Metabarcoding as a novel tool for rapid 
biodiversity assessment

• Many samples can be identified simultaneously 
using high throughput sequencing technology

• Has shown to be a useful tool for biodiversity 
monitoring in terrestrial and aquatic ecosystems

• Invertebrate metabarcoding has emerged as a 
way to study more than just alpha biodiversity

• Interactions and networks
• Invertebrate-derived DNA (iDNA)

Needs more data

Gaps in our knowledge of 
insect ecology

Calibration required for 
invertebrate derived DNA 

studies

Chapter 3: Metabarcoding reveals 
impacts of exploration infrastructure on 

ground dwelling arthropod 
communities at mine sites.

• Determine if ground-dwelling 
arthropod communities are 
impacted by linear infrastructure

• Determine the sensitivity of 
invertebrate DNA metabarcoding  
to detect change in the 
environment

Chapter 5: Examining the effects of distance, 
taxon, animal biomass, and diet on 

vertebrate detections from carrion fly iDNA.
• Investigate the factors that impact 

detection of vertebrates from carrion fly 
invertebrate derived DNA
• How far do carrion flies distribute a 

signal?
• Are different taxa more easily 

detected than others?
• Does biomass or diet of vertebrates 

influence carrion fly detections?

Chapter 4: DNA Metabarcoding 
identifies urban foraging patterns of 

oligolectic and polylectic cavity-nesting 
bees 

• Identify if native bee species 
change their behaviour in response 
to urbanisation

• Determine which species are more 
at risk from changes in available 
foraging materials

Chapter 6: Carrion fly iDNA 
metabarcoding can monitor threatened 

mammals in fragmented terrestrial 
ecosystems

• Are carrion fly derived detections of 
vertebrates reflective of known 
distribution of vertebrates?

• Determine the value of road-side 
reserves  in a fragmented habitat. 

Chapter 2: Literature review
• Documentation and discussion of the many different ways that invertebrate DNA metabarcoding can be used to monitor terrestrial ecosystems
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2.1 Preface 

This chapter reviews the current and past literature on the use of metabarcoding bulk 

arthropods for terrestrial ecological assessment and makes comment on the potential 

future of this technique’s application in ecological monitoring.  

In recent years there has been a rapid increase in articles published using 

metabarcoding of arthropods as valuable ecological sensors towards changes or 

disturbance to the environment. The growing number of studies sheds light on the 

importance of arthropods to the health of many ecological systems, not only through 

their diversity but through the many trophic scales that arthropods are able to access 

and interact with. However, there have not been any reviews to our knowledge that 

sum up the extent to which bulk arthropod sample metabarcoding has been applied, or 

the potential future applications of this methodology for use in monitoring terrestrial 

ecological systems. Here we explore the current and potential future use of 

metabarcoding bulk arthropod samples in arthropod biodiversity surveying (and its 

various applications in habitat quality assessment), plant-pollinator interactions, 

vertebrate monitoring, and the study of pathogen-transmission. We then discuss 

considerations for bulk arthropod sample metabarcoding, particularly the future 

developments that need to be made to advance the field. We feel that metabarcoding 

and other molecular techniques will become a common place addition to monitoring 

terrestrial ecosystems.  

This chapter consists of a manuscript that is currently being prepared for submission 

to the peer reviewed journal, Environmental DNA. It has been reformatted for 

inclusion in the thesis, but some elements of the formatting such as the structure and 

citation style remain.  
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2.2 Abstract 

Arthropods play various roles in ecosystem function and are widely used as indicator 

species in terrestrial biomonitoring surveys. Traditionally, arthropod surveys have 

relied on morphological taxonomic identification, which is typically labour intensive 

and requires expertise in identification across multiple taxonomic groups. This makes 

undertaking in-depth arthropod surveys costly. In recent years, DNA metabarcoding 

has emerged as a complementary tool that can help combat some of the disadvantages 

of morphological surveys due to its ability to rapidly assess biodiversity from hundreds 

of samples in parallel. Another advantage of DNA metabarcoding is that it allows for 

the detection of organisms that the arthropods have in one way or another interacted 

with, for instance, vertebrates, plants, fungi, bacteria, and pathogens. Therefore, for 

terrestrial ecological monitoring, metabarcoding is uniquely versatile and beneficial. 

A growing number of studies have recently used bulk arthropod sample metabarcoding 

to assess ecosystem biodiversity in various contexts. Accordingly, a review is timely 

to sum up how this technique has been used in terrestrial biomonitoring studies and to 

examine the potential future directions of the field. Here, we review studies using 

metabarcoding of terrestrial bulk arthropod samples to explore the multiple uses for 

this technique in monitoring arthropod diversity, habitat quality assessment, the study 

of plant-pollinator interactions, vertebrate monitoring, and the transmission of vector-

borne pathogens. We also discuss current limitations and perspectives on future 

research areas that need to be conducted for bulk arthropod metabarcoding to become 

more commonplace in the biomonitoring toolkit. 
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2.3 Introduction 

Arthropods are the most successful taxonomic group to roam the Earth in terms of the 

number of taxa, habitat adaptation, biomass, and ecological impact (Wagner, 2020). 

With millions of species, presence in a wide diversity of habitats, variety of ecosystem 

functions, sensitivity to disturbance, and relative ease of collection, arthropods have 

been widely used in environmental assessments of both aquatic and terrestrial 

ecosystems across the globe (da Rocha, De Almeida, Lins, and Durval, 2010; 

Tylianakis et al., 2004). For example, arthropod monitoring has been routinely used to 

assess ecosystem quality and health (Peck, Mcquaid, and Campbell, 1998; Segat et al., 

2017; Tiede et al., 2017) and to monitor pollution levels (Celli and Maccagnani, 2003; 

Ghannem, Touaylia, and Boumaiza, 2018; Salkova and Panayotova-Pencheva, 2016). 

However, their sensitivity to ecosystem disturbance has led to notable declines of 

arthropod species across the globe (Wagner, 2020), and many more will go unnoticed 

due to the large gap in our knowledge of their diversity (Sánchez-Bayo and Wyckhuys, 

2019; van Klink et al., 2020; Wagner, 2020). As arthropods are essential to 

functionality in ecosystems, arthropod communities must be documented to establish 

biodiversity baselines and inform conservation practices where these ecosystems are 

threatened.  

Traditionally, arthropod diversity assessment involves the mass collection of 

individuals (hereafter referred to as a ‘bulk sample’ or a ‘bulk arthropod sample’) using 

various trapping techniques, followed by morphological identification of each 

specimen to compile community assemblages. However, undertaking such assessment 

across multiple taxonomic groups is resource and time-intensive and requires 

specialised taxonomic expertise to identify species in each arthropod group (Basset et 

al., 2012; Ji et al., 2013; Montgomery et al., 2021). Therefore, studies are often 

restricted to selected taxonomic groups such as ants, beetles, or butterflies, which are 

used as indicators of ecosystem change (Oliver and Beattie, 1996; Pik, Oliver, and 

Beattie, 1999; Terlizzi et al., 2003). Unfortunately, focusing on only select taxonomic 

groups has been shown to inaccurately depict true biodiversity, as many of these 

arthropod groups do not interact or overlap with each other spatially or in taxonomic 

richness (Khosravi and Hemami, 2019; Prendergast et al., 1993; van Jaarsveld et al., 

1998). Put simply, sometimes, the arthropods that might be easy to identify (or count) 

may not be the best indicators for a given study. 
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Recent developments in DNA sequencing technologies have overcome some of the 

limitations of morphology-based studies, enabling the survey of multiple taxonomic 

groups with accuracy (Yu et al., 2012). For this, the most common method is 

metabarcoding. Metabarcoding is a method that can be used to simultaneously identify 

the taxa from multiple mixed-species samples in parallel, reducing the time taken to 

undertake biodiversity surveying (Taberlet et al. 2012). Metabarcoding uses a targeted 

approach in which only taxonomically informative markers (typically mitochondrial 

DNA, mtDNA) from specific taxonomic groups are sequenced (Taberlet et al., 2012). 

Polymerase chain reaction (PCR) amplification is carried out with primers that broadly 

target a taxonomically informative ‘mini-barcode marker’ in a selected taxonomic 

group. The foundation of metabarcoding is incorporating sample-specific nucleotide 

identifiers (tags and/or indexes) into the PCR amplicons (Bohmann et al., 2021). These 

identifiers allow the parallel sequencing of multiple samples by assigning the 

metabarcoding sequence reads back to the samples from which they originated. Before 

taxonomic assignment, sequence clusters are generated. Sequence clusters can be 

referred to as molecular operational taxonomic units (MOTUs) or amplicon sequence 

variants (ASVs) based on the algorithm used to cluster the sequences together. 

MOTUs are sequence clusters algorithmically determined by the degree of sequence 

similarity (typically from 97-99% similarity between sequences) (Clare et al., 2016; 

Floyd et al., 2002), whilst ASVs (also known as zero-distance OTUs (zOTUs)) are 

unique DNA sequences, distinguished by single nucleotide differences, generated 

from high-throughput sequencing methods (Callahan et al., 2016; Edgar, 2013). Here, 

we will use the terms MOTUs and ASVs interchangeably. MOTUs can then be 

taxonomically assigned by matching them against a reference database or used 

independent of taxonomy, with MOTU richness used as a proxy to estimate species 

diversity when reference databases are unavailable or poorly populated (Ashfaq and 

Hebert, 2016; Gálvez-Reyes et al., 2020). Thus, the application of metabarcoding to 

terrestrial biodiversity surveys is valuable, especially in regions with poorly studied 

biodiversity or limited resources available for conducting surveys. 
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Since the first study was published on metabarcoding of bulk arthropod samples in 

2012 (Yu et al., 2012), bulk arthropod metabarcoding have been used to document 

biodiversity in a range of contexts (Fig 2-1). Some examples include habitat quality 

assessment (Beng et al., 2016; M. Liu et al., 2020; Yu et al., 2012), assessing 

restoration trajectories (Fernandes et al., 2019; Gervan et al., 2020; Lynggaard et al., 

2020; van der Heyde et al., 2022), description of the phylogeographic structure and 

intraspecific variation within arthropod groups (Arribas et al., 2020; Elbrecht et al., 

2018; Turon et al., 2019) and identification of vertebrates (Lynggaard et al., 2019). 

Here, we review the use of bulk sample metabarcoding for ecological monitoring in 

arthropod diversity studies, habitat quality assessments, vertebrate surveys, studies of 

plant-insect interactions, and vector-borne pathogens. We also discuss current 

limitations of the technique and perspectives on future development required for bulk 

arthropod metabarcoding studies to become commonplace in the biomonitoring 

toolkit. 

 

Figure 2-1  Illustrative example of methods and potential outputs of metabarcoding 

bulk arthropod samples for biomonitoring in terrestrial ecology. 
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2.4 Assessment of arthropod diversity 

Assessment of arthropod taxonomic composition is generally the primary purpose 

when carrying out metabarcoding of bulk arthropod samples. Some of the first studies 

that demonstrated the ability of metabarcoding to assess arthropod taxonomic 

composition did so on ‘mock’ arthropod community samples. Mock community 

samples are produced by combining DNA extracted from multiple identified arthropod 

species in known quantities. Metabarcoding of mock samples has been used to validate 

the taxa detected from metabarcoding of field-collected bulk arthropod samples (S. 

Liu et al., 2013; Yu et al., 2012). Later studies have used mock samples as positive 

controls sequenced alongside field samples to validate laboratory and sequencing 

protocols (Braukmann et al., 2019; Carew, Coleman, and Hoffmann, 2018; Elbrecht 

et al., 2019; Elbrecht, Peinert, and Leese, 2017; S. Liu et al., 2013; Morinière et al., 

2016; Nielsen et al., 2019). 

Following these mock studies, the efficacy of metabarcoding has been tested in 

comparison to traditional morphological surveys, showing that metabarcoding can 

assess taxonomic composition as well, if not better, than morphological assessments 

of the same samples (Beng et al., 2016; Ji et al., 2013; M. Liu et al., 2020). 

Furthermore, bulk arthropod sample metabarcoding can be used to survey arthropods 

in areas where the effort and the associated cost for morphology-based surveys would 

be prohibitive. For example, metabarcoding of bulk arthropod samples have been used 

to characterise arthropod communities at scale in tropical forests and plantations (Beng 

et al., 2016; Zhang et al., 2016), mine sites (Fernandes et al., 2019; Lynggaard et al., 

2020), soil (Oliverio et al., 2018), grasslands (Elbrecht et al., 2019; Foster et al., 2020), 

national parks (Geiger et al., 2016; Hardulak et al., 2020), farms (Agerbo Rasmussen 

et al., 2021; Hausmann et al., 2020), and forest canopies (Creedy, Ng, and Vogler, 

2019). Metabarcoding has been used in these studies to provide powerful insights into 

ecosystem recovery, and the impacts of land use change and/or management on 

arthropod biodiversity through species composition and richness measures. In the 

following section we discuss how using arthropod diversity from metabarcoding 

studies can be applied to various terrestrial ecological monitoring applications, such 

as habitat quality assessment and invasive species detection. We also dive further into 

the application of arthropod diversity data gathered from metabarcoding and explore 

its usage for the assessment of intraspecific variation within arthropod communities.  
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2.4.1 Habitat quality assessment 

Assessing habitat quality is an important part of ecosystem monitoring applications, 

and it is particularly useful in environmental impact studies, long term monitoring 

(Johnson, 2007), and monitoring ecosystem restoration trajectories (Choi, 2004). Most 

habitat quality assessments are conducted by measuring various degrees of ecosystem 

functioning or condition through documenting ecological indicators (McGeoch et al. 

2011). These can be abiotic, for example, water or soil quality, or they can be biotic, 

for example, floral or faunal biodiversity. The application of effective habitat quality 

monitoring allows for appropriate management strategies to be implemented to 

mitigate damage. Whilst vegetation community monitoring has been a large focus for 

many habitat monitoring projects, vegetation alone cannot be used to assess ecosystem 

functioning (Cross, Bateman, and Cross, 2020). Arthropod diversity is increasingly 

recognised as an important biotic indicator in habitat quality assessments (Hackman, 

Gong, and Venevsky, 2017). This is because arthropods display a sensitive and 

quantifiable response to disturbances (McGeoch, 1998), are often essential to many 

ecological functions (Rosenberg, Danks, and Lehmkuhl, 1986), and are relatively easy 

to capture (McGeoch et al., 2011). Studies using arthropods for habitat quality 

assessment will usually measure the changes in arthropod community dynamics over 

time or before and after disturbance. Such changes can be measured in arthropod 

density, abundance, or taxonomic composition (Benson, Dinsmore, and Hohman, 

2007; Happe et al., 2019; Kremen et al., 1993; Wettstein and Schmid, 1999).  
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In long term habitat quality assessment, continual monitoring of arthropod 

communities is vital for accuracy in detecting impacts of disturbances (Herrick, 

Schuman, and Rango, 2006). However, continual monitoring is rarely implemented 

effectively in terrestrial ecosystems because of the difficulties and costs associated 

with arthropod monitoring (Bang and Faeth, 2011; Gillespie et al., 2020). Thus, 

metabarcoding for arthropod community monitoring has emerged as an essential tool 

in habitat quality assessment. For example, bulk arthropod sample metabarcoding has 

been used to evaluate the impacts of historical logging in forests on beetle community 

recovery (M. Liu et al., 2020), monitor the effects of dieback and climate change on 

invertebrate communities in forests (Sire et al., 2017), and assess the status of 

ecosystem restoration trajectories and outcomes in the context of mining (Lynggaard 

et al., 2020; Gervan et al., 2020; Fernandes et al., 2019; van der Heyde et al., 2022). 

However, continual habitat monitoring using bulk sample metabarcoding is yet to be 

formally explored in terrestrial environments to the same degree that it has been in 

aquatic environments (Aylagas et al., 2018; Beermann et al., 2021; Li et al., 2018).  

Macroinvertebrate species have long been a part of aquatic habitat quality assessment. 

Unlike terrestrial systems, there has been considerable efforts undertaken to assign 

these species to functional aspects of habitat quality and health. For example, 

characteristics such as altered pH, temperature, or pollution have been found to impact 

aggregation, activity, or reproduction of certain aquatic macroinvertebrate groups 

(Moretti et al., 2017). Subsequently, this information can be related to the overall 

levels of nutrient cycling, reproduction, or other key functional aspects of habitat 

quality. In European freshwater systems, macroinvertebrates have become ideal 

candidates to use in biomonitoring for habitat quality and function (Hering et al., 2006; 

Leese et al., 2018; Macher et al., 2016), and DNA metabarcoding of macroinvertebrate 

communities is being explored as a way to monitor and inform the management of 

these systems to protect and restore ecosystem health (i.e., DNAqua-net; 

https://dnaqua.net/). In terrestrial systems, it is much harder to undertake such 

monitoring regimes for several reasons, including the lack of taxonomic knowledge 

for terrestrial arthropod species (Paknia, Rajaei, and Koch, 2015). Further, this extends 

into lack of species ecology and life history traits, and therefore identification of 

functional traits to assess habitat quality is made even more difficult.  

https://dnaqua.net/
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In this case, metabarcoding can be used effectively in a taxonomy independent space. 

Whilst taxonomic identification in biotic surveys will always be essential for 

biomonitoring purposes, MOTUs from metabarcoding datasets can be used as a proxy 

for some diversity metrics. By combining arthropod MOTU diversity matrices and 

environmental parameters, such as soil quality indicators or vegetation indexes, it is 

possible to gain insightful correlations towards habitat quality through the 

identification of ‘indicator MOTUs’ of ecosystem health and functioning (Beentjes et 

al., 2019; Lanzén et al., 2016). Further, if MOTUs repeatedly occur with specific 

environmental conditions, targeted efforts can be made to build upon reference 

databases to taxonomically identify them at finer taxonomic resolutions.  

2.4.2 Detection of invasive arthropod species 

Bulk arthropod sample metabarcoding can also be an effective technique to detect 

invasive arthropod species. Invasive arthropod species have spread globally through 

the increase in trade (Liebhold et al., 2016) and can have devastating economic, 

ecosystem, and human health impacts (Dahlsten and Garcia, 1989; Liebhold et al., 

2016). For example, a recent review on soybean production in Brazil found that the 

invasions of several invertebrate species such as the silverleaf whitefly (Bemisia 

tabaci), red spider mite (Tetranychus urticae), and the cotton bollworm (Helicoverpa 

armigera) contributed to the loss of approximately US$1.51 billion annually (Pozebon 

et al., 2020). Effective monitoring programs across broad spatial and temporal scales, 

and diverse taxonomic groups are thus essential to reducing the spread of invasive 

arthropod species (Cuthbert et al., 2020; Davidovitch et al., 2009; Piper et al., 2019; 

Whittle et al., 2013). However, morphological identifications from arthropod 

surveillance traps (such as pitfall traps and baited traps) can become costly and time-

consuming to obtain because they capture large numbers of specimens including 

bycatch (Piper et al., 2019). Therefore, metabarcoding can be implemented as a 

method for rapid arthropod identification. Whilst this method has been trialled on a 

small-scale basis (Hardulak et al., 2020), the approach is yet to be implemented across 

wider geographic and temporal scales.  
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There are also opportunities to use metabarcoding to build knowledge on mechanisms 

of biological control for pest and invasive arthropod species by looking at host-

parasitoid relationships. Parasitoids can function as biological control agents if used 

in a targeted manner. For example, the parasitoid wasp Encarsia formosa is used to 

control greenhouse whitefly populations to improve crop production (Bale, van 

Lenteren, and Bigler, 2008). These interactions have traditionally been identified 

through rearing of hosts and parasitoids together (Pocock, Evans, and Memmott, 

2012). But this is labour intensive, and species can be challenging to identify 

morphologically due to the lack of diagnostic features in eggs or larval stages (Evans 

and Kitson, 2020) and the presence of cryptic species (Kaartinen et al., 2010; Smith et 

al., 2008; Smith et al., 2007). There is also evidence that rearing approaches can 

underestimate the rate of parasitism (Day, 1994). Applying metabarcoding to bulk 

samples to identify associations with parasitoids would help resolve unknown or 

cryptic host-parasitoid interactions with less time invested than lab-based rearing 

methods.  

Whilst using metabarcoding in these contexts seems promising, regulatory bodies 

require the standardisation and validation of new techniques before implementation. 

Therefore, a consensus on the methodologies, processing, and analysis of 

metabarcoding terrestrial bulk arthropod samples will be paramount to its application 

in invasive species monitoring in the future (Piper et al. 2019; Darling et al. 2020). 

This can be challenging because standardisation in a developing field is difficult to 

achieve. Nevertheless, the application of bulk sample metabarcoding shows promise 

in invasive arthropod monitoring because rapid species identification is essential for 

enacting management strategies that prevent damages from invasive arthropod 

species to crop yield, human, or environmental health. 



 

 

42 

2.4.3 Metabarcoding of bulk samples to assess intraspecific diversity of 

arthropods 

In addition to assessing the taxonomic constituents of bulk arthropod samples, 

metabarcoding can provide insights into the arthropod’s intraspecific genetic diversity 

by looking at DNA sequence variations between and within the taxa detected (Elbrecht 

et al., 2018; Turon et al., 2019; Wares and Pappalardo, 2015). These intraspecific 

variations are known as haplotypes. Haplotype analysis provides information on the 

diversity within a population as well as population size and demographics (Adams et 

al., 2019; Sigsgaard et al., 2019). This genetic information can be used to track 

population genetic variability, which could be applied in dispersal studies to 

understand connectivity and biogeography (Turon et al., 2019). For example, Pedro et 

al. (2017) were able to differentiate arthropod communities between separate farms 

and assess the dispersal capabilities of Xyleborus beetles at these locations by 

examining the haplotypes generated from metabarcoding.  

Whilst haplotype studies initially focused on using 18s ribosomal RNA sequences for 

MOTU delimitation, there is limited within-MOTU variation within this gene region 

(Turon et al., 2019). Thus, studies on arthropod population dynamics have focused on 

the much more variable COI (cytochrome c oxidase subunit I) gene (Elbrecht et al., 

2019). The COI gene has previously been proven as a useful marker in population 

genetics and phylogeographical studies across terrestrial and aquatic systems 

(Doorenweerd et al., 2020; Emerson et al., 2011). Further, increasing efforts globally 

to sequence the COI region across many taxonomic groups (i.e., the Barcode of Life 

Data Systems) gives a wealth of information on the intraspecies variation that will be 

continuously increasing in breadth and coverage (Ratnasingham and Hebert, 2007). 

This means that there will be data available on the intraspecific variation that spans 

countless studies across species and geographic regions that could be useful in 

documenting variation among and within species. With this, the new field of 

‘metaphylogeography’ has been proposed where metabarcoding datasets using COI 

can be used to study intraspecific diversity and phylogeographic structure of many 

species simultaneously, instead of focusing on a single species at a time (Turon et al., 

2019).  
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Some of the primary issues identified in obtaining haplotype data through 

metabarcoding of bulk arthropod samples have been; primer biases, loss of sequences 

with low abundances, PCR and sequencing error, and variation in the size of individual 

arthropods in the samples, which can inflate and confound haplotype diversity 

assessment through unequal sequencing depth (Edgar and Flyvbjerg, 2015; Elbrecht 

et al., 2018; Turon et al., 2019). Although it is possible to eliminate these errors 

through the use of MOTU clusters, clustering can cause the loss of some of the 

important intraspecific variation of populations from unique sequences (Elbrecht et 

al., 2018). Therefore, denoising protocols and improvements to bioinformatic 

workflow have been crucial in separating false MOTUs and true MOTUs (Frøslev et 

al., 2017; Turon et al., 2019). Subsequently, developing these protocols and further 

analysis using bulk arthropod sample metabarcoding will be important in closing the 

knowledge gaps surrounding arthropod ecology, moving beyond cataloguing just 

alpha and beta diversity.  
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2.5 Understanding plant-insect interactions 

Plant-insect interactions play a major role in many important ecosystem functions 

crucial for food production and ecosystem health (Potts et al., 2010). There are two 

main types of interactions between insects and plants: mutualistic or antagonistic 

(Bernays, 1992). In the mutualistic relationship, both plants and insects benefit from 

these interactions (e.g., pollination) while antagonistic relationships are when only one 

party benefits while the other is harmed (e.g., phytophagy by insect pests). The main 

methodology used to study plant-insect interactions is through observation and 

identification of both plant and insect species and the nature of their interaction (Burkle 

and Alarcón, 2011). However, this approach is inefficient at a large scale because of 

the time and skills required for observation and identification (Alarcón, 2009). Instead, 

it is possible to use bulk arthropod metabarcoding to detect the plant species that an 

insect has been in contact with using plant-specific primers (van der Heyde et al., 

2020). This bypasses the need for the morphological identification of both plants and 

insects. However, there are a few limitations to this approach. First, it is not possible 

to tease apart species-specific interactions due to the nature of the bulk samples where 

extracted DNA from many individuals are mixed. Second, it is not possible to quantify 

these relationships, and only associations between groups can be measured (Evans and 

Kitson, 2020). Lastly, it is difficult to determine if these associations represent 

mutualistic or antagonistic relationships. Nonetheless, metabarcoding of bulk 

arthropod samples can be valuable in identifying key associations between insect and 

plant groups, and monitoring changes in associations can help determine the impacts 

of threats to ecosystems.  
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Quantification of the interactions from bulk samples represents an important area of 

future research if metabarcoding is to be used as an informative ecological monitoring 

tool. Frequency and types of interactions are needed for undertaking ecosystem 

network analysis. Whilst it is not possible to calculate frequencies of associations 

within bulk arthropod samples at this stage, a few approaches can be used to identify 

species-specific associations. Firstly, metabarcoding individual insects from the bulk 

samples to identify both arthropods and plants can determine the frequency of 

interaction (Evans and Kitson, 2020). However, arthropods must first be separated by 

species or morphotype before DNA extraction. Another approach could be to apply 

metabarcoding to plant material, such as flowers to detect interactions with pollinators 

(Thomsen and Sigsgaard, 2019), or pest species from herbivory marks on plants 

(Kudoh, Minamoto, and Yamamoto, 2020). Lastly, metabarcoding of pollen loads 

from individual insects (Lucas et al., 2018; Macgregor et al., 2019; Pornon et al., 

2016), or brood cells of cavity nesting bees (Gresty et al., 2018) can be used to 

calculate interaction strength. However, these methods require the processing and 

sequencing of a large number of samples to reach adequate replication and sampling 

depth, which can increase costs prohibitively (Evans and Kitson, 2020). Therefore, the 

reduction of costs associated with processing and sequencing will also be an important 

part of the future development of these techniques.  
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2.6 Vertebrate monitoring 

Many arthropods feed on vertebrate remains such as blood, faeces, flesh and carcasses, 

and the use of metabarcoding of the vertebrate DNA in their stomach contents is a 

valuable monitoring tool to complement traditional vertebrate monitoring (Calvignac‐

Spencer et al., 2013). This is known as invertebrate-derived DNA (iDNA) and the 

technique has been used to detect vertebrate taxa in the guts of arthropods such as flies 

(Calvignac‐Spencer et al., 2013; Hoffmann et al., 2018; Lee et al., 2016; Lee, Sing, 

and Wilson, 2015; Rodgers et al., 2017; Schubert et al., 2014), mosquitoes (Reeves et 

al., 2016), sand flies (Kocher, de Thoisy, Huguin, et al., 2017) and ticks (Gariepy et 

al., 2012). While iDNA studies are based on the targeted collection of arthropods 

known to feed on vertebrates specifically, bulk arthropod samples contain a mix of 

individuals across many taxonomic groups of arthropods. This means that by applying 

vertebrate-specific primer sets to bulk sample metabarcoding, there is an opportunity 

to understand both vertebrate and invertebrate diversity simultaneously. For example, 

the application of vertebrate metabarcoding primers to bulk arthropod samples 

collected in tropical forests was used to detect 32 vertebrate taxa across birds, 

mammalian, and amphibian groups (Lynggaard et al., 2019). This represents a 

promising methodology for non-invasive sampling of vertebrate diversity.  
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There are some technical considerations that need to be made when using 

metabarcoding to detect vertebrate taxa in DNA extracted from bulk arthropod 

samples. Firstly, the collection season of bulk arthropods plays an essential role in the 

success of vertebrate detection, as some vertebrate-feeding arthropods may be more 

abundant at different seasons (Lynggaard et al., 2019). The taxon-specificity of 

metabarcoding primers is another important consideration for detecting vertebrate 

species. Whilst metabarcoding primers can be selected to target only specific 

taxonomic groups (such as birds, fish, or mammals), some ‘universal’ primer sets may 

have biases through preferential amplification of one taxonomic group over another. 

For example, using a mammal primer set in addition to a general vertebrate primer set 

has been shown to reveal more vertebrate taxa in bulk arthropod or soil samples 

(Leempoel, Hebert, and Hadly, 2020; Lynggaard et al., 2019). Additionally, because 

of the high number of arthropods in bulk samples, amplifying low levels of vertebrate 

DNA may be challenging. This is a common concern in environmental DNA (eDNA) 

studies that rely on detecting trace amounts of DNA in substrates (Murray, Coghlan, 

and Bunce, 2015) and some eDNA methods can be used to optimise the amplification 

of trace vertebrate DNA in bulk arthropod samples. For instance, this can include the 

inclusion of multiple PCR replicates per sample to ensure PCR stochasticity does not 

impact the detection of vertebrate diversity and the sequencing of positive and negative 

PCR controls to validate bioinformatic filtering thresholds and avoid the detection of 

false positives or negatives (Alberdi et al., 2018; Lynggaard et al., 2019). 
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2.7 Studying vector-borne disease 

By using metabarcoding to detect vertebrates from bulk arthropod samples, it is also 

possible to study the transmission of vector-borne diseases (Kocher, de Thoisy, 

Catzeflis, et al., 2017; Reeves et al., 2016). Many emerging infectious diseases have a 

zoonotic origin and can be traced back to wildlife (Jones et al., 2008; Kent, 2009; 

Onwugamba et al., 2018). Arthropods that feed on vertebrates (such as mosquitoes, 

ticks and flies) can transmit pathogens when they feed on infected hosts and then on 

uninfected hosts (Maldonado and Centeno, 2003). Therefore, the study of these 

arthropods can be a valuable source of wildlife infectious disease information 

(Gogarten et al., 2019; Hoffmann et al., 2016), including host-use patterns (Brugman 

et al., 2017; West et al., 2020). Whilst high-throughput sequencing has been used to 

study diet and pathogen information from either individual or small pools of 

arthropods (Gogarten et al., 2019; Hoffmann et al., 2016; Junqueira et al., 2017; 

Onwugamba et al., 2018), the application of metabarcoding to detect pathogenic 

nucleic acids has, to our knowledge, not been applied to bulk arthropod samples.  

The capability of metabarcoding to monitor the arthropods, vertebrates and pathogens 

from one bulk arthropod sample provides a valuable addition to understanding wildlife 

infectious disease spread as the microorganism diversity can be detected along with 

all plausible hosts and vectors (Hoffmann et al., 2016). As detection rates for 

pathogenic nucleic acids from arthropods are considerably lower than other sources 

(such as faeces) (Hoffmann et al., 2016), metabarcoding methodologies in disease 

transmission studies will need to be carefully undertaken to avoid possible false 

positive or negative results. Some studies have used shotgun sequencing to reveal 

pathogen loads in arthropods (Junqueira et al., 2017; Ng et al., 2011; Shi et al., 2015), 

which can similarly be employed to bulk arthropod samples to find viral or bacterial 

pathogens. As technology is becoming more portable, for example, the MinION 

sequencer (Oxford Nanopore Technologies, Oxford, United Kingdom), the capability 

is being developed to diagnose pathogens in the field (Donoso and Valenzuela, 2018). 

In the same way, bulk arthropod samples could be used in the future as a tool to 

diagnose and study vector-borne infectious diseases, possibly in real-time.  
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2.8 Biodiversity across the tree of life – a multimarker approach 

As arthropods interact with many different groups of organisms in the environment, it 

is possible to use metabarcoding of bulk arthropods for more than just arthropod 

diversity assessment. Whilst most studies have approached the use of bulk arthropod 

sample metabarcoding with a single goal in mind (e.g., to detect arthropod or 

vertebrate diversity from bulk samples separately), the power of metabarcoding is that 

using a multi-marker approach, targeting several taxonomic groups, can be used to 

study biodiversity across the tree of life. This is a significant benefit over non-

molecular surveying techniques as it reduces the effort that is needed for biodiversity 

surveying across multiple taxonomic groups.  

Whilst sequencing costs associated with metabarcoding using multiple marker sets can 

be relatively high, several factors can make this approach more cost-effective than 

non-molecular biodiversity surveys. First, collecting one sample type (bulk arthropod 

samples) reduces the time spent in the field instead of different trapping and 

monitoring methods that need to be undertaken to survey across multiple taxonomic 

groups (e.g., camera trapping, bird surveys, pitfall trapping, etc.). Second, there is 

higher availability of researchers trained in molecular laboratory skills than those with 

specialised taxonomic expertise, meaning that processing large numbers of samples is 

more feasible through metabarcoding (Ji et al., 2013). Third, the lowered cost in 

person-hours compared to field surveying multiple groups is preferable in studies with 

limited funding available for biodiversity research. Lastly, molecular data is more 

accessible to archive and share (Jarman, Berry, and Bunce, 2018), which is beneficial 

to assess changes in biodiversity over time. The benefits of molecular biomonitoring 

techniques over non-molecular techniques are more apparent when looking at specific 

examples of how a multi-marker approach can be directly applied, such as when 

examining insect-dispersed fungal pathogens.  
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Certain arthropod groups are known to play a mutually beneficial role in the dispersal 

of pathogenic fungi through ecosystems (e.g., phytopathogenic fungi weakening host 

tree, thereby increasing chances of successful attack by bark beetles) (Paine, Raffa, 

and Harrington, 1997). There are two predominant ways to study fungi-insect 

interactions. With trees, for example, mature trees need to be felled for the collection 

of wood samples which then must be examined for insect marks. These insect marks 

then need to be used to determine insect species. Additionally, insects can be collected 

directly from the felled trees and can be sampled for fungal isolates, either 

morphologically or molecularly to determine insect species (Müller et al., 2002; 

Persson, Ihrmark, and Stenlid, 2011; Strid et al., 2014). This process can be sped up 

through bulk arthropod metabarcoding with primers targeting both arthropods and 

fungal DNA, allowing for the identification of the arthropod communities and their 

associated fungi (K. E. Miller et al., 2016), decreasing the costs of biodiversity 

assessments as compared to morphological identification and single-species 

barcoding. 

A consideration with a multi-marker approach though, is the secondary or even tertiary 

transport of eDNA between species which cannot always be accounted for. Much like 

with the issues surrounding assessing animal-plant interactions with bulk arthropod 

sampling, it is difficult to directly link DNA sequences between organisms. For 

example, an individual arthropod may bring with it eDNA from a multitude of sources, 

such as from other arthropods, plants, or even airborne eDNA (Johnson, Cox, and 

Barnes, 2019; Lynggaard et al. 2022). This can mean that it can be difficult to 

distinguish ‘real’ interactions from ‘accidental’ interactions.  Therefore, caution needs 

to be applied when interpreting the broader networks from bulk samples, and 

potentially the application of a ‘site-level’ controls for background eDNA signal may 

be beneficial in accounting for the secondary transport of eDNA.  
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2.9 Current barriers for bulk arthropod sample metabarcoding studies 

As new applications and technological advances are adapted for metabarcoding 

studies, there are still barriers to the widespread implementation of metabarcoding of 

bulk arthropod samples in biomonitoring. Here we identify four main barriers that need 

to be taken into consideration when using bulk arthropod metabarcoding and represent 

areas for further development: validation of detections from iDNA data, non-

destructive DNA extraction, abundance quantification, the validation of detections 

from iDNA data, and data accessibility (including reference databases).  
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One of the methods that have been used to extract DNA from bulk samples is the 

physical homogenisation of samples, which is destructive and leads to the loss of 

valuable morphological information (Buchner, Haase, and Leese, 2021; Gibson et al., 

2014; Gillett et al., 2014; Morinière et al., 2016; Yu et al., 2012). Alternative non-

destructive DNA extraction approaches have been developed where whole bulk 

arthropod samples are digested in a digestion buffer that is used for extractions 

(Batovska et al., 2021; Carew et al., 2018; Nielsen et al., 2019), or where the 

preservative ethanol from bulk arthropod samples is filtered and DNA then extracted 

from the filter (Martins et al., 2019; Zizka et al., 2019). Both these methods retain the 

structural integrity of the arthropod specimens in the bulk sample which has several 

advantages. First, they allow for individual species to be re-sequenced for creating 

reference data. This is particularly useful when insects with underrepresented 

reference barcode databases are detected in bulk arthropod samples, as it allows for 

reference databases to be populated on an ad hoc basis. Although, the success of 

extracting from these specimens the second time around may be limited (Carew et al., 

2018). Second, it allows for more detailed identification of arthropods, as specimens 

can be morphologically identified after such non-destructive DNA extraction. This is 

especially useful if metabarcoding does not yield detailed enough taxonomic 

identifications and species need to be verified morphologically. Last, abundance 

quantification is possible when samples are intact and specimens can be physically 

counted. However, this is dependent on the taxon, and it is likely that softer bodied 

arthropods (such as Dipterans or Hemipterans) may be more fragile and morphological 

diagnostic features may be damaged when digestions of whole bulk samples are 

carried out (Nielsen et al., 2019). There is also an increased likelihood that the more 

soft-bodied arthropods are detected from the non-destructive extraction as their tissues 

would be easier to digest which can skew diversity estimates (Carew et al., 2018). As 

such, when using a non-destructive extraction protocol, it is essential that results are 

interpreted with this in mind.  
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Estimating species abundance is an integral part of conducting biomonitoring studies 

(van Klink et al., 2020), but it is difficult to collect true species abundance data from 

metabarcoding results. This is because sequence abundance can be skewed by many 

factors. Firstly, detection skews can be influenced by the effect of unequal biomass in 

mixed samples, as higher biomass can result in more sequences of a certain species. 

Nevertheless, this does not necessarily translate to a higher abundance of that species 

in a sample (Elbrecht et al., 2017). Secondly, PCR introduces biases that can skew 

abundance estimates and misrepresent true composition in samples (Fonseca, 2018). 

This is because PCR conditions (for example, number of PCR cycles, number of PCR 

replicates, or choice of polymerase) can have a large influence on the abundance of 

sequences generated based on polymerase preferential binding or PCR stochasticity 

(Alberdi et al., 2018; Nichols et al., 2018). Therefore, rank abundance (or relative 

species abundance) is often used as a surrogate to true abundance in environmental 

DNA metabarcoding studies (Hänfling et al., 2016; Klymus, Marshall, and Stepien, 

2017; Richardson et al., 2015). Rank abundance measures are based on giving an 

estimate of abundance of species based on the repeated occurrence of taxa in site 

replicates. There are some recent developments that may improve species abundance 

estimation from metabarcoding bulk samples in the future. The development of 

SPIKEPIPE, a pipeline used to account for stochasticity through DNA spike-ins and 

filtering thresholds, can be used to quantify abundance of a single species across bulk 

arthropod samples based on DNA mass (Ji et al., 2019). In a similar way, the use of 

digital-droplet PCR techniques to detect gene copy numbers and hence number of cells 

in a sample (Yarimizu et al., 2021) can be used to estimate abundance of an arthropod 

species in a bulk sample if there is adequate calibration. Although, at this stage the 

utility of digital-droplet PCR for estimating species abundance in bulk samples is 

speculative and further research is required.  
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The use of iDNA has become a valuable tool in complementing biomonitoring, 

allowing for more than just arthropod biodiversity to be documented from bulk 

arthropod traps. However, there is little known about the confounding factors that can 

affect iDNA detections from bulk arthropod samples, and how this can influence the 

interpretation of results. Most studies investigating iDNA recovery are limited to 

individual arthropods from targeted collections (Calvignac‐Spencer et al., 2013; 

Schubert et al., 2014). However, future studies investigating how complex, mixed 

arthropod samples interfere with the DNA quality of iDNA will be needed to interpret 

results from such datasets (Krehenwinkel et al., 2017). This can be achieved by 

looking at how sample storage or collection impacts iDNA detections. Additionally, 

there is scope to delve further into how various extraction methods, PCR amplification 

techniques and sequencing chemistry will impact iDNA biodiversity detected through 

bulk samples.   
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Another barrier to the uptake of metabarcoding in terrestrial arthropod monitoring 

applications has been the availability and accessibility of data. Accessible historical 

information of biodiversity will be essential to establish biodiversity baselines and 

allow the predictions of future environmental health (Jarman et al., 2018). 

Furthermore, there is a need from a conservation management perspective for a global 

repository of biodiversity information to be made available freely (Stephenson and 

Stengel, 2020). As metabarcoding data is easy to archive and share, there will be 

considerable benefits to the maintenance and collation of global metabarcoding survey 

information for future uses. However, the value of a biodiversity database with 

metabarcoding data is only as useful as the quality and depth of detail of this data. 

Although MOTU information is informative, taxonomic information is still important 

for biodiversity assessment, and assigning taxonomic identities to MOTUs is only 

possible with well populated barcode reference databases. While DNA barcode 

reference databases are continually growing, coverage within particular families and 

genera are typically low (Weigand et al., 2019), particularly for arthropods (Pompanon 

and Samadi, 2015; Yu et al., 2012), and for some geographic regions such as the 

tropics (J. A. Miller et al., 2014). Part of this absence of barcode reference data is due 

to lack of taxonomic information for these groups and regions (Cardoso et al., 2011). 

It becomes imperative that the status of both flora and fauna in various regions 

worldwide are known for future and current conservation of species and habitats, 

especially in the face of global biodiversity decline (Wagner, 2020). Currently, there 

has been considerable effort dedicated to populating databases across Europe 

(Weigand et al., 2019), but this needs to extend across the globe – especially in regions 

where biodiversity is under threat. Techniques like genome skimming can be used to 

generate large amounts of DNA references and may be a solution to overcoming these 

database gaps, especially because reliable reference barcodes can be obtained using 

historical and preserved specimens (Alsos et al., 2020; Margaryan et al., 2021; Nevill 

et al., 2020; Wu et al., 2020). Further, it is not only important that these reference 

databases grow, but they also need to be maintained indefinitely for long-term baseline 

monitoring. 
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2.10 Perspectives 

The power and precision of metabarcoding makes it a valuable tool in terrestrial 

ecological applications. Applying metabarcoding to bulk arthropod collections allows 

for more than simple biodiversity assessments, instead, the sensitivity and depth of 

biodiversity information retrieved through metabarcoding has opened the door to 

many ways to monitor ecosystems and the network of trophic interactions that 

underpin them. We consider that metabarcoding will become commonplace amongst 

ecological studies to comprehensively undertake biodiversity surveying. Here we will 

discuss some perspectives for future directions of the field. 

One of the major benefits that have been discussed for metabarcoding in ecological 

studies has been in long-term monitoring (Bálint et al., 2018); particularly because 

data can be generated consistently across time across many taxa simultaneously. Time-

series using morphological identification of arthropods has previously been used to 

assess long-term changes in insect fauna in response to environmental changes (Borges 

et al., 2020; Matthews et al., 2019; Seibold et al., 2019; Thomsen et al., 2016). The 

application of metabarcoding to such studies would advance the analysis of drivers 

and impacts of environmental changes - allowing for the assessment of how variation 

between and within species changes over time.  



 

 

57 

Additionally, the improvements in sequencing technologies and capabilities of modern 

computers have allowed for in-depth analysis of large volumes of DNA sequences 

relatively quickly. With the sheer volume of data generated from metabarcoding 

datasets, there is potential for integration with machine learning to elevate analysis 

(Makiola et al., 2020). For example, in the study by Cordier, Forster and Dufresne 

(2018), supervised machine learning could predict the status of aquatic ecosystems 

using metabarcoding data from soil sediment across a bacterial and eukaryotic marker 

set. This same technology used with bulk arthropod metabarcoding datasets could be 

trained for evaluating terrestrial biodiversity and ecosystem networks (Bohan et al., 

2017). Incorporating machine learning and predictive algorithms can lead to a deeper 

understanding of the relationships between arthropods and the functionality of 

ecosystems (Makiola et al., 2020). Further, incorporating time-series data, a multi-

marker approach, and machine learning would elevate the value of biomonitoring 

using DNA based methods. Investing into the development of such techniques would 

give the unprecedented ability to predict trends in ecosystem health from a whole 

ecosystem perspective (Bohan et al., 2017). 

In such a short period, the field of bulk arthropod sample metabarcoding has come a 

long way. As the field continues to develop, coupled with the reduction in costs and 

technology advancements, the potential of using bulk arthropod metabarcoding as a 

much needed ‘game-changer’ will be more fully realised. However, the uptake of 

metabarcoding whole ecosystem diversity through bulk arthropod collections is 

subject to practitioners embracing (and integrating) the metabarcoding technology and 

tools, which presents its own set of challenges. The future of arthropod monitoring 

will always lie in a combination of approaches, both molecular and morphological. 

However, the large increase in studies confirming the benefits of metabarcoding 

suggests that these DNA-based tools will play an increasingly important role in global 

biological monitoring of terrestrial ecosystems. 
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3.1 Preface 

This chapter presents a case study for one of the most common applications of 

invertebrate DNA metabarcoding, biomonitoring invertebrates. Here, metabarcoding 

was applied to study ground-dwelling arthropods in a study system where they had yet 

to be studied. Particularly of interest was the sensitivity of the invertebrates to detect 

changes in the system and how they would respond to different mining exploration 

infrastructure.  

Mining exploration infrastructure is rarely considered as part of the disturbance 

footprint of mining operations. Typically, this is because these disturbance types 

require minimal clearing of land, whilst the surrounding vegetation remains 

untouched. However, clearing even small areas cause edge effects in the landscapes 

and create microclimates between the border of cleared land and intact vegetation; 

increasing the light, heat, and access to these areas by pests or weed species. Within 

the three sites investigated in this chapter, the arthropod communities had yet to be 

studied and therefore this study presented an opportunity to be the first to document 

the impacts of exploration infrastructure on these communities.  

This chapter consists of a manuscript that is currently being prepared for submission 

to a peer reviewed journal. 
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3.2 Abstract 

For most mining projects, regular monitoring of impacts on the environment are 

typically measured solely for the main operation footprint and not the supporting 

network of exploration infrastructure. Exploration infrastructure includes roads or 

drill pads, where small areas are cleared of native vegetation and the surrounding 

habitat is left undisturbed. However, this exploration infrastructure contributes to 

fragmentation and edge effects. Here we use DNA metabarcoding to study the 

impacts of mining exploration infrastructure on the ground-dwelling arthropod 

communities found on Banded Ironstone Formations (BIFs) in the Midwest region of 

Western Australia. Further, we examined whether the two indicator species groups, 

Formicidae and Collembola, reflect the impacts on overall arthropod communities. 

The study was conducted at three mine sites, each with three infrastructure types: 

maintained tracks, unmaintained tracks, and drill pads. We collected ground-

dwelling arthropods and recorded habitat characteristics (e.g., coarse woody debris, 

soil depth) along transects extending 100 m away from the disturbance into remnant 

vegetation. We found that all three infrastructure types impacted the habitat 

characteristics in the same way, with the changes in the habitat extending out to 10 m 

into the remnant vegetation. This trend was similarly observed in the overall 

arthropod communities and Formicidae composition, but not Collembola, and also 

not for zOTU richness. Among all three groups of arthropods (overall arthropods, 

Formicidae and Collembola), we observed a clear distinction between the 

exploration infrastructure types at each site, indicating the homogenisation of these 

arthropod communities around these disturbances. This effect potentially extends 

more than 100 m into remnant vegetation. This suggests that Formicidae can detect 

fine-scale differences in habitat alterations to a larger extent than Collembola. Here, 

we demonstrate the utility of DNA metabarcoding to document fine-scale impacts on 

arthropod communities. Our results highlight the need to consider different types of 

disturbances associated with mining activity in rehabilitation and build research into 

managing the impacts associated with the extensive legacy of unrestored mining 

exploration infrastructure in Australian ecosystems.  
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3.3 Introduction 

The main drivers of species extinction across the globe are human activities that 

cause degradation and fragmentation of landscapes (Ellis et al., 2010) of which some 

are more impactful than others (Redondo-Vega et al., 2017). Although mining 

operations only occupy 0.3% of land globally (Hooke et al., 2012), they can have 

more impacts on natural habitats than other visible and wide-ranging activities such 

as agriculture and urbanisation (Redondo-Vega et al., 2017). This is because mining 

activities will often target geologically unique formations in the landscape that are 

surrounded by pristine and endemic ecosystems and can affect these ecosystems in 

various ways (Guijón et al., 2011; Redondo-Vega et al., 2017; Tibbett, 2015; Wycisk 

et al., 2009).  

In addition to direct impacts on natural habitats, mining poses significant 

consequences and long-term effects that extend beyond the initial footprint through 

habitat fragmentation, which can result from mining operations themselves or from 

the associated infrastructure linked with mining exploration. The ecological impacts 

of habitat fragmentation are complex and pervasive, affecting population dynamics 

and community structure for both flora and fauna (Bolger et al., 2000; Fahrig, 2003). 

For example, fragmentation increases the number of edges around habitats. These 

edges naturally occur between two habitats where there is a varying level of light, 

humidity, temperature, and hence vegetation community structure and species (Ries 

& Sisk, 2004; Santos et al., 2008). These biotic and abiotic changes between the 

contrasting ecotones are known as ‘edge effects’ (Ewers & Didham, 2006; Murcia, 

1995). With the creation of more edges in anthropogenically-altered landscapes, the 

increased presence of microclimates with variable light availability, temperature and 

humidity also allows the invasions of weeds and other alien species and can change 

the overall community structure, and potentially, the functionality of ecosystems 

(Goosem, 2012; Pohlman et al., 2009). The extent to which the impacts of the edge 

effect can penetrate adjoining habitats can extend from a few metres to several 

hundreds of metres into habitat patches (Goosem, 2007; Laurance et al., 2009).  

In the context of mining, habitat fragmentation and the resulting edge effects are 

further complicated by the associated necessary mining exploration and linear 

infrastructure that is constructed. Mining exploration and linear infrastructure 
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encompass haul roads, unpaved tracks, exploration (or seismic) lines, drill pads, 

power lines, pipelines, railways, and fence lines (Raiter et al., 2014). While the 

impacts of individual roads and tracks may only require a small area to be cleared, 

extensive exploration infrastructure to support mining operations means that the 

overall impacts can be quite significant (Raiter et al., 2014). These impacts are 

known as ‘cumulative’ or ‘enigmatic impacts’ (Canter & Ross, 2010; Raiter et al., 

2017; Therivel & Ross, 2007). As these impacts are rarely accounted for in impact 

assessment protocols and regulatory frameworks (McKenney & Kiesecker, 2010), it 

is important to understand the extent of their impact on species and communities and 

the biophysical drivers behind them to improve how mining operations are managed 

(Cross et al. 2021). 

One way of assessing edge effects is to monitor changes in species richness and 

community composition, and how far these changes extend into a habitat from an 

edge (Harper et al., 2005). Invertebrates are one of the most diverse taxa on Earth 

(Wilson, 1987), and their high abundance, importance in ecosystem function, 

sensitivity to disturbance and ease of sampling makes them ideal to study as 

environmental indicators (Kremen et al., 1993). In both aquatic and terrestrial 

systems, invertebrates are used in biomonitoring programs to assess disturbance and 

ecosystem health (Hodkinson & Jackson, 2005; Kwok et al., 2016; McGeoch, 1998; 

Moir et al., 2005; Roy et al., 2003). Invertebrates are also used widely in a mining 

context to monitor environmental impacts and restoration trajectories (Casimiro et 

al., 2019; Fernandes et al., 2019; Hoffmann & Andersen, 2003; Majer & Nichols, 

1998; Moir et al., 2005; van der Heyde et al., 2022). Traditionally, biomonitoring 

using invertebrates is undertaken by trapping followed by morphological 

identification of every individual to determine the taxonomic constituents and their 

abundance in the sample. However, this methodology is resource-intensive, relying 

on a considerable amount of time and taxonomic expertise (over multiple taxonomic 

groups) to identify large volumes of invertebrate taxa. This can be costly, especially 

in biodiverse areas or over large spatial scales.  

DNA metabarcoding is a useful molecular tool that can address some of the 

problems associated with traditional morphology-based monitoring techniques (Ji et 

al., 2013; Yu et al., 2012). With metabarcoding, it is possible to identify species 

across multiple taxonomic groups simultaneously and with a fraction of the person-
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hours of morphology-based techniques (Ji et al. 2013). Thus, DNA metabarcoding of 

invertebrates could be a beneficial addition to mine site monitoring programs and 

provide valuable insights into environmental impacts across the whole community of 

arthropods inhabiting these areas. In recent years, DNA metabarcoding has been 

used in various systems, including a mine site monitoring context, to help understand 

and document the impact of environmental changes on invertebrates (Andújar et al., 

2018; Beng et al., 2016; Fernandes et al., 2019; Kuntke et al., 2020; Lynggaard et al., 

2020; van der Heyde et al. 2022).  

In traditional biomonitoring studies, indicator taxa are often used instead of whole 

arthropod communities, to measure the impacts of disturbance (Majer & Nichols, 

1998; Heino, 2014; Kerr et al., 2000). Indicator taxa are focal groups of organisms 

with well-known taxonomy and ecology that can be used as indicators for overall 

changes in the ecosystem. Some of the most common arthropod groups used as 

indicator taxa in terrestrial ecosystems include beetles, ants, spiders, and butterflies 

(Oliver and Beattie, 1996; Pik, Oliver, and Beattie, 1999; Terlizzi et al., 2003). Ants 

(Formicidae) are favoured as an indicator taxon due to the consistency of their 

response to disturbance (Hoffmann & Andersen, 2003). Springtails (Collembola) 

have also been recommended as indicator species in Australian systems as they are 

highly sensitive to disturbance in habitat structure (Greenslade, 2007). However, 

unlike more well-studied focal groups, such as ants, there is limited knowledge 

available on springtail taxonomy and many species are yet to be described (Jordana 

& Greenslade, 2020). Further, focusing only on certain groups of taxa may not be 

reflective of whole ecosystem dynamics as some of these arthropod groups may not 

interact with each other spatially, or have comparable taxonomic richness (Khosravi 

and Hemami, 2019; Prendergast et al., 1993; van Jaarsveld et al., 1998) and thus they 

may not fully encapsulate the changes and impacts on the diversity of multiple 

taxonomic groups and total arthropod assemblages (Siddig et al., 2016; Silva et al., 

2017). Therefore, a direct comparison of patterns detected by all arthropods, and of 

particular groups like ants and springtails, is valuable as a way of validating the use 

of indicator groups. 

In this study, we used invertebrate DNA metabarcoding to explore the impacts of 

mining exploration infrastructure on ground-dwelling arthropod communities 

associated with banded iron formations (BIFs) in the Midwest region of Western 
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Australia. Here we aimed to identify the response of arthropod community diversity 

and composition to mining exploration disturbances and to identify if ants 

(Formicidae) - an established indicator taxon - and springtails (Collembola) - a 

recommended indicator taxon but less well-known in Western Australia - could 

function as indicator groups that reflect patterns in the overall arthropod community.  
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3.4 Materials and Methods 

3.4.1 Experimental Design 

Three mine sites were selected for this study. At each site, three exploration 

infrastructure types were chosen: maintained tracks (MT), unmaintained tracks (UT), 

and drill pads (Pad). A maintained track was identified as a frequently used and 

disturbed track, which comprised no evidence of vegetation regrowth. By contrast, 

an unmaintained track would display vegetation growth, typically along the centre of 

the track or in old tyre tracks, and it may have vehicular access blocked off. Drill 

pads were areas where land had been cleared of all vegetation to drill into the BIF 

from which iron-ore is extracted. These were small, cleared areas that, once 

disturbed, had been left relatively untouched, with many having some degree of 

vegetation regrowth on them.  

Sampling was carried out along a transect that ran from the interior of each chosen 

exploration disturbance to around 100 m into the interior of the adjacent BIF 

shrublands along the natural contour of the BIF. For each infrastructure type at each 

site, four transects were used. Sampling points were located along a transect at six 

different quadrat locations: (i) disturbance interior, (ii) disturbance edge, (iii) edge, 

(iv) natural edge, (v) 10 m from natural edge into natural vegetation, (vi) natural 

interior (Fig 3-1B). In total, there were 72 sampling points per site and 216 sampling 

points in total (3 sites x 12 transects per site x 6 sample points per transect). 

Transects varied slightly in length. This is appropriate because exploration 

disturbance features vary in both shape and size, so the interior of a disturbance and 

its edges are unique distances apart. Moreover, the edge of exploration land uses is 

not always clear-cut so soil disturbance and movement were used as a subjective 

indication of edge locations. Lastly, due to the fragmented landscape mosaic across 

these BIF sites, the natural interior (or control) sampling point was also at varying 

distances from the sampled edge. For comparative purposes the criteria for this 

sampling point were as follows: at least 100 m away along the same contour from its 

paired edge sampling point and if possible, at least 100 m away from any other 

disturbance edges (Swart et al., 2018).  
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3.4.2 Study sites 

This study was conducted across three iron-ore mines: Koolanooka Hills (KO), 

Karara (KA), and Mount Gibson (MG) (Fig 3-1A) within the Midwest region of 

Western Australia. The Midwest region is characterised by a dry-warm 

Mediterranean climate, with mild wet winters and hot dry summers, receiving an 

average rainfall of 300-400 mm, mostly occurring during the winter months 

(Meissner & Caruso, 2008a). Disturbance age varied across all three sites. The age of 

the drill pads is estimated at each site; at KA, drill pads were constructed after 2012, 

at KO drill pads were constructed between 2005-2012 and at MG drill pads were 

constructed before 2000 (Stephens, 2018). The age of the unmaintained and 

maintained tracks is unknown, although maintained tracks were tracks that were still 

in use at the time of the sampling.  

Vegetation communities differed between the three sites, but all were Acacia-

dominated shrublands. Vegetation communities at the KO site had considerable 

disturbance, mainly from feral goats grazing on the natural vegetation.  
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Figure 3-1 A) Study site showing location of three mine sites and the locations of the different infrastructure types at each site, where MT is 

Maintained Track, Pad is Drill Pad, and UT is Unmaintained track B) Stylised image of experimental design and pitfall trap placement along each 

transect across the ecotone between the disturbance (maintained track, unmaintained track, or drill pad) and remnant vegetation. The grey dashed 

lines indicate prospective topographic lines.
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3.4.3 Sample Collection 

Each sampling point along the transect comprised a 1 m2 plot. Within each plot, 

three pitfall traps with a diameter of 4 cm and a capacity of 120 mL, containing ~ 40 

mL of ethylene glycol (undiluted commercial engine coolant, “Nulon Premium Long 

Life Coolant 100% Concentrate”) were dug into the ground, with the rim flush with 

the soil surface. The pitfall traps were left open for approximately nine days and 

once collected the three pitfall traps were pooled into one sample. 

3.4.4 Habitat Characteristics  

A selection of habitat characteristics was measured and recorded within each 1 m2 

plot. Slope aspect was measured using a compass and slope angle (degrees) 

measured using a Suunto PM-5 clinometer. A modified Braun-Blanquet scale (1, < 1 

%; 2, 1-5 %; 3, 5-10 %; 4, 10-25 %; 5, 25-50 %; 6, 50-75 %; 7, >75 %) was used to 

approximate total vegetation cover, bare ground cover, rock cover and litter cover 

within the quadrat. Soil depth (soil compaction) was measured at the centre of each 

quadrat using a soil probe. Rugosity was measured with a chain along the 1 m 

horizontal and 1 m vertical transect which crossed the centre of the quadrat. All fine 

woody debris (FWD; 0 < diameter < 0.5 cm) touching the 1 m horizontal transect 

within the quadrat was counted. All medium woody debris (MWD; 0.5 ≤ diameter < 

2.5 cm) was counted along both 1 m horizontal and vertical transects and all coarse 

woody debris (CWD; 2.5 ≤ diameter) present in the quadrat had its diameter 

measured and recorded.  

3.4.5 Sample Processing and DNA extraction 

Pitfall traps were rinsed with deionised water using 20-µm sieves to remove any 

ethylene glycol (coolant). Sieves were sterilised with bleach and UV light between 

each sample. Arthropod samples were roughly size sorted, where any organisms 

bigger than the size of a honey-bee had only two legs added to the overall sample ( 

as per Ji et al., 2013; Meier et al., 2016). Samples were stored at -18˚C until 

extraction. 

Samples were homogenised using a Qiagen TissueLyzer II using 5 mm metal beads 

for 2 minutes. Approximately 750 µL of homogenate was used for DNA extraction. 
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DNA extraction was carried out using a modified Qiagen QIAamp DNA Mini Kit 

with an overnight digest and a 400 µL digest volume as well as a final 100 µL 

elution in EB buffer. All extractions were carried out on an automated Qiacube 

(Qiagen). DNA extraction controls were carried out every 24 samples.  

3.4.6 DNA Amplification and Sequencing 

DNA extracts were diluted to 1/10 and 1/100 dilutions to test the amplification 

efficiency and detect the presence of any PCR inhibitors on the diluted and undiluted 

extracts using quantitative PCR (qPCR). The qPCR assay was run using an 

invertebrate mitochondrial COI primer set (fwhF2: 5’-

GGDACWGGWTGAACWGTWTAYCCHCC-3’ and fwhR2n: 5’-

GTRATWGCHCCDGCTARWACWGG-3’; (Vamos et al., 2017)). This assay was 

determined as the ideal candidate for achieving optimal taxonomic resolution whilst 

still having a small fragment size able to be used with metabarcoding workflows 

(Elbrecht et al., 2019). PCR was carried out in 25 µL containing 2.5 mm MgCl2 

(Applied Biosystems), 1x PCR Gold Buffer (Applied Biosystems), 0.25 mm dNTPs 

(Astral Scientific), 0.4 mg/mL bovine serum albumin (Fisher Biotec), 0.4 µmol/L 

forward and reverse primer, 1U AmpliTaq Gold DNA polymerase (Applied 

Biosystems), and 0.6 µL of a 1:10000 SYBR Green dye solution (Life 

Technologies). They were run on a StepOnePlus (Applied Biosystems) real-time 

qPCR instrument with the following conditions: 5 min at 95˚C, 45 cycles of 95˚C at 

30s, 50˚C at 30s and 72˚C for 2 mins, followed by a 10 min 72˚C elongation. 

Extraction negative, PCR negative and PCR positive controls were also included in 

this initial screening. PCR positive controls were a mixed arthropod sample from a 

previous study that showed optimal amplification using laboratory workflows were 

used as a way of determining PCR efficiency. Contamination was minimised using a 

dedicated clean-lab space for preparing PCR reactions and a PCR-free laboratory for 

adding DNA extracts.  

Samples with sufficient amplifiable DNA (as determined by the qPCR screening) 

were assigned a unique combination of fusion tag primers incorporated with 

multiplex identifier (MID) tags and Illumina sequencing adaptors (P5 and P7). 

Fusion PCR reactions were carried out in duplicate on DNA extracts using the same 

thermocycling conditions and reagents as the screening qPCR reactions. PCR and 
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extraction negative controls, but not positive controls, were also fusion-tagged during 

this. Samples were then pooled into pools of 10 samples consisting of approximately 

equimolar concentrations based on the qPCR amplification curves. These sample 

pools were quantified using a QIAxcel Advanced System (Qiagen). Sample pools 

were combined in approximate equimolar ratios as determined by this quantification 

to create a sequencing library. The library was size-selected using a Pippin Prep 2% 

agarose Marker B cassette (Sage Science) for fragments between 100-400 bp and 

then purified using a QIAquick PCR purification kit (Qiagen) modified with a 5-

minute bench top incubation prior to final elution volume of 40 µL. The final library 

was quantified on a QuBit (Invitrogen) using double-stranded DNA high sensitivity 

reagents. The amplicon library was sequenced in a single direction on an Illumina 

Miseq instrument (Illumina) using a 300 cycle V2 reagent kit with a standard V2 

flow cell as per manufacturer’s protocol. 

3.4.7 Sequence Analysis 

Bioinformatic processing was conducted using the ‘eDNAFlow’ pipeline (Mousavi-

Derazmahalleh et al., 2021). Briefly, raw sequences were demultiplexed to their 

sample using MID-tag combinations and length filtered using ‘OBITools’ (Boyer et 

al., 2016) with a minimum length of 50. Sequences were then quality filtered with 

errors and chimeras removed using USEARCH (Edgar, 2010) with a minimum Phred 

quality score of 20 and a minimum abundance of 8 sequences for zero-distance OTU 

(zOTU) creation. zOTUs were curated using ‘LULU’ at default parameters (Frøslev 

et al., 2017) on R v 3.6.1 (R Core Team, 2019). Appropriate sample depth per 

sample was assessed using rarefaction curves with the ‘rarecurve’ function in vegan 

(Oksanen et al., 2019) and samples with less than 2,000 sequences were removed. A 

0.05% minimum abundance filtering threshold was used to combat false, low 

abundance zOTUS (Prodan et al., 2020). Low occurrence zOTUs with less than five 

sequences and occurring in only one sample were also removed. zOTUs were 

matched to the GenBank Reference database (www.ncbi.nlm.nih.gov/genbank/) and 

the Barcode of Life Database (Ratnasingham & Hebert, 2007) using the Basic Local 

Alignment Search Tool (BLAST) for taxonomic assignment. BLASTn results 

returned the top ten hits with a minimum query coverage of 95% and a minimum 

percentage identity of 85% to account for low representation of Australian arthropod 

http://www.ncbi.nlm.nih.gov/genbank/
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species in reference databases. zOTUs present in the extraction and PCR controls 

(Fungal zOTUs) were then removed from the dataset. The dataset was then divided 

into three categories; firstly, all zOTUs that were able to be identified to the phylum 

Arthropoda (overall arthropods), secondly all zOTUs belonging to the family 

Formicidae (ants), and lastly all zOTUs belonging to the class Collembola 

(springtails).  

3.4.8 Statistical analysis 

Statistical analysis was performed using PRIMER v.7 (Clarke & Gorley, 2015) with 

the PERMANOVA+ add on (Anderson et al., 2008). Firstly, to illustrate the scale of 

environmental disturbance the environmental variables from all samples were 

normalised and a principal component analysis (PCA) was performed with Euclidean 

distance on the centroids of quadrat number, located at each treatment and each site. 

A permutational ANOVA (PERMANOVA) was then conducted on the Euclidian 

distance matrix with 9999 permutations. The factors were as follows: Site (Fixed; 

KA, KO, MG), Infrastructure type (Fixed; MT, Pad, UT), Transect (Random; Nested 

in Site and Infrastructure type), and Quadrat location (Fixed; i – vi). The terms of 

interest to assess the impacts of linear infrastructure on arthropod communities were: 

the interaction between site, infrastructure type, and quadrat location; the interaction 

between infrastructure type and quadrat location; and the interaction between site 

and infrastructure type. For the overall arthropod community data, Formicidae 

community, and Collembola community, number of zOTUs (zOTU richness) was 

calculated and tested using univariate PERMANOVA with Euclidean distance and 

9999 permutations using the same design as above. Arthropod community, 

Formicidae community, and Collembola communities were then transformed to 

presence-absence, and community composition was illustrated using nonmetric 

multidimensional scaling (nMDS) on Jaccard similarity on centroids of quadrat 

number located at each treatment and each site. A PERMANOVA was then 

conducted with the design as above using Jaccard similarity and 9999 permutations.  
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3.5 Results 

3.5.1 Habitat characteristics 

A significant interaction was detected between the infrastructure type and quadrat 

(Table 3-1). There was no significant interaction among site, infrastructure type, and 

quadrat, nor between site and infrastructure type. The different patterns of change 

with quadrat position among infrastructure types (interaction) were reflected in the 

PCA plots (Fig 3-2). However, there was a common pattern observed between all 

three sites and infrastructure types. There was a trajectory of change as the quadrats 

moved further from the disturbance (Quadrat i) into the remnant vegetation (Quadrat 

vi). This directional change was characterised by increased woody debris and soil 

depth moving away from the infrastructure type. This was a pattern observed across 

all the infrastructure types and sites.  

Table 3-1 PERMANOVA results from the habitat characteristics compared at 

each site, infrastructure type, quadrat, transect and their interactions. Factors of 

interest are highlighted in bold. Significance codes are as follows: ‘***’0.001, ‘**’0.01, 

‘*’0.05, ‘ ’1. 

Factor df Pseudo-F P value 

Site 2 3.957 <0.001*** 

Infrastructure Type 2 4.159 <0.001*** 

Quadrat 5 14.409 <0.001*** 

Site x Infrastructure Type 4 0.712 0.823 

Site x Quadrat 10 1.118 0.239 

Infrastructure Type x Quadrat 10 1.537 0.004** 

Transect(Site x Infrastructure Type) 27 3.704 <0.001*** 

Site x Infrastructure Type x Quadrat 20 0.974 0.572 
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Figure 3-2 Principal component analysis (PCA) plot of the habitat characteristics 

at each site showing the three different infrastructure types where MT is Maintained 

Track, Pad is Drill Pad, and UT is Unmaintained track. Trajectories are overlaid 

starting from Quadrat i (1) on the disturbance to Quadrat vi (6) approximately 100 m 

into the remnant vegetation. Vectors overlaid of the correlation between each habitat 

characteristic and the principal component axes. 
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3.5.2 DNA Metabarcoding Results 

A total of 15,507,193 quality-filtered sequences were generated across the 217 

samples. A total of 212 samples had the minimum sequencing depth required of 

2,000 sequences per sample and 208 samples passed the minimum required quality 

filtering thresholds. Only 5 zOTUs were detected in the control samples; however, 

none of these zOTUs were from the phylum Arthropoda and thus were removed 

from the data set. In total 2,250 zOTUs were generated, however, there were only 

1,101 zOTUs that met filtering criteria and were used in this study. These zOTUs 

represented 4 classes, 19 orders and 84 families of arthropod (Table S 3-1). 

Formicidae made up 21% of the total zOTUS from this data set (238 zOTUs) and 

Collembola made up 14% (170 zOTUs).  

3.5.2.1 zOTU richness 

There were significant differences in the zOTU richness of the overall arthropod 

community, Formicidae and Collembola communities between sites. The overall 

arthropod richness differed significantly with infrastructure type, but Formicidae and 

Collembola richness did not. For the terms of interest that might indicate a 

disturbance effect, there was a significant interaction between site, infrastructure and 

quadrat detected for the Formicidae community (Table 3-2), but not for the overall 

arthropod community or the Collembola community. There was a significant 

interaction at the site and infrastructure level for all three arthropod communities 

(Fig 3-3).  
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Table 3-2 PERMANOVA results from the arthropod zOTU richness and zOTU 

composition compared at each site, infrastructure type, quadrat, transect and their 

interactions. Factors of interest are highlighted in bold. Significance codes are as 

follows: ‘***’0.001, ‘**’0.01, ‘*’0.05, ‘ ’1. 

zOTU richness    

 Overall Arthropods Formicidae Collembola  

Factor df 
Pseudo-

F P value 
Pseudo-

F P value 
Pseudo-

F P value 

Site 2 30.512 <0.001*** 15.184 <0.001*** 21.064 <0.001*** 

Infrastructure Type 2 6.366 0.006** 2.922 0.066 1.930 0.164 

Quadrat 5 1.055 0.393 1.531 0.189 2.297 0.053 

Site x 

Infrastructure 

Type 4 7.844 <0.001*** 5.804 0.002** 4.634 0.006** 

Site x Quadrat 10 1.919 0.046* 1.355 0.214 0.753 0.668 

Infrastructure 

Type x Quadrat 10 1.208 0.292 1.112 0.357 1.425 0.177 

Transect (Site x 

Infrastructure 

Type) 27 2.563 <0.001*** 4.861 <0.001*** 3.445 <0.001*** 

Site x 

Infrastructure 

Type x Quadrat 20 1.529 0.085 1.716 0.042* 1.210 0.254 

zOTU Composition 
   

 Overall Arthropods Formicidae Collembola  

Factor df 
Pseudo-

F P value 
Pseudo-

F P value 
Pseudo-

F P value 

Site 2 6.837 <0.001*** 4.434 <0.001*** 10.571 <0.001*** 

Infrastructure Type 2 1.917 <0.001*** 2.005 <0.001*** 2.516 <0.001*** 

Quadrat 5 1.231 <0.001*** 1.245 0.012* 1.052 0.283 

Site x 

Infrastructure 

Type 4 1.596 <0.001*** 1.793 <0.001*** 1.690 <0.001*** 

Site x Quadrat 10 1.108 0.006** 1.155 0.017* 1.071 0.149 

Infrastructure 

Type x Quadrat 10 1.026 0.254 1.019 0.374 1.015 0.404 

Transect (Site x 

Infrastructure 

Type) 27 2.476 <0.001*** 2.412 <0.001*** 4.247 <0.001*** 

Site x 

Infrastructure 

Type x Quadrat 20 1.067 0.012* 1.140 0.004** 1.063 0.107 
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Figure 3-3  zOTU richness) at the different quadrat locations (Quadrat Number i-

vi) at the different sites and infrastructure types for the A) overall arthropod 

communities, B) Formicidae communities, and C) Collembola communities. Sites are 

notated as KA for Karara, KO for Koolanooka, and MG for Mount Gibson. Different 

infrastructure types and sites are highlighted where MT is Maintained Track, Pad is 

Drill Pad, and UT is Unmaintained track. 
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3.5.2.2 Community composition  

For both the overall arthropod communities and the Formicidae community there 

was a significant difference detected at the site, infrastructure type and quadrat 

interaction, together with an interaction of site and quadrat, and an interaction of site 

and infrastructure type (Table 3-2). However, unlike the habitat characteristics, there 

was no significant interaction detected between the infrastructure type and the 

quadrat location (Table 3-2). For the Collembola communities, only the site and 

infrastructure type interaction were found to be significantly different from our terms 

of interest (Table 3-2). For the overall arthropod communities, the different sites 

showed the most distinct separation (Fig 3-4A), and this pattern was reflected 

partially for the Formicidae communities (Fig 3-4B) and strongly for the Collembola 

communities (Fig 3-4C). 
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Figure 3-4 Non-metric multidimensional scaling (NMDS) plots showing A) overall 

arthropod communities, B) Formicidae communities, and C) Collembola communities 

at the three sites. Sites are notated as KA for Karara, KO for Koolanooka, and MG for 

Mount Gibson. Different infrastructure types and sites are highlighted where MT is 

Maintained Track, Pad is Drill Pad, and UT is Unmaintained track. 



 

 

93 

The site and infrastructure type interaction was also influential in differentiating the 

communities of overall arthropods, Formicidae, and Collembola (Fig 3-4). When 

examining the communities at a site-by-site level, the different infrastructure types 

were distinctly separated (Fig 3-5). For the overall arthropod communities, at the 

Karara site there was a distinct trajectory observed from the quadrat on the 

disturbance (1) to the quadrat in the remnant vegetation (6) for both the maintained 

track and drill pad infrastructure type (Fig 3-5A). However, at the other sites, this 

pattern was less clear, and, particularly at Mount Gibson, indicated a homogenization 

of the overall arthropod communities across the transect from which quadrats were 

sampled (100 m).  

For the Formicidae communities at the Karara site, the distinction between the 

infrastructure types was not as clear as for the overall arthropod community (Fig 3-

5B). However, at the other sites (Koolanooka and Mount Gibson), there was a 

separation of the Formicidae communities between the infrastructure type (Fig 3-

5B). This distinction between the quadrats did not show the same directionality as 

the overall arthropod community. Similarly, with the Collembola communities, 

although there was a distinction between the different infrastructure types (Fig 3-5C), 

there was no clear distinction between the different quadrat locations (1-6) (Table 3-

2).
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Figure 3-5 Non-metric multidimensional scaling (NMDS) plots showing the A) arthropod communities, B) Formicidae communities, and C) 

Collembola communities at the three sites. Different infrastructure types are highlighted where MT is Maintained Track, Pad is Drill Pad, and UT is 

Unmaintained track. Trajectories are overlaid starting from Quadrat i (1) to Quadrat vi (6). 
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3.6 Discussion 

Using DNA metabarcoding we were able to show the impacts of mining exploration 

disturbances on invertebrate communities. Although the three infrastructure types 

impacted the habitat conditions similarly, the arthropod communities' changes were 

more complex. In general, we found similar patterns expressed in the compositional 

changes for arthropods overall and between our chosen indicator species groups 

(Formicidae and Collembola), but they were not the same across all sites and 

infrastructure types.  

3.6.1 Habitat disturbance around linear infrastructure.  

We found that habitat characteristics across the different infrastructure types were 

altered in very similar ways by anthropogenic disturbance. This change was broadly 

characterised by decreased woody debris and shallower soil depth (i.e., increased 

compaction) closer to the infrastructure type. This pattern was observed across all the 

infrastructure types and sites and was consistent with the findings of previous studies 

into the impacts of linear infrastructure on natural vegetation (Dániel-Ferreira et al., 

2020; Goosem, 2012). For some sites, this change in habitat characteristics extended 

out to 10 m from the disturbance, suggesting edge effects at least at this spatial 

scale.  

The overall habitat characteristics of quadrats on the drill pads and unmaintained 

tracks remained the same as for the regularly maintained tracks. Even years after the 

initial disturbance, the infrastructure areas we studied were relatively clear, and 

restoration to the surrounding vegetation community structure had not occurred. This 

has been attributed to specialisation of vegetation communities to particular soil 

chemical and physical characteristics, which remain altered following disturbance, 

and limit the return of vegetation (Gibson et al., 2012; Yates et al., 2011). 

Rehabilitation of such sites around exploration infrastructure need to be considered 

and planned for, just as other aspects of mining impacts are in the development of 

mine rehabilitation plans (Manero et al., 2020). At our study sites, exploration 

disturbances were either currently still maintained (maintained tracks) or left to 

revegetate passively (unmaintained tracks and drill pads), without any intervention 

methods such as recontouring or seeding (Meli et al., 2017). Tracks and roads are 
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considered as part of mine infrastructure, and mine closure requirements now 

consider rehabilitation of tracks as part of the overall environmental rehabilitation 

and closure obligations (DMIRS, 2021; Young et al., 2019). However, there is an 

extensive legacy of unrestored exploration infrastructure in Australia (Mills, 2022)  

3.6.2 Impacts on ground-dwelling arthropod communities. 

There was an influence of both site and infrastructure type on overall zOTU richness; 

however, not at the finer scale among quadrats, which suggests that we cannot 

measure edge effects via zOTU richness. A potential explanation for this finding is 

that richness (number of zOTUs) does not respond to disturbance in the same way as 

other metrics such as community composition (Fernandes et al., 2019). In general, a 

habitat can only support a certain number of species, and as the habitat changes over 

time, or because of disturbances, the composition of species changes rather than 

species richness (Lengyel et al., 2016). Other traditional univariate diversity 

measures that consider abundance alongside number of species (e.g., Shannon’s, 

Maurer & McGill, 2011) may be more useful to measure these differences; however, 

it is not possible to obtain robust species abundance data using metabarcoding 

techniques that are needed to calculate these metrics. Therefore, looking at both 

zOTU richness and composition together is more effective at determining the 

responses of communities to change (Fernandes et al., 2019; van der Heyde et al., 

2022).  

In contrast to zOTU richness, using zOTU composition we could detect finer scale 

effects between quadrats that indicated disturbance. For some site-infrastructure 

combinations, such as the maintained tracks at Karara, there was a pattern of change 

in zOTU composition among quadrats from communities on the infrastructure out to 

those in remnant bushland, that indicated an edge effect extending 10 meters into the 

remnant bushland. However, this pattern was not consistent across all the maintained 

tracks at the three sites. This is not unexpected, as a previous study found that 

physical changes in the landscape caused by seismic lines were very visible, but they 

did not have a great impact on ant communities beyond one year post-disturbance 

(Watts et al., 2002). This was attributed to changes in vegetation within 10-100 

metres of the infrastructure resulting in only minor reorganisation of foraging 

patterns for ants, but not the overall community structure (Watts et al. 2002). 
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One of our study aims was to examine whether two indicator groups of arthropods, 

Formicidae and Collembola, reflected overall patterns in arthropods at our sites in 

response to exploration disturbances. Whilst metabarcoding can be used to detect 

whole assemblages of arthropods, applying metabarcoding to indicator species can 

be a valuable way to understand functional changes in the environment, especially 

for well-studied groups where this information is available (Hajibabaei et al. 2019; 

Liu et al., 2020). Further, it is easier to build reference libraries, improve the 

taxonomic resolution of assays, and improve the understanding of specific species 

ecology when focusing only on select indicator taxon groups compared to whole 

species assemblages (Stat et al., 2017). Therefore, choosing an indicator taxon group 

can be an important consideration for designing metabarcoding studies. Formicidae 

and Collembola are valuable indicator taxa in their own right (Greenslade, 2007; 

Tiede et al. 2017). For example, Formicidae are reported to have consistent 

responses to disturbance (Hoffmann & Andersen, 2003) and hence make good 

indicators. Collembolans, unlike social invertebrates such as Formicidae, can be 

highly spatially aggregated in the soil (Greenslade, 2007), and are very sensitive to 

subtle changes in soil conditions (e.g., pH) (Sławski and Sławska, 2000) and 

theoretically could be useful for understanding the fine-scale impacts of disturbance. 

However, collembolan species composition is impacted by weather events or 

seasonal conditions (Yin et al., 2019) and patterns of disturbance may be confounded 

by these variables. Therefore, comparing the different groups (whole arthropods, 

Formicidae, and Collembola) is important to determine the utility of these groups as 

indicators. 

While we observed similar patterns between the three sites and infrastructure types 

across the Formicidae and Collembola communities, the patterns were not identical 

across both groups. Further, the effect of site, infrastructure type, and quadrat was 

not significant for Collembola community composition, but significant for the whole 

arthropod communities and Formicidae. Overall, the Formicidae communities were 

more reflective of the differences in the total arthropod communities than 

Collembola, presumably reflecting their consistent responses to disturbance 

(Hoffmann & Andersen, 2003). This implies that while Collembola communities 

may be useful in the broader context of examining disturbances in the environment 
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(Greenslade and Majer, 1993), to examine the edge effects at a fine scale, Formicidae 

communities are more informative.  

3.6.3 DNA metabarcoding as a tool to assess arthropod communities. 

Here we demonstrated that DNA metabarcoding can be a useful tool for measuring 

arthropod community responses to changes in the environment. We were able to 

detect over 84 different families of arthropods and find differences between sites, 

infrastructure types, quadrats, and different indicator groups. Like any survey 

method, the sensitivity and efficacy of the DNA metabarcoding methodology is 

influenced by the inherent nature of the technology, study design and execution (van 

der Heyde et al., 2020). One of the most pressing issues in DNA metabarcoding 

studies is the reliance on reference databases, which are lacking in systems like ours 

that have poorly studied arthropod fauna (van der Heyde et al., 2020). We detected 

2,250 zOTUs but only 1,101 could be identified as the phylum Arthropoda (~49%). 

Greater representation of species in databases is essential to increase the resolution of 

zOTU identifications and when combined with better understanding of species 

ecology, enables the assignment of ecological function to taxonomic groups 

(Pawlowski et al., 2018). 

Further, improving the representation of understudied taxonomic groups (such as 

Collembola) would also reduce the number of sequences that are discarded because 

their identity could not be assigned (van der Heyde, et al. 2022). As we could only 

use less than 50% of the overall data that we generated, we could potentially only be 

looking at half the picture of disturbance impacts at these sites. The beauty of 

metabarcoding is that global barcode databases are constantly being populated. In the 

future, it may be possible to re-analyse these results and build a more complete 

picture of the impact of linear disturbance on arthropod communities. However, even 

with an incomplete arthropod barcode database, we detected similar responses to 

disturbance to those found in previous studies using morphological identification 

(Majer et al. 2020; Yu et al. 2006). Therefore, we have confidence that our observed 

trends reflect real patterns in arthropod communities at our study sites.  

Visual observations of our samples strongly suggested that there were differences in 

the abundance of some taxa in samples collected from the disturbances and within 
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the remnant vegetation. However, because reliable abundance is difficult to obtain 

from metabarcoding data (Elbrecht & Leese, 2015), we were only able to collect 

presence/absence of our arthropod zOTUs and did not examine abundance-related 

differences. However, abundance data is critical for calculating different diversity 

metrics and may allow for a more nuanced interpretation of community responses to 

disturbance at our sites. There are methods to assess species abundance in bulk 

invertebrate samples (Elbrecht & Leese, 2015; Serrana et al., 2019); but these 

methods have either only been tested in aquatic systems or account for the relative 

abundance of a single taxon within a sample, not multiple groups simultaneously.  

Seasonal variation is known to impact the composition of both arthropods (Santorufo 

et al., 2014) and plant communities, and their interactions (CaraDonna et al., 2017). 

Therefore, the resolution of our findings may have been improved by surveying 

arthropod communities over multiple time points. Thus, the use of repeated surveys 

and other monitoring methodologies (e.g., indicator species studies) may be required 

to determine if the observed patterns are one-off occurrences or a result of broader 

ecological trends.   

Furthermore, metabarcoding of arthropod communities in this way is subject to the 

same considerations as traditional methods. Study design may have also played a 

role in the patterns observed. Here, we used multiple 100 m transects across 

infrastructure types at one site and we detected differences in arthropod communities 

at this scale, an interesting comparison would be to expand these transects out further 

distances into remnant bushland to determine broader landscape scale differences 

because of habitat modification within the same site. Furthermore, increasing the 

replicates within a quadrat may also be beneficial in adding support to these results.   
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3.7 Conclusion 

Mining exploration infrastructure had significant impacts on both physical habitat 

and arthropod communities. These disturbances altered physical habitat 

characteristics in similar ways across infrastructure types at all sites. There were 

detectable edge effects, but these impacts did not extend far into remnant bushland 

(<10 m). For arthropod communities as a whole and Formicidae communities, the 

effect of disturbance extended into the remnant bushland in a pattern similar to the 

habitat. Our study highlighted the utility of DNA metabarcoding as a tool to identify 

changes in arthropod communities impacted by mining. We recommend continued 

monitoring of arthropod communities in our study system, especially over different 

spatial scales, seasons, and time points, to develop a more holistic understanding of 

their responses to disturbance. Our data emphasise the need to consider different 

types of disturbances associated with mining activity when assessing the impact of 

new mining projects, as they may all have the potential to impact surrounding faunal 

communities to a significant degree. 
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3.9 Supplementary Tables 

Table S 3-1 Full list of families identified from zOTUs across all mine sites.  

Class Order Family 

Arachnida Araneae Clubionidae 

Arachnida Araneae Corinnidae 

Arachnida Araneae Ctenidae 

Arachnida Araneae Desidae 

Arachnida Araneae Gnaphosidae 

Arachnida Araneae Hahniidae 

Arachnida Araneae Linyphiidae 

Arachnida Araneae Lycosidae 

Arachnida Araneae Nemesiidae 

Arachnida Araneae Oxyopidae 

Arachnida Araneae Salticidae 

Arachnida Araneae Sparassidae 

Arachnida Araneae Tetragnathidae 

Arachnida Araneae Zodariidae 

Arachnida Scorpiones Buthidae 

Arachnida Trombidiformes Erythraeidae 

Arachnida Trombidiformes Eupodidae 

Collembola Entomobryomorpha Entomobryidae 

Collembola Entomobryomorpha Isotomidae 

Collembola Poduromorpha Hypogastruridae 

Collembola Poduromorpha Onychiuridae 

Collembola Symphypleona Bourletiellidae 

Insecta Blattodea Blattidae 

Insecta Blattodea Polyzosteriinae 

Insecta Blattodea Rhinotermitidae 

Insecta Blattodea Termitidae 

Insecta Blattodea Termitoidae 

Insecta Coleoptera Carabidae 

Insecta Coleoptera Cleridae 

Insecta Coleoptera Coccinellidae 

Insecta Coleoptera Curculionidae 

Insecta Coleoptera Dytiscidae 

Insecta Coleoptera Elateridae 
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Insecta Coleoptera Geotrupidae 

Insecta Coleoptera Tenebrionidae 

Insecta Diptera Asilidae 

Insecta Diptera Cecidomyiidae 

Insecta Diptera Chironomidae 

Insecta Diptera Chloropidae 

Insecta Diptera Muscidae 

Insecta Diptera Phoridae 

Insecta Diptera Psychodidae 

Insecta Diptera Sciaridae 

Insecta Diptera Sphaeroceridae 

Insecta Diptera Tachinidae 

Insecta Diptera Tephritidae 

Insecta Embioptera Oligotomidae 

Insecta Hemiptera Aphididae 

Insecta Hemiptera Cicadellidae 

Insecta Hemiptera Nogodinidae 

Insecta Hemiptera Pachygronthidae 

Insecta Hemiptera Rhopalidae 

Insecta Hemiptera Triozidae 

Insecta Hymenoptera Aphelinidae 

Insecta Hymenoptera Bethylidae 

Insecta Hymenoptera Braconidae 

Insecta Hymenoptera Crabronidae 

Insecta Hymenoptera Diapriidae 

Insecta Hymenoptera Dryinidae 

Insecta Hymenoptera Encyrtidae 

Insecta Hymenoptera Eulophidae 

Insecta Hymenoptera Eurytomidae 

Insecta Hymenoptera Formicidae 

Insecta Hymenoptera Mymaridae 

Insecta Hymenoptera Platygastridae 

Insecta Hymenoptera Pompilidae 

Insecta Hymenoptera Scelionidae 

Insecta Hymenoptera Sphecidae 

Insecta Lepidoptera Cosmopterigidae 

Insecta Lepidoptera Cossidae 

Insecta Lepidoptera Erebidae 

Insecta Lepidoptera Gelechiidae 

Insecta Lepidoptera Lycaenidae 
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Insecta Lepidoptera Noctuidae 

Insecta Lepidoptera Oecophoridae 

Insecta Neuroptera Mantispidae 

Insecta Neuropterida Berothidae 

Insecta Neuropterida Mantispidae 

Insecta Orthoptera Acrididae 

Insecta Orthoptera Gryllidae 

Insecta Orthoptera Morabidae 

Insecta Orthoptera Phalangopsidae 

Insecta Thysanoptera Phlaeothripidae 

Insecta Thysanoptera Thripidae 

Myriapoda Chilopoda Scolopendridae 
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CHAPTER 4  

DNA METABARCODING IDENTIFIES URBAN 

FORAGING PATTERNS OF OLIGOLECTIC AND 

POLYLECTIC CAVITY-NESTING BEES 
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1.1 Preface 

The previous chapter introduces one, and possibly the most common, use of DNA 

metabarcoding for invertebrate communities. Whilst broad invertebrate community 

biodiversity assessment is a useful tool, metabarcoding can be used to examine 

biodiversity at different scales. In this chapter I delve into the use of metabarcoding 

on a species scale, looking at the way that foraging behaviour of eight species of 

cavity-nesting native bees change in response to urbanisation.  

There is not a lot known about Australian native bee species, with much of the 

literature and focus being centred around European honeybees. However, native bee 

biodiversity and populations are just as much, if not more threatened, by anthropogenic 

factors. As some native bees can be very specialised in their foraging habits, they are 

at considerable risk of population decline and extinction if nothing is done to preserve 

their habitat and food sources. Therefore, this chapter is a timely and important 

inclusion into the current research being conducted on native bee populations to build 

knowledge on foraging sources for these bees. This study represents the first use of 

metabarcoding to identify the contents of nesting tubes in urban environments and 

builds knowledge of foraging for two species of native bees where there remains no 

published information on their preferred host plants.  

This chapter, in a manuscript format, has been accepted with major revisions to the 

journal Oecologia. The following chapter is the revised manuscript acting on two 

annonymous reviewer’s comments that has been formatted for inclusion in the thesis.  

The data from this paper has been presented in a poster format at the John Glover 

Symposium for the Royal Society of Western Australia in September 2021 and was 

awarded a poster prize, and as a presentation for the Ecological Society of Australia 

2021 Conference in November 2021, where the presentation was highly commended.  
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4.1 Abstract 

Urbanisation modifies natural landscapes resulting in built-up space that is covered by 

buildings or hard surfaces and managed green spaces that often substitute native plant 

species with exotics. Some native bee species have been able to adapt to urban 

environments, foraging and reproducing in these highly modified areas. However, 

little is known on how the foraging ecology of native bees is affected by urbanised 

environments, and whether impacts vary among species with different degrees of 

specialisation for pollen collection. Here, we aim to investigate the responses of native 

bee foraging behaviour to urbanisation, using DNA metabarcoding to identify the 

resources within nesting tubes. We targeted oligolectic (specialist) and polylectic 

(generalist) cavity-nesting bee species in residential gardens and remnant bushland 

habitats. We were able to identify 40 families, 50 genera, and 23 species of plants, 

including exotic species, from the contents of nesting tubes. Oligolectic bee species 

had higher diversity of plant pollen in their nesting tubes in residential gardens 

compared to bushland habitats, along with significantly different forage composition 

between the two habitats. This result implies a greater degree of forage flexibility for 

oligolectic bee species than previously thought. In contrast, the diversity and 

composition of plant forage in polylectic bee nesting tubes did not vary between the 

two habitat types. Our results suggest a complex response of cavity-nesting bees to 

urbanisation and support the need for additional research to understand how the shifts 

in foraging resources impact overall bee health.  
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4.2 Introduction 

Within the next century, urban areas around the world will grow rapidly, with some 

models predicting that by 2100 the global area of urban land will increase to 5.9 times 

the area that it was in 2000, to cover over 3.6 million km2 of land (Gao and O’Neill 

2020). Higher human population density and associated urbanisation can cause the 

loss of biodiversity and endemic species (McDonald et al. 2018), not only by clearing 

native vegetation, but by permanently modifying the natural landscape through the 

creation of built-up space (buildings, roads, and other structures) and managed green 

spaces (Harrison and Winfree 2015). Even in regions with high biodiversity, such as 

the southwest of Australia, urban green spaces have a generally higher level of plant 

diversity than remnant bushland, stemming from the increased planting of exotic 

species (Prendergast, 2020). This pattern has also been observed in other areas of the 

globe, such as the United Kingdom (Davies et al. 2009). However, native species 

relying on the pollen and nectar resources from native plants, may not always be able 

to access exotic floral resources in urbanised environments. This is because in regions 

with high endemism and species richness, ecosystem dependencies are common 

between groups of flora and fauna species (Johnson 2010). Additionally, there are 

many ornamental varieties of plants in residential gardens that offer minimal nectar or 

pollen rewards for insects (Corbet et al. 2001). Therefore, the clearing of native habitat 

in these ecosystems due to urbanisation can cause the destabilisation of dependant 

ecosystem networks, resulting in local extinctions and ecosystem functional collapse 

(Sánchez-Bayo and Wyckhuys 2019).  
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Overall, the impacts of urbanisation on organisms are highly varied, and how a species 

will respond depends on its ecological requirements, functional and life history traits, 

the spatial scale of investigation, geographic region, and the intensity of urbanisation 

(Theodorou, 2022). Species more at risk from urbanisation include specialist cavity-

nesting birds, short distance migrants, and narrowly distributed species (Luck and 

Smallbone, 2010). Whilst increased degrees of urbanisation generally result in a 

decline in species diversity, paradoxically some urban areas become a refuge for native 

biodiversity (Goddard et al. 2010). For example, urban parks in San Francisco, USA, 

supported higher abundances of generalist native bumblebee (Bombus spp.) than parks 

outside of the urban area (McFrederick and LeBuhn, 2006). Additionally, populations 

of the European common brown frog (Rana temporaria) have shown increases in 

urban gardens and parks, whilst declining in rural areas (Carrier and Beebee, 2003). 

For insects, urban areas have been found to benefit cavity-nesting, small-bodied, 

generalist, and exotic species (Buccholz and Egerer, 2020; Fitch et al. 2019). Partially, 

this is due to the value of certain traits of urban gardens that can enhance the retention 

of biodiversity. The value of a particular urban garden for insects will depend on the 

built form, vegetation cover, vegetation composition, management procedures, 

interconnectivity with other green spaces, and human population density (Persson et 

al. 2020).  
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Native bees play a key role in functional ecosystems and maintaining their populations 

in urban areas is crucial. They perform pollinator services across the globe, for both 

crop and native plant species (Winfree et al. 2008). The survival of native bees in urban 

areas is dependent on species’ ecology and foraging preferences: in some regions, 

there is evidence of co-evolution of bee species with specific native flowering plants 

(Phillips et al. 2010; Menz et al. 2011), implying that the loss of certain plant groups 

can have profound impacts on resource availability for their associated visitors. The 

level of forage flexibility of individual bee species will determine whether: a) the 

species can access a variety of floral resources (i.e., a generalist) or b) whether they 

are restricted to a certain group of plants (i.e., a specialist). The loss of native flora can 

restrict the resource availability for specialist bee species to a narrower range of 

available flora (Prendergast and Ollerton 2021). For many native bee species, there 

can also be a preferential avoidance of exotic plant species (Buchholz and Kowarik 

2019). Lecty refers to the degree of trophic specialisation for pollen collection (Cane 

and Sipes 2006). Bees that exhibit specialisation in their diets for pollen from a 

particular taxon are known as “oligolectic” bees; these bees are believed to be 

constrained to a narrow resource breadth by physiological, temporal, or environmental 

factors (Fox and Morrow 1981; Devictor et al. 2010). “Polylectic” bee species, 

however, can feed on a wide variety of pollen sources from different families of plants.  
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There is a current lack of available knowledge on floral specialisation for many bee 

species (Bogusch et al. 2020). To capture the full spectrum of floral resources used by 

bees requires a combination of foraging observations and pollen analysis from netted 

bees (Cane and Sipes 2006). Quantification of floral resource usage by many native 

bees has been largely based on observation data, rather than on pollen collection 

(Roulston and Cane 2000; Bosch et al. 2009). Additionally, there is evidence to 

suggest that lecty is a spectrum, rather than binary, and that resource usage can be 

varied based on sex or blooming phase of preferred flowering plants (Ritchie et al. 

2016). For oligolectic bees, some species have been documented to access nutrition 

from nectar, floral oils, or pollen from less preferred plants where preferred host plants 

may be rare or have limited blooming periods (Wcislo and Cane 1996). However, there 

is still limited understanding of how less preferred forage resources can impact 

reproduction or overall bee health (Filipiak and Filipiak 2020). Therefore, if 

conservation actions are needed to protect native bee populations, it is important to 

understand the preferred foraging resources and the range of forage flexibility of native 

bees in an area under threat.  
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Artificial nesting blocks - ‘trap nests’ or ‘bee hotels’ - can be beneficial in 

understanding foraging behaviour of solitary cavity-nesting bees (MacIvor 2017; 

Staab et al. 2018) and pollen-bee and host-parasitoid interactions between cavity-

nesting bee taxa and the surrounding environment (Krombein 1967). Within the 

cavities, female bees construct brood cells, which they provision with pollen and 

nectar and then lay an egg. Although not all bee species use trap nests, appropriately 

designed trap nests can allow for the detection of a wide diversity of bee species, 

including both males and females of the same species that may not otherwise be 

observed in field surveys (Prendergast et al. 2020). Additionally, as cavity-nesting 

bees are central place foragers, the species that use trap nests forage in an area around 

the nest that is limited by their flight range (Zurbuchen et al. 2010b). This means that 

cavity-nesting bees can be considered indicators that help understand changes in the 

local environment (Tscharntke et al. 1998). Studying the larval provisions (nectar and 

pollen) within trap nests can be a valuable tool to understand foraging resource 

availability within a season. Forage resource availability for solitary bees partly 

determines the number, size, and sex-ratio of offspring (Pitts-Singer, 2015). This is 

because female bees can control the offspring sex and body size, and a shortage of 

resources can result in reduced maternal investment favouring the production of fewer 

young that require less resources, often males (Seidelmann et al. 2010). Therefore, 

studying the resources within trap nests can provide valuable information into the 

future health and functionality of changed ecosystems.  
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As morphological identification of plant materials requires expertise in taxonomic 

identification across multiple families of plants, genetic tools are being increasingly 

implemented to aid in pollen identification, primarily DNA metabarcoding (Pornon et 

al. 2016; Bell et al. 2017). The value of DNA metabarcoding is its ability to identify 

species accurately and rapidly, which in turn can reveal fine-scale interactions that 

may not be detected from the observation of pollinator-plant interactions alone 

(Pornon et al. 2016, 2017). This is especially useful in understanding the impacts of 

urbanisation on native bees, especially in regions where these species may be 

understudied. DNA metabarcoding works by (i) extracting DNA from environmental 

or bulk specimen samples, (ii) amplifying the DNA using nucleotide-labelled primers 

(Bohmann et al. 2021), (iii) sequencing on high-throughput sequencing platforms and 

identifying the resulting sequences using reference sequence databases (Taberlet et al. 

2012) or via taxon-independent approaches (e.g., OTUS). For taxonomic assessment 

of pollen, metabarcoding has allowed simultaneous identification of plant taxa across 

multiple species and samples (Taberlet et al. 2012). DNA metabarcoding has been 

used to identify the taxonomic constituents of pollen loads from pollinators (Pornon et 

al. 2016, 2017; Bell et al. 2017), brood cells within trap nests (Gresty et al. 2018; 

Voulgari‐Kokota and Ankenbrand 2019), honey (De Vere et al. 2017) and pollen traps 

at the entrances of beehives (Keller et al. 2015). To our knowledge, DNA 

metabarcoding has yet to be used to document foraging behaviour and preferences 

from cavity-nesting bee species in urban environments or in Australian ecosystems.  

We used DNA metabarcoding of the biological material from trap nests to investigate 

how eight species of Australian oligolectic or polylectic cavity-nesting bees utilise 

forage resources in urban bushland remnants compared to residential gardens. Our 

hypothesis was that polylectic bees will gather a greater diversity of plant material in 

their trap nests compared to oligolectic bee species in both habitat types (residential 

gardens and bushland remnants). Further, we predict that because of the greater floral 

diversity in residential gardens (Prendergast and Ollerton, 2021), there will be a higher 

diversity and varied composition of plants collected by polylectic bee species in 

residential gardens compared to bushland remnants. We anticipate that in residential 

gardens, the forage composition within trap nests of oligolectic bees will not change 

due to their specialisation or be reduced because only a subset of plant species will be 

present. 
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4.3 Materials and Methods 

4.3.1 Experimental design 

To investigate the impacts of urbanisation on oligolectic and polylectic native bee 

foraging behaviour, we collected nesting tubes from trap nests from 14 sites across the 

Perth metropolitan region, in southwest Australia (Fig 4-1A and B). This region is a 

known biodiversity hotspot with high levels of species endemism and diversity but it 

is under threat from various anthropogenic factors, such as urbanisation (Phillips et al. 

2010). The 14 sites represented two habitat types: native bushland remnants and 

residential gardens, seven in each (Fig 4-1A). Trap nests and the recorded habitat 

characteristics used in this study were sourced from a previous study investigating 

sampling methods for Western Australian native bees (Prendergast et al. 2020). From 

these trap nests, we examined eight species of native bee that had varying levels of 

diet specialisation (lecty). Oligolectic bees collect pollen from one plant family 

(specialists) and polylectic bees collect pollen from a greater diversity of plant families 

(generalists) (Cane & Sipes, 2006). Our study included three specialist and five 

generalist bee species (Table S 4-1). The oligolectic bee species were: Megachile 

(Hackeriapis) canifrons (Smith, 1853), Megachile (Mitchellapis) fabricator (Smith, 

1868), and Rozenapis ignita (Smith, 1853). The polylectic bee species were: Hylaeus 

(Euprosopis) violaceus (Smith, 1853), Megachile aurifrons (Smith, 1853), Megachile 

erythropyga (Smith., 1853), Megachile (Hackeriapis) oblonga (Smith, 1879), and 

Megachile (Hackeriapis) tosticauda (Cockerell, 1912). Lecty for each species were 

designated based on observations of bees foraging on flowers across southwest WA 

from 2016 – 2021 by K. S. Prendergast (unpub), observations from Prendergast and 

Ollerton (2021), and, if present, records in Houston (2000). Where possible, equal 

numbers of nesting tubes were selected from each habitat type, this ranged from a 

minimum of 6 to a maximum of 10 nesting tubes for each bee species (Table S 4-1) 
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Figure 4-1  A) Map of the study sites in Perth, Western Australia showing locations of bushland remnant (grey circle) and residential garden (black 

triangle) habitat types with images of bee species included in this study alongside. Species in the blue box are polylectic (generalists) whilst those in the 

orange box are oligolectic (specialists). Images of bees were taken by K.S. Prendergast using the WA Museum’s imaging microscope and stacking 

software. B) Bee visitor to a trap nest. Image by K.S Prendergast. C) Inside a M. fabricator nesting tube showing four mature adults, larvae, a parasitic 

bombyliid Anthrax sp. fly, and the remaining pollen and plant material debris. Images by K.S Prendergast. 
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4.4 Habitat Characteristics and Native Bee Observations 

We used the following habitat information gathered from Prendergast et al. (2020) and 

Prendergast and Ollerton (2021) at each of the 14 sites to distinguish between remnant 

bushland and residential gardens: bare ground cover (a proxy for nesting space for 

ground-nesting bee species); the number of woody plants (a proxy for nesting material 

for cavity-nesting bee species); the total area of the site; percentage of built space; 

native floral species richness; the number of native flowers; and the proportion of 

native flowers to horticultural species both in richness and in number (for descriptions 

see Table S 4-2).  

Floral hosts for each species were designated based on observations of bees foraging 

on flowers across southwest WA from 2016 – 2021 by K. S. Prendergast (unpub) and, 

if present, records in Houston (2000). Intertegular span (Cane 1987) was measured 

from dorsal stacked photos of a female of each species (Canon DLSR, 100mm lens, 

1:1 magnification, f-stop 8). The images were imported into Adobe Photoshop and 

measured using the set measurement scale and ruler features. Intertegular span is the 

distance between the points where the wings attach to the thorax. It has been used as 

an estimate of bee size and flight abilities (Cane 1987). Greater intertegular span is a 

proxy for greater potential foraging distance (Wright et al. 2015). The largest bee 

species in our study was the oligolectic Megachile (Mitchellapis) fabricator, and the 

smallest species was the polylectic Hylaeus violaceus (Table S 4-1). 

4.4.1 Sample Processing 

Once young bees had emerged from nesting tubes, each tube was separated by site and 

species, constituting a sample. In total, we sampled 148 nesting tubes. Where possible, 

equal numbers of nesting tubes were selected for each species from each habitat type 

(ranging from five to ten tubes per habitat type) (Table S 4-1). Sterilised forceps were 

used for each sample to scrape the insides of nesting tubes of frass (larvae faecal 

matter), pollen and, for some species, resin debris (Fig 4-1C). Scrapings were then 

homogenised using a PreCellLys 24 2.8 mm Ceramic Bead Kit and a Minilys Personal 

Homogeniser for 3 minutes at 5000 rpm (Bertin Instruments, France).  



 

 

127 

4.4.2 DNA extraction, PCR Amplification, and Sequencing 

DNA extraction was conducted using a DNeasy Plant Mini Kit on an automated 

Qiacube (Qiagen, Netherlands) modified with a 450 µL starting volume of digest and 

a 100 µL elution volume. Negative extraction controls were included for every 48 

samples (n = 4). 

Two plant metabarcoding assays were used to analyse the bee nesting tube contents 

across two gene regions of varying lengths. A shorter assay of ~30-143 bp targeting 

the P6 loop of the chloroplast trnL (UAA) intron (primers g and h; Taberlet et al. 2007) 

and a longer ~563 bp ITS2 assay (ITS2_S2F/S3R; Chen et al. 2010). Quantitative PCR 

(qPCR) was carried out on all samples to assess the amplification efficiency and 

presence of PCR inhibitors using serial dilutions of undiluted, 1:10 and 1:100. qPCR 

reactions were carried out in 25 µl reactions containing: 1 U of AmpliTaq gold, 1 x 

PCR Gold Buffer and 2 mM MgCl2 (all from Applied Biosystems, USA), 0.4 mg/mL 

bovine serum albumin (Fisher Biotec, Australia), 0.25 mM dNTPs (Astral Scientific, 

Australia), 0.4 µM of each forward and reverse primer, 0.6 µL of 1/1000 SYBR Green 

(Invitrogen, USA), and 2 µL of template DNA. The qPCR conditions for trnL were as 

follows: 95˚C for 5 minutes, followed by 45 cycles of 95˚C for 30s, 52˚C for 30s, and 

72˚C for 45s, with a final elongation at 72˚C for 10 minutes. For ITS2, the qPCR 

conditions were as follows: 94˚C for 5 minutes, followed by 45 cycles of 94˚C for 30s, 

56˚C for 30s, and 72˚C for 45s, with a final elongation at 72˚C for 10 minutes. 

Negative extraction, qPCR and positive (Brassica oleracea, cauliflower DNA) 

controls were also included in the reactions. The positive control was chosen as a 

species that displayed optimal amplification in laboratory workflows to provide a 

baseline comparison for other samples. Further, this species was not anticipated to 

occur in any of our study sites, and therefore any sources of cross-contamination from 

this positive would be easily recognised in the resulting sequences (Bohmann et al. 

2022). 
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Following qPCR, dilutions that showed the optimal level of amplification (template 

amount relative to any inhibition), were amplified with ‘fusion primers’, which are 

gene-specific primers labelled on both the forward and reverse with 6-8bp molecular 

identification (MID) tags coupled to Illumina sequencing adaptors. Each sample was 

tagged with a unique combination of forward and reverse MID tags not previously 

used within the laboratory, and qPCR reactions were prepared in an ultra-clean 

laboratory free from extracted or amplified DNA to minimise the possibility of 

contamination. Samples were amplified in duplicate using the qPCR conditions 

mentioned above to reduce the effects of PCR stochasticity (Murray et al. 2015). This 

included extraction and qPCR negative controls, but not qPCR positive controls. Using 

the qPCR results, PCR products were pooled in approximate equimolar concentration 

pools based on amplification curves, including negative controls. Pools were then 

quantified using a QIAxcel Advanced System (Qiagen) with the QIAxcel DNA High-

Resolution Kit. As per the results of the quantification, sample pools were then 

combined in approximate equimolar ratios to create a sequencing library for each assay 

(trnL and ITS2). The trnL library was size-selected using a Pippin Prep 2% agarose 

Marker B cassette (Sage Science, USA) for fragments between 160-450bp long, and 

the ITS2 library was size-selected for 200-650bp on a Pippin Prep 1.5% Marker K 

cassette (Sage Science). Library pools were then purified using a QIAquick PCR 

purification kit (Qiagen) as per the manufacturer's instructions with the addition of a 

5-minute incubation at room temperature before elution. The purified library was 

eluted in 40 µl and quantified with a QuBit (Invitrogen, USA) using double-stranded 

DNA high-sensitivity reagents to determine the optimal volume of the library required 

for sequencing. Both libraries were sequenced on an Illumina MiSeq (Illumina, USA). 

The trnL libraries were sequenced on a single-end 300 cycle V2 kit, and the ITS2 

libraries were sequenced on a paired-end 600 cycle V3 kit as per the manufacturer's 

directions. 
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4.4.3 Bioinformatics and Sequence Processing 

Unidirectional and unmerged paired-end sequencing reads were demultiplexed 

(assigned to their appropriate sample using the MID-tag combos) using 'Obitools' 

(Boyer et al. 2016) for the trnL dataset. To retain the paired-end data in the ITS2 

dataset as unmerged reads for analysis using the ‘DADA2’ package (Callahan et al. 

2016), demultiplexing was carried out using the default parameters in the 'insect' 

package (Wilkinson et al. 2018) in R v 3.6.1 (R Core Team 2019). Sequencing data 

was then quality filtered (trnL: minimum length= 50, maximum expected error = 2, no 

ambiguous nucleotides; ITS2: minimum length= 100, maximum expected error = 2, 

no ambiguous nucleotides), denoised, with paired-end reads (ITS2) merged with a 

minimum overlap length of 12, sequences identified as chimeras removed, and then 

dereplicated using the 'DADA2' package (Callahan et al. 2016) to produce Amplicon 

Sequence Variants (ASVs). ASVs were then curated using the 'LULU' package at 

default parameters (Frøslev et al. 2017). ASVs were matched to the NCBI GenBank 

reference database (www.ncbi.nlm.nih.gov/genbank/) using the Basic Local 

Alignment Search Tool (BLAST) for taxonomic assignment on a high-performance 

cluster computer (Pawsey Supercomputing Centre). BLAST results returned the top 

10 hits with a minimum query coverage of 95% and a minimum percentage identity of 

85%. These values were set based on of the poor availability of reference sequences 

in GenBank, and therefore improve likelihood of detection (Ryan et al. 2022; van der 

Heyde et al. 2020). Taxonomic assignments were made to the lowest common ancestor 

(LCA) using MEGAN (METAGenome Analyser v 6.13.5 (Huson 2018)) with a 

minimum score of 50 for trnL and 150 for ITS2. Plant taxa were cross-referenced to 

the Atlas of Living Australia (www.ala.org.au) and plant surveys of the sites 

(Prendergast and Ollerton 2021).  

http://www.ncbi.nlm.nih.gov/genbank/
http://www.ala.org.au/
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To determine the plant communities associated with the bee nesting tubes, only ASVs 

identified as plants (Phylum: Streptophyta) were retained in the analysis. ASV tables 

from both markers were then combined, retaining their ASV identity from each assay 

independent of taxonomy. Further filtering was then carried out on the entire data set. 

Any ASVs present in the negative control samples were removed using the ‘phyloseq’ 

package (McMurdie and Holmes 2013). Using the combined ASV table, a 0.05% 

minimum abundance filtering threshold was set within each sample to combat false, 

low abundance ASVs from each sample across with R 3.6.1 (R Core Team 2019). 

Minimum abundance filtering is equivalent to conducting rarefaction on the dataset 

without the need to remove low abundance samples (Prodan et al. 2020). Using 

‘phyloseq’ (McMurdie and Holmes 2013), low occurrence ASVs with less than 5 

sequences and occurring in only one sample were also removed. We removed any 

samples with less than 12,000 reads as this was where most samples had reached 

asymptote on a rarefaction curve (Fig S 4-1). 

4.4.4 Statistical Analysis  

To establish the differences between the two different habitat types, a one-way 

PERMANOVA (fixed factor of ‘habitat’ with two levels: ‘residential garden’ and 

‘bushland remnant’) was conducted on the normalised habitat characteristic values 

outlined above with Euclidian distance and 9999 permutations using the 

PERMANOVA+ add on (Anderson et al. 2008) for PRIMER 7 (Clarke and Gorley 

2015). A Principal Coordinate Analysis (PCO) based on Euclidian distance was 

performed on the normalised data from the measured habitat characteristics. The 

number of flowers and the number of native flowers were found to be co-linear 

variables (r=0.96), however, because of the importance of these two characters for 

describing the habitat, they were retained for the analysis despite collinearity. The 

relative contribution of each habitat characteristic to the differences between habitat 

types was evaluated using the strength of the correlation coefficient to the PCO axes. 

Vectors were plotted to illustrate the strength and direction of the association.  



 

 

131 

Statistical analysis on sequencing data was performed using R 3.6.1 (R Core Team 

2019) and PRIMER 7 (Clarke and Gorley 2015). The ASV abundance matrix was 

converted to presence-absence data, and all plant community statistics were calculated 

from this matrix. As a measure of alpha diversity, ASV richness was calculated using 

the DIVERSE function in PRIMER 7. A Euclidean distance resemblance matrix was 

made. ASV richness was tested using a univariate Permutational Analysis of Variance 

(PERMANOVA) with three factors, Habitat (fixed, two levels), Lecty (fixed, 2 levels) 

and Species, (random, nested within Lecty, varying levels). A Pearson correlation test 

was also conducted on the observed plant ASV richness and the number of nesting 

tubes using R 3.6.1 (R Core Team 2019). 

The effect of Habitat, Lecty and Species on the plant community composition was 

tested in the same way with a Permutational Multivariate Analysis of Variance 

(PERMANOVA) using Jaccard similarity with 9999 permutations using the 

PERMANOVA+ add on (Anderson et al. 2008) for PRIMER 7 (Clarke and Gorley 

2015). The multivariate dispersions around the centroid for habitat was tested for each 

of the bee species using the PERMDISP function in the PERMANOVA+ add on 

(Anderson et al. 2008) for PRIMER 7 (Clarke and Gorley 2015). The plant community 

composition was illustrated with Non-metric Multidimensional Scaling (NMDS) using 

Jaccard Similarity with the 'vegan' package (Oksanen et al. 2019) and 'ggplot2' 

(Wickham 2016). Similarity percentage analysis (SIMPER) was used to identify plant 

families responsible for the differences between habitat type using PRIMER 7 (Clarke 

and Gorley 2015) based on the ASVs that could be identified to a family level. A 

distance-based linear model (DistLM) was used to characterise the relationship 

between the measured habitat characteristics and plant ASVs found in nesting tube 

contents. This model also included the factors Habitat, Lecty and Species. The DistLM 

was done using the BEST selection procedure and the Akaike Information Criterion 

with correction (AICc) selection criterion using PERMANOVA+ add on (Anderson et 

al. 2008) for PRIMER 7 (Clarke and Gorley 2015). 



 

 

132 

4.5 Results 

4.5.1 Residential Gardens and Remnant Bushland Habitats 

There was a significant difference between the habitat types (residential garden and 

bushland remnant) based on the measured habitat characteristics (PERMANOVA, 

F(1,131)= 89.1, p=0.001). PCO showed that 69.2% of the variation among the two 

habitat types was explained by axes 1 and 2 (Fig 4-2). Residential gardens were 

associated with a greater percentage of built space and floral species richness, whilst 

remnant bushland was associated with the greater richness and abundance of native 

plant flowers and bee species, woody plants, and bare ground (Fig 4-2, see also 

Prendergast et al. 2021) 

 

Figure 4-2 Principal Coordinates Analysis (PCO) plot of the measured habitat 

characteristics between bushland remnant (grey circle) and residential garden (black 

triangle) habitat types. The vectors plotted illustrate the strength and direction of the 

correlations of habitat characteristics to the PCO axes. For descriptions of abbreviations 

of habitat characteristics see Table S 4-3. 
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4.5.2 Sequencing Results 

The trnL and the ITS2 assays generated 8,949,032 (mean = 113,114 ± 812 SE 

sequences per sample) and 17,419,536 (mean = 72,646 ± 501 SE sequences per 

sample) quality filtered and ‘LULU’-curated sequences, respectively. Only six ASVs 

were detected within the negative control samples, two from the ITS2 assay and four 

from the trnL assay. As per Bell et al. (2017), these signified low levels of 

contamination either in the reagents or from sampling/laboratory workflows as the 

ASVs were from a subset of some of the most common taxa detected (Myrtaceae spp. 

and Fabaceae spp.). These ASVs were removed from further analysis. Analysis was 

then conducted on 14,521,974 sequences from 213 ASVs and 115 samples.  

In total there were 40 families, 50 genera, and 23 species of terrestrial vascular plants 

detected through metabarcoding of the bee nesting tubes. The majority of the 

metabarcoding detections belonged to the family Myrtaceae (103 ASVs), followed by 

Fabaceae (23 ASVs), Poaceae (10 ASVs) and Asteraceae (10 ASVs). There were 

several plant families detected through metabarcoding of the nesting tubes that were 

not observed as floral-hosts in plant-pollinator surveys within the same geographic 

region (Table S 4-1). These families include both native and exotic plant species (Fig 

S 4-2, Table S 4-3) that are either native to the area or can be found in residential 

gardens or road-side verges. Here we define exotic plants as those that are exotic to 

Australia.  
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Both assays performed similarly at higher taxonomic levels, at least 99.1% of ITS2 

ASVs and 88.7% of trnL ASVs were able to be identified to family level. This was 

markedly reduced at finer taxonomic levels for the trnL assay where only 43.9% of 

ASVs could be identified to genus level while 97.4% of ITS2 ASVs could be identified 

to genus level; however, this was predominantly Eucalyptus ASV detections. At a 

species level, both assays performed similarly with 29.6% of the ITS2 ASVs identified 

to species and 23.5% of trnL ASVs identified to species. Even though the trnL assay 

had a limited taxonomic resolution, it detected a broader range of plant families (36) 

than the ITS2 assay (15), with 10 plant families shared between the two (Fig S 4-2). 

For both ITS2 and trnL there was a higher relative sequence abundance (from 

presence-absence data) from the Myrtaceae family than any other plant family within 

the dataset (Fig S 4-3). However, whilst the ITS2 data was dominated by Myrtaceae 

sequences, the trnL dataset showed higher proportions of other families, such as 

Fabaceae (Fig S 4-3). 

4.5.3 Native bee nest provision in residential gardens and urban bushland 

fragment habitats 

A univariate PERMANOVA on the observed ASV richness showed a significant 

interaction between habitat type and lecty, as well as a main effect of both habitat and 

lecty (Table 4-1). There was not a significant effect of bee species, or a significant 

interaction between habitat and species. Post-hoc tests on the interaction of habitat and 

lecty identified that oligolectic (specialist) bees had greater ASV richness within their 

nest tubes in residential gardens than in Bushland (Table 4-1, Fig 4-3A). However, 

there was no significant difference in the ASV richness in gardens or bushland for 

polylectic (generalist) bees (Table 4-1, Fig 4-3A). Between the habitat types, 

residential gardens had a higher observed ASV richness (mean 35.3 ± 2.3 SE) than 

bushland habitat types (mean = 29.6 ± 1.4 SE, Table 4-1).  

  



 

 

135 

Table 4-4-1 Analysis of variance results for plant ASVs detected through 

metabarcoding. PERMANOVA main tests of ASV Richness and Plant ASV composition 

are presented. These are followed by post-hoc pairwise comparisons for the significant 

interaction terms, Habitat x Lecty for ASV richness and Habitat x Species for Plant ASV 

composition. Habitat types are Residential Gardens or Remnant Bushland. P-Adj values 

are adjusted with a post-hoc Holm-Bonferroni correction due to multiple comparisons. 

* Indicates significance at α = 0.05. 

 

 ASV Richness  Plant ASV composition 

Term DF MS Pseudo-

F 

P(perm) Unique 

perms 

MS Pseudo-

F 

P(perm) Unique 

perms 

Habitat 1 1678 22.792 0.001* 9862 13853 3.19 0.018* 9959 

Lecty 1 1467 4.809 0.052 8538 7169 0.92 0.495 8815 

Species (Lecty) 6 306 1.319 0.257 9938 7791 2.95 <0.001* 9786 

Habitat x Lecty 1 1508 20.482 0.001* 9864 4691 1.08 0.390 9956 

Habitat x 

Species(Lecty) 

6 73 0.315 0.929 9957 4347 1.64 <0.001* 9748 

Residual 117 232    2645     

Post-hoc pairwise comparisons  

  Observed ASV Richness 

Lecty x Habitat 

Plant ASV Composition 

Species x Habitat 

Bee species Lecty 
(oligolectic 

(specialist) vs 

polylectic 

(generalist)) 

 

t value P value P-Adj t value P value P-Adj 

Megachile canifrons Oligolectic 4.843 0.036* 0.072 1.324 0.039* 0.156 

Megachile fabricator         1.904 <0.001* 0.008* 

Rozenapis ignita         1.769 <0.001* 0.008* 

Hylaeus violaceus Polylectic 0.229 0.829 0.829 1.247 0.089 0.267 

Megachile aurifrons         1.562 0.001* 0.008* 

Megachile erythropyga        1.311 0.012* 0.060 

Megachile oblonga        1.189 0.096 0.267 

Megachile tosticauda        1.249 0.098 0.267 
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The PERMANOVA on the composition of plant ASVs in nesting tubes found that 

there was a significant interaction of bee species and habitat type (Table 4-1, Fig 3-

3B), and also differences between habitat type and bee species (Table 4-1). Further 

assessment of the interaction difference in the composition of plant taxa ASVs 

detected from residential garden and bushland nesting tubes for all the oligolectic 

species (M. canifrons, M. fabricator, and R. ignita) but only two of the polylectic 

species (M. erythropyga and M. aurifrons) (Fig 3-3B, Table 4-1).  

Analysis of multivariate dispersions (PERMDISP) indicated no significant difference 

in the diversity of forage between residential gardens and bushland remnants for most 

bee species (p>0.05). The exception was the polylectic species M. oblonga 

(F(1,15)=6.562, p=0.021), with forage ASVs in the Residential Gardens being less 

variable (mean dispersion 46.76 ± 1.68 SE) than in the Bushland Remnants (52.74 ± 

1.61 SE).  

SIMPER analysis indicated that Myrtaceae and Fabaceae were the most common 

detections in residential gardens and bushland remnant habitat types (Table S 4-4). 

This was to be expected as Myrtaceae and Fabaceae were the most common plant 

families detected across the dataset (Fig S 4-3). Results from the SIMPER analysis 

based on the plant families of detected ASVs indicated that there was an observed 

decrease in the frequency of Fabaceae ASVs contributing to the similarity within 

residential gardens (Table S 4-4).  

We found that although there were some habitat characteristics that had statistically 

significant relationships with the observed plant ASV composition, these variables 

could only explain a very low percentage of the variation in composition (Table S 4-

5). The overall BEST solution indicated that the three factors Habitat, Species and 

Lecty, together explained 17% of the variation in plant ASV composition. Additional 

variables that were included in alternative models within 2 AICc of the BEST model 

were related to the number of plant species or the number of native plant species (floral 

richness, native floral richness, proportion of richness which is native flora) or distance 

to bushland. 
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Figure 4-3 A) Mean observed ASV richness (± S.E.) of plant taxa detected within nesting tubes of oligolectic (specialists, orange box) and polylectic 

(generalists, blue box) bees for bushland remnant (grey circle) and residential garden (black circle) habitat type. Asterisk (*) indicates pairwise 

significant difference (α = 0.05). B) Non-metric Multi-dimensional Scaling (NMDS) plot with Jaccard Similarity showing species of bees and the forage 

composition of nesting tubes between those in bushland remnant (grey circle) and residential garden (black triangle) habitat type. 95% confidence 

intervals illustrated with circles corresponding to colour of bushland remnants (grey) and residential gardens (black). Species in the blue box are 

polylectic whilst those in the orange box are oligolectic. 
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4.6 Discussion 

Our study showed that eDNA metabarcoding can reveal the contents of nesting tubes, 

using eight native, cavity-nesting bee species in bushland remnants and residential 

gardens in Western Australia. Contrary to our hypothesis, oligolectic (specialist) bee 

species identified in our study (designations defined by Houston, 2000 and Prendergast 

and Ollerton, 2021) showed significantly higher species richness of plant hosts in 

residential gardens than in bushland remnant sites, and all our oligolectic species 

showed significantly different forage composition between habitat types. In 

comparison, for the majority of polylectic bee species there was no significant 

difference between habitat types in richness or forage composition derived from the 

nesting tubes. This suggests a much more complex response of native bee species to 

urbanisation than previously thought.  
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4.6.1 Urban survival and forage flexibility for oligolectic bee species 

Contrary to our hypothesis, the oligolectic bee species had different ASV richness 

between habitat types, with higher richness observed in the residential gardens. There 

are several potential explanations for this. Higher diversity could indicate greater 

availability of forage in these habitat types for native bees, although, considering the 

co-evolution of native bees to their native host plants (Houston 2000; Phillips et al. 

2010) and that these species are oligolectic, this seems unlikely. Instead, we suggest 

that this is an indicator of lower availability of preferred resources. This was supported 

by the increase in similarity of forage composition within residential gardens for these 

bees. As a result, we suggest that even these specialist native bees can expand their 

diet breadth to meet their resource requirements in suboptimal habitats. It should be 

noted that these oligolectic bee species were chosen as they were commonly found in 

our residential garden and remnant bushland study sites and therefore allowed us to 

achieve an adequate sampling size. As such, these species could be considered ‘urban 

adapters’ (McKinney 2002) in these spaces, as they have broad ecological adaptations 

that have positively translated in urban environments to allow them to forage and 

reproduce efficiently enough to allow populations to be maintained. One generalised 

adaptation is that the oligolectic bee species in our study could diversify their forage 

sources, indicating phenotypic plasticity (also known as behavioural flexibility). 

Behavioural flexibility is an important characteristic required for animals to be 

successful in urban environments (Lowry et al. 2012). This finding is supported by 

previous observations in these same residential garden sites, where native bees would 

visit native plants even if they were not native to the local area (Prendergast and 

Ollerton 2021). Phenotypic plasticity, generalisation, and dispersal ability have been 

identified as important characteristics required for survival in urban environments 

(Santini et al. 2019).  
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The oligolectic bee species in our study also had a generally larger intertegular span 

than did the polylectic species in this study, indicating that they can theoretically fly 

farther (Wright et al. 2015) to meet resource requirements. They may therefore be able 

to increase the diversity of their forage, as reflected by the contents of the nesting 

tubes. With residential gardens in our study characterised by higher floral richness and 

increased built space than bushland remnants, this could mean that these larger 

oligolectic bees were able to navigate through these spaces to find adequate forage 

resources. The habitats within our study were only surveyed within a 100 x 100 m area 

and bees have been documented to forage from 300 m – 1km depending on their body 

size (Greenleaf et al. 2007). This is supported by previous research where bee 

communities in urbanised, fragmented vegetation were dominated by bee species with 

a greater flight range than in nature reserve areas (Hung et al. 2019). However, longer 

flight distance to forage for resources may reduce fitness of solitary bees by reducing 

their offspring production (Zurbuchen et al. 2010a) and lifespan due to the wear and 

stress posed on the exoskeleton and flight muscles (Torchio and Tepedino 1980). 

While these oligolectic bees may survive in urban areas, there may be unknown 

physiological and reproductive consequences to living in urbanised areas that could 

impact the overall health of these bee populations.  
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In contrast, only two of our polylectic bee species, showed no significant differences 

in the forage composition between habitat types. Although there are more exotic plant 

species in residential gardens than in bushland fragments, residential gardens were not 

devoid of native flowering plant species (Prendergast 2020). This suggests that the 

generalist bee species can access the same range of forage in residential gardens that 

they would in bushland remnants. These results reflect those of Buchholz et al. (2020) 

who found that urbanisation leads to an increase in the number of polylectic bee 

species. However, even though the polylectic bee species M. oblonga showed no 

significant difference in the ASV composition of its forage between habitat types, there 

was significantly smaller dispersion observed for the ASVs in the residential gardens 

than in the bushland habitats. This indicates reduced diversity of forage availability 

for this species in urban areas. Similarly, oligolectic bee species with significant 

differences in forage richness between habitat types also demonstrated a significant 

difference in the composition of forage in nesting tubes. A significant difference in 

composition could indicate that these bee species are able to access the varying 

resources - exotic or ornamental native plant species - available in urban environments, 

even if these foraging sources may not be preferred. As lecty is also considered through 

family level specialisation, this might mean that oligolectic bee species are feeding 

from multiple species within a plant family. Further, the distinction between urban and 

bushland environments in forage resources, especially for oligolectic bees, can suggest 

that these species are having to change their foraging behaviour to a higher degree than 

the polylectic species that showed no effect.  
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For both the oligolectic M. canifrons and M. fabricator, composition of forage 

resources in nesting tubes was characterised by Eucalyptus ASVs (family Myrtaceae), 

which is a common native genus and frequent in horticultural plantings (Prendergast 

and Ollerton 2021). Myrtaceae ASVs also contributed to a significant percentage of 

the similarity in residential gardens, potentially in the absence of preferred Fabaceae 

forage. Whilst M. canifrons and M. fabricator are Fabaceae specialists, lecty 

specialisation refers to pollen specialisation and not nectar (Cane and Sipes 2006); it 

may be that these additional plant taxa recorded in the specialist bees’ tubes represent 

DNA from nectar sources. One of the limitations of the current methods in that they 

cannot accurately quantify the relative proportions of plant species present, nor 

determine whether the sources were derived from nectar or pollen foraging. Further, 

these detections could also represent resin gathered from Eucalyptus trees to create 

partitioning between brood cells in nesting tubes (Houston 2000). Additional research 

is required to determine the fitness consequences, if any, of how these differences in 

pollen diversity and composition in nesting tubes affect the native bee progeny 

(Filipiak and Filipiak 2020).  
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4.6.2 DNA metabarcoding for taxonomic identification of plants 

Prior studies have shown that DNA metabarcoding of pollen samples is simpler and 

provides greater taxonomic resolution than does traditional palynological approaches 

(Galimberti et al. 2014; Bell et al. 2017). However, this approach is not without 

limitations. Assays targeting shorter DNA fragments have been recommended for 

metabarcoding studies because this DNA can be heavily degraded (Taberlet et al. 

2007, 2012), but short fragments may lack the resolving power to discriminate at finer 

taxonomic levels (Pornon et al. 2016). The ITS2 region has been previously suggested 

as a useful region for molecular identification of eukaryotes because it has fairly 

conserved regions across many taxonomic groups and contains a great deal of 

variability to distinguish closely related species (Chen et al. 2010; Yao et al. 2010). 

Nevertheless, both the assays used in our study showed limited species-level 

identification. This might also be explained by inadequate taxonomic representation 

in reference databases (Gous et al. 2021), which are limited for many floral taxonomic 

groups in Australia (Dormontt et al. 2018). Therefore, to compare the richness and 

composition of forage between bee species, we left ASVs independent of their 

taxonomy. This approach has been found to be an accurate proxy to estimate species 

diversity in the absence of adequate reference sequence databases (Ashfaq and Hebert, 

2016; Gálvez-Reyes et al. 2020). However, taxonomic identification is still crucial for 

conservation because species-level identification is important for effective 

conservation and management. These findings support the need for increased coverage 

of reference databases across a variety of Australian plant taxonomic groups to aid 

molecular taxonomic assignment (Bell et al. 2016). 
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The shorter trnL assay (~30-143 bp) detected a much wider range of plant families 

than did the ITS2 assay (~563 bp), which could suggest that larval digestion or other 

environmental factors may have degraded the eDNA and thus favours short amplicons. 

Dietary analysis using ITS2 plant assays is somewhat problematic as the amplicon 

length is too large to be reliably detected in degraded dietary items (Moorhouse-Gann 

et al. 2018). Further, interpretation of ITS2 data presents a challenge because of 

paralogous gene copies (Hollingsworth et al. 2011; Moorhouse-Gann et al. 2018), 

which may be a particular issue for eucalypts (Bayly et al. 2008). The ITS2 assay had 

very high numbers of Eucalyptus ASVs, which appeared to amplify in our samples 

preferentially. Thus, there needs to be a balance between taxonomic resolution and 

taxonomic breadth when choosing assays for metabarcoding studies. Therefore, we 

suggest a multi-assay approach, such as ours, to better distinguish plant communities 

from insect-gathered pollen (Pornon et al. 2016). Additionally, the ongoing 

development of group-specific (e.g. family) assays may help complement the use of 

assays such as ITS2 and trnL whose role is to provide a high-level assessment.  



 

 

145 

While there are no known visual observations of any of the cavity-nesting bee species 

in our study foraging on members of Poaceae (Houston 2000; Prendergast 2020; 

Prendergast and Ollerton 2021), Poaceae ASVs were detected from 48 out of the 114 

samples, equally among bee species and habitat types. In addition, a recent study that 

used metabarcoding of pollen from Australian native beehives similarly found 

unexpected detections of Poaceae (Wilson et al. 2021). Although Wilson et al. (2021) 

propose that these detections represent actual foraging activity, the results from the 

previous pollinator surveys at the sites in our study (Prendergast 2020; Prendergast 

and Ollerton 2021) do not support this hypothesis. Additionally, Poaceae constitutes a 

large proportion of total airborne pollen (Brennan et al. 2019), which suggests that 

Poaceae detections in our samples may instead have been airborne. Likewise, we 

cannot discern whether the detection of exotic plant ASVs from the nesting tubes 

represents actual foraging activity or background environmental accumulation. 

Previous observations from pollinator surveys showed no interactions between native 

bee species and exotic plants (Prendergast 2020; Prendergast and Ollerton 2021). Still, 

pollinator surveys undertaken through visual observation can be affected by bias based 

on observer, method, and context (O’Connor et al. 2019). Therefore, these exotic plant 

detections from nesting tubes represent directions for future research to explore the 

value of exotic plant species as a foraging resource for endemic native bees. For 

example, collection of data across different seasons to explore the persistence of the 

signal, and/or dissection of gastro-intestinal tracts directly from bees to avoid 

environmental background from the nesting tubes. 
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Our finding of a differential response of oligolectic and polylectic bee species to 

urbanisation adds to growing recognition that not all bees respond uniformly to 

ecosystem changes (Banaszak-Cibicka and Żmihorski 2012; Rader et al. 2014; De 

Palma et al. 2015). The bee species in our study were chosen as polylectic and 

oligolectic species that readily use urban environments, and these designations were 

defined through observation of their foraging behaviour in these environments 

(Prendergast and Ollerton, 2021; Prendergast et al. 2021). The oligolectic bee species 

in our study demonstrated a shift from their preferred forage in bushland remnants to 

forage that was available in residential gardens. This same shift was not observed for 

polylectic species. Therefore, these species represent urban adapters in this region, 

with a degree of plasticity in their foraging preferences and resources. The shift in 

these resources currently has unknown future impacts for the health of bee species in 

urbanised areas. Previous work on cavity-nesting bees advocates for increasing the 

diversity of native forage available, especially in anthropogenically impacted 

landscapes (Gresty et al. 2018). However, there is little knowledge available on 

species-specific ecology and preferred host plants in urban environments for many 

Australian bee species, as most studies have been conducted in Europe or the Americas 

(Staab et al. 2018; Wenzel et al. 2020). Although studies on Australian native bees are 

increasing (Threlfall et al. 2015; Prendergast and Ollerton 2021; Prendergast et al. 

2021), it is still imperative to continue research into the natural history of bee species 

here and around the globe.  
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The use of DNA metabarcoding can provide a valuable complement to dietary and 

other species-interaction studies through the ability to rapidly identify the composition 

of forage resources collected by bees and other organisms. As areas become more 

urbanised, future research on the impacts that changes in forage availability and 

composition have on the health and reproduction of fauna will be invaluable in 

conserving native fauna populations. For example, where metabarcoding was applied 

to the faecal material of songbirds, differences in diet in urban areas could be linked 

to decreases in offspring growth (Jarrett, et al. 2020). Such research builds upon our 

knowledge of which species will be able to survive in urban environments, and which 

will completely avoid these areas or disappear from them. It is important that a more 

nuanced approach is taken to studying foraging preferences. For native bees, our 

results support the idea that lecty is a spectrum (Ritchie et al. 2016) and an individual 

species’ behavioural flexibility will have an influence on their survival in urban areas. 

Understanding the complexities of foraging behaviour in different organisms will be 

an important part of designing interventions to mitigate threats and build healthier 

urban ecosystems that can support high biodiversity.  
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4.8 Supplementary Tables  

Table S 4-4-1 Floral host and intertegular span of the eight species of bee included in 

this study, including number of nesting tubes sampled from each habitat type. Floral 

hosts were observed through pollinator surveys in both residential gardens and bushland 

remnant habitats (Prendergast and Ollerton 2021) and surveys by K.S. Prendergast 

(unpub) in southwest WA. Intertegular span was measured from female body size. Lecty 

is in terms of known specialisation on pollen in terms of foraging from flower species 

from a single family for oligolectic bees. 

Species Intertegular 

span (mm) 

Lecty 

(oligolectic 

(specialist) vs 

polylectic 

(generalist)) 

 

  

Floral host(s) Residential 

garden 

Bushland 

remnant 

Megachile 

(Hackeriapis) 

canifrons 

(Smith, 1853) 

3.17 Oligolectic Jacksonia sternbergiana, J. 

furcellata, and Verticordia 

plumosa† 

10 10 

Megachile 

(Mitchellapis) 

fabricator 

(Smith, 1868) 

3.57 Oligolectic Jacksonia sternbergiana 

and J. furcellata 

6 9 

Rozenapis 

ignita (Smith, 

1853) 

3.25 Oligolectic Jacksonia sternbergiana, J. 

furcellata, and Corymbia 

calophylla† 

10 10 

Hylaeus 

(Euprosopis) 

violaceus 

(Smith, 1853) 

1.76 Polylectic Melaleuca preissiana, M. 

huegelii, M. teretifolia, 

Eucalyptus spp., and 

Banksia sessilis 

9 8 

Megachile 

aurifrons 

(Smith, 1853) 

2.58 Polylectic Scaevola spp., Plectranthus 

spp., Jacksonia furcellata, 

J.sternbergiana, Melaleuca 

quinquenervia, and 

Babingtonia 

camphorosmae 

10 10 

Megachile 

erythropyga 

(Smith., 1853) 

3.2 Polylectic Scaevola spp., Plectranthus 

spp., Corymbia calophylla, 

and Callistemon spp. 

10 10 

Megachile 

(Hackeriapis) 

oblonga (Smith, 

1879) 

2.42 Polylectic Corymbia callophylla, 

Goodenia filiformis, 

Jacksonia sericea, 

Melaleuca huegelii, 

Babingtonia 

camphorosmae, Cassytha 

racemosa, Stylidium 

brunonianum, Asartea 

scoparia, Baekea spp., 

Thryptomene saxicola, and 

Mentha pulegium 

10 10 

Megachile 

(Hackeriapis) 

tosticauda 

(Cockerell, 

1912) 

2.37 Polylectic Babingtonia 

camphorosmae, Corymbia 

callophylla, Billardiera 

variifolia, Baekea spp., and 

Cassytha racemosa 

7 9 
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Table S 4-4-2 Abbreviations used for habitat characteristics 

Abbreviation Description 

Area  Area of site 

Builtspace  Percentage of built space within area 

Dist.Bushland  Distance to nearest bushland 

FloralN  Total number of flowers 

FloralR  Species Richness of flowering plants 

NativeFloraN  Number of native flowers 

NativeFloraR  Species richness of native flowering plants 

PropNnativeflora  Proportion of native flowers in total flowers 

PropRnativeflora  Proportion of native flowering plant species richness 

in total species richness 

Bare.ground  Bare ground cover 

Woody.plant  Number of trees and shrubs 

HoneybeeN  Number of honeybees observed 

NativeBeeN  Number of native bees observed 

TotalBeeN  Total number of bees observed 

PropNativeBees  Proportion of native bees in total area 

NativeBeeR  Native bee species richness caught during sampling 

period  

 

  



 

 

157 

Table S 4-4-3 List of plant detections from nesting tubes for bee species in this 

study 

Oligolectic Bee Species 

Megachile canifrons     
Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Gunneridae Myrtales Myrtaceae   
Gunneridae Asterales Asteraceae   
Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 
Pinidae Araucariales Podocarpaceae Podocarpus  
Pinidae Cupressales Cupressaceae  
Gunneridae Myrtales Lythraceae Lagerstroemia 

Gunneridae Brassicales Brassicaceae  
Gunneridae Gentianales Rubiaceae Galium  
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 

eudicotyledons Proteales Proteaceae Persoonia  
Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

Liliopsida Poales Poaceae   
Gunneridae Fabales Fabaceae   
Gunneridae Dipsacales Adoxaceae Viburnum  
Gunneridae Lamiales    
Gunneridae Fagales Juglandaceae  
Magnoliidae Laurales Lauraceae   
Gunneridae Fabales Fabaceae Daviesia  
Gunneridae Pentapetalae   
Megachile fabricator        

Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Petrosaviidae Poales Poaceae Avena  
Gunneridae Myrtales Myrtaceae   
Gunneridae Asterales Asteraceae   
Gunneridae Fabales Fabaceae   
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 
eudicotyledons Proteales Proteaceae Persoonia  
Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 

Gunneridae Santalales Loranthaceae Nuytsia Nuytsia floribunda 

Gunneridae Dipsacales Adoxaceae Viburnum  
Gunneridae Fagales Juglandaceae  
Magnoliidae Laurales Lauraceae   
Gunneridae Fabales Fabaceae Daviesia  
Gunneridae Pentapetalae   
Liliopsida Poales Poaceae   
Rozenapis ignita         

Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Pinidae Cupressales Cupressaceae Juniperus  
Mesangiospermae    
Gunneridae Myrtales Myrtaceae   
Gunneridae Asterales Asteraceae   
Gunneridae Asterales Menyanthaceae  
Pinidae Araucariales Podocarpaceae Podocarpus  
Pinidae Cupressales Cupressaceae  
Gunneridae Fabales Fabaceae   
Gunneridae Fabales Fabaceae Hardenbergia 

Gunneridae Brassicales Brassicaceae  
Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

Liliopsida Poales Poaceae Avena  
Gunneridae Fabales Fabaceae Daviesia  
Gunneridae Solanales Solanaceae   
Gunneridae Gentianales Rubiaceae Galium  
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 

Liliopsida Poales Poaceae   
eudicotyledons Proteales Proteaceae Persoonia  
Gunneridae Sapindales Anacardiaceae Schinus Schinus terebinthifolia 

eudicotyledons Proteales Proteaceae Grevillea  
Gunneridae Fabales Fabaceae Lotus Lotus unifoliolatus 

Gunneridae Apiales Apiaceae   
Pinidae Cupressales Cupressaceae Callitris  
Cycadidae Cycadales Zamiaceae Macrozamia 
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Liliopsida Poales Poaceae Ehrharta  
Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 

Liliopsida Zingiberales Musaceae   
Gunneridae Dipsacales Adoxaceae Viburnum  
Gunneridae Asterales    
Gunneridae Lamiales    
Gunneridae Fagales Juglandaceae  
Magnoliidae Laurales Lauraceae   
Gunneridae Lamiales Oleaceae Ligustrum  
Gunneridae Pentapetalae   
Polylectic Bee Species 

Hylaeus violaceus     
Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Gunneridae Myrtales Myrtaceae   
Gunneridae Asterales Asteraceae   
Pinidae Araucariales Podocarpaceae Podocarpus  
Pinidae Cupressales Cupressaceae  
Gunneridae Fabales Fabaceae   
Gunneridae Brassicales Brassicaceae  
Gunneridae Gentianales Rubiaceae Galium  
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 

Gunneridae Fabales Fabaceae Grazielodendron 

Liliopsida Poales Poaceae   
eudicotyledons Proteales Proteaceae Persoonia  
Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

eudicotyledons Proteales Proteaceae Grevillea  
Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 

Gunneridae Dipsacales Adoxaceae Viburnum  
Gunneridae Lamiales    
Gunneridae Fagales Juglandaceae  
Magnoliidae Laurales Lauraceae   
Gunneridae Pentapetalae   
Pinidae Araucariales   
Megachile aurifrons         

Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Gunneridae Malvales Malvaceae Talipariti Talipariti tiliaceum 

Gunneridae Asterales Asteraceae Cotula Cotula australis 
Gunneridae Myrtales Myrtaceae   
Gunneridae Asterales Asteraceae   
Gunneridae Asterales Menyanthaceae  
Pinidae Cupressales Cupressaceae  
Gunneridae Fabales Fabaceae   
Gunneridae Myrtales Lythraceae Lagerstroemia 

Gunneridae Fabales Fabaceae Hardenbergia 

Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

Gunneridae Solanales Solanaceae   
Gunneridae Gentianales Rubiaceae Galium  
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 

Gunneridae Fabales Fabaceae Grazielodendron 

eudicotyledons Proteales Proteaceae Persoonia  
eudicotyledons Proteales Proteaceae Grevillea  
Gunneridae Apiales Apiaceae   
Gunneridae Lamiales Verbenaceae  
Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 

Gunneridae Brassicales Brassicaceae  
Gunneridae Malvales Malvaceae Talipariti  
Gunneridae Lamiales    
Gunneridae Fagales Juglandaceae  
Magnoliidae Laurales Lauraceae   
Gunneridae Lamiales Oleaceae Ligustrum  
Gunneridae Fabales Fabaceae Daviesia  
Gunneridae Pentapetalae   
Liliopsida Poales Poaceae   
Gunneridae Solanales Convolvulaceae  
Megachile erythropyga         

Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Gunneridae Myrtales Myrtaceae Syzygium  
Gunneridae Myrtales Myrtaceae   
Gunneridae Asterales Asteraceae   
Pinidae Araucariales Podocarpaceae Podocarpus  
Pinidae Cupressales Cupressaceae  
Gunneridae Fabales Fabaceae   
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Liliopsida Poales Poaceae Avena  
Gunneridae Rosales Moraceae Morus  
Gunneridae Solanales Solanaceae   
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 

eudicotyledons Proteales Proteaceae Persoonia  
Gunneridae Sapindales Anacardiaceae Schinus Schinus terebinthifolia 

Gunneridae Gentianales Apocynaceae  
Gunneridae Lamiales Verbenaceae  
Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

Liliopsida Poales Poaceae   
Cycadidae Cycadales Zamiaceae Macrozamia 

Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 

Gunneridae Lamiales    
Gunneridae Fagales Juglandaceae  
Gunneridae Pentapetalae   
Gunneridae Solanales Convolvulaceae  
Megachile oblonga         

Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Gunneridae Myrtales Myrtaceae   
Gunneridae Asterales Asteraceae   
Gunneridae Asterales Menyanthaceae  
Gunneridae Fabales Fabaceae   
Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

Gunneridae Gentianales Rubiaceae Galium  
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 

Gunneridae Fabales Fabaceae Grazielodendron 

eudicotyledons Proteales Proteaceae Persoonia  
Gunneridae Fabales Fabaceae Lotus Lotus unifoliolatus 

Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 
Gunneridae Santalales Loranthaceae Nuytsia Nuytsia floribunda 

Gunneridae Dipsacales Adoxaceae Viburnum  
Gunneridae Asterales    
Liliopsida Poales Poaceae   
Gunneridae Lamiales    
Gunneridae Fagales Juglandaceae  
Gunneridae Fabales Fabaceae Daviesia  
Gunneridae Pentapetalae   
Megachile tosticauda         
Class Order Family Genus Species 

Gunneridae Myrtales Myrtaceae Eucalyptus  
Petrosaviidae Poales Poaceae Avena  
Gunneridae Myrtales Myrtaceae   
Gunneridae Fabales Fabaceae   
Gunneridae Myrtales Myrtaceae Ugni Ugni candollei 

Gunneridae Myrtales Myrtaceae Melaleuca Melaleuca nodosa 

eudicotyledons Proteales Proteaceae Persoonia  
Gunneridae Fabales Fabaceae Jacksonia Jacksonia horrida 

Gunneridae Dipsacales Adoxaceae Viburnum  
Gunneridae Lamiales    
Gunneridae Fagales Juglandaceae  
Magnoliidae Laurales Lauraceae   
Gunneridae Pentapetalae   
Gunneridae Solanales Convolvulaceae  
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Table S 4-4-4 SIMPER analysis showing plant families ranked according to average 

Bray-Curtis dissimilarity between habitat types for overall native bee community and 

each species of bee. Frequency is based on abundance of ASVs identified to plant family 

found within those sites, a proxy for relative abundance 

Overall Bee Community 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 60% 

Myrtaceae 4.41 62.01 62.01 

Fabaceae 2.1 24.5 86.51 

Residential Average Similarity: 57.8% 

Myrtaceae  5.02  63.28 63.28 

Fabaceae  2.02  22.22 85.5 

Both Average dissmilarity: 41.23% 

Myrtaceae 4.41 21.06 21.06 

Fabaceae 2.1 13.31 34.37 

Poaceae 0.53 7.54 41.91 

Asteraceae 0.43 6.17 48.09 

Proteaceae 0.4 5.99 54.08 

Juglandaceae 0.54 5.87 59.95 

Cupressaceae 0.26 4.9 64.85 

Adoxaceae 0.22 3.26 68.11 

Lauraceae 0.17 2.89 71 

Oligolectic Bees 

Megachile canifrons 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 60.6% 

Myrtaceae 4.23 63.56 63.56 

Fabaceae 1.92 28.26 91.81 

Residential Average Similarity: 68.9% 

Myrtaceae 6.69 72.06 72.06 

Both Average dissimilarity: 38% 

Myrtaceae 4.23 30.19 30.19 

Fabaceae 1.92 8.2 38.39 

Poaceae 0.5 7.18 45.57 

Juglandaceae 0.5 6.42 52 

Cupressaceae 0.24 5.77 57.76 

Asteraceae 0.4 5.71 63.47 

Proteaceae 0.17 5.11 68.59 

Brassicaceae 0.4 4.87 73.46 

Megachile fabricator 

Species Frequency Contribution% Cumulative% 
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Bushland Average Similarity: 73.9% 

Myrtaceae 5.21 66.78 66.78 

Fabaceae 1.9 21.18 87.96 

Residential Average Similarity: 78.9% 

Myrtaceae 7.29 72.96 72.96 

Both Average dissimilarity: 28.7% 

Myrtaceae 5.21 33.03 33.03 

Fabaceae 1.9 9.38 42.41 

Asteraceae 0.11 7.56 49.97 

Loranthaceae 0.11 6.82 56.79 

Poaceae 0.33 6.21 63.01 

Proteaceae 0.11 4.04 67.05 

Lauraceae 0.22 3.24 70.29 

Rozenapis ignita 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 58.1% 

Fabaceae 2.89 37.95 37.95 

Myrtaceae 2.71 33.31 71.26 

Residential Average Similarity: 65.4% 

Myrtaceae 4.03 37.81 37.81 

Fabaceae 2.98 33.56 71.37 

Both Average dissmilarity: 39.2% 

Myrtaceae 4.03 17.93 17.93 

Poaceae 1.11 9.32 27.25 

Asteraceae 0.44 8.82 36.08 

Fabaceae 2.98 6.88 42.96 

Cupressaceae 0.61 6.69 49.65 

Brassicaceae 0.3 5.06 54.71 

Menyanthaceae 0.3 4.77 59.48 

Juglandaceae 0.5 4.56 64.04 

Rubiaceae 0.3 4.21 68.25 

Polylectic Bee Species 

Hylaeus violaceus 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 61% 

Myrtaceae 4.28 54.26 54.26 

Fabaceae 2.29 26.63 80.89 

Residential Average Similarity: 56.6% 

Myrtaceae 5.43 80.65 80.65 

Both Average dissimilarity: 39.2% 

Myrtaceae 5.43 22.04 22.04 

Fabaceae 1.42 16.88 38.92 
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Poaceae 0.74 8.28 47.2 

Juglandaceae 0.29 7.43 54.63 

Cupressaceae 0.29 5.52 60.15 

Proteaceae 0.29 5.17 65.31 

Adoxaceae 0.29 4.42 69.74 

Lauraceae 0.29 4.27 74.01 

Megachile aurifrons 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 62% 

Myrtaceae 4.2 63.15 63.15 

Fabaceae 2.3 25.12 88.26 

Residential Average Similarity: 57.6% 

Myrtaceae 4.14 48.72 48.72 

Fabaceae 2.86 39.38 88.1 

Both Average dissimilarity: 41% 

Myrtaceae 4.2 16.72 16.72 

Fabaceae 2.3 11.98 28.7 

Asteraceae 0.73 7.82 36.52 

Proteaceae 0.6 7.52 44.04 

Malvaceae 0 6.29 50.33 

Poaceae 0.3 5.87 56.2 

Juglandaceae 0.38 5.59 61.79 

Cupressaceae 0.43 4.89 66.68 

Lythraceae 0 3.71 70.39 

Megachile erythropyga 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 65.6% 

Myrtaceae   5.09 69.25 69.25 

Fabaceae   1.49  12.72 81.97 

Residential Average Similarity: 55.7% 

Myrtaceae 4.32 58.54 58.54 

Cupressaceae 1.17 16.87 75.41 

Both Average dissimilarity: 42.9% 

Myrtaceae 4.32 13.19 13.19 

Fabaceae 1.2 10.13 23.32 

Cupressaceae 1.17 9.61 32.92 

Poaceae 0.4 9.2 42.12 

Asteraceae 0.63 7.23 49.35 

Juglandaceae 0.6 5.38 54.73 

Verbenaceae 0.6 5.35 60.08 

Solanaceae 0.48 4.74 64.82 

Anacardiaceae 0.4 4.1 68.91 
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Podocarpaceae 0.2 3.94 72.85 

Megachile oblonga 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 62.3% 

Myrtaceae 4.94 65.83 65.83 

Fabaceae 2.52 27.47 93.29 

Residential Average Similarity: 63.5% 

Myrtaceae 4.57 69.64 69.64 

Fabaceae 1.26 19.11 88.75 

Both Average dissimilarity: 38.4% 

Myrtaceae 4.57 22.8 22.8 

Fabaceae 1.26 21.8 44.6 

Poaceae 0.34 8.92 53.52 

Juglandaceae 0.71 7.65 61.17 

Asteraceae 0.14 5.63 66.8 

Rubiaceae 0.14 5.18 71.98 

Megachile tosticauda 

Species Frequency Contribution% Cumulative% 

Bushland Average Similarity: 66.4% 

Myrtaceae 5.25 78.78 78.78 

Residential Average Similarity: 59% 

Myrtaceae 4.93 67.3 67.3 

Fabaceae 1.54 20.9 88.2 

Both Average dissimilarity: 34.4% 

Myrtaceae 4.93 22.07 22.07 

Fabaceae 1.54 13.04 35.11 

Adoxaceae 0.5 7.76 42.87 

Poaceae 0.25 7.7 50.57 

Juglandaceae 0.75 6.79 57.36 

Asteraceae 0.25 5.6 62.96 

Proteaceae 0.25 5.45 68.41 

Lythraceae 0.25 4.82 73.23 
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Table S 4-4-5 Distance based linear model (DistLM) analysis of plant ASV composition 

from brooding tubes across all sites. Constructed using a BEST selection procedure and 

the AICc selection criterion. The overall best solution is presented, and possible alternate 

models within 2 AICc of the best. * indicates significance at α = 0.05. 

 
Selections Number of 

variables 

AICc R2 

Overall BEST 

solution 

Habitat. Species, 

Lecty 

3 1063.1 0.166 

Alternate 

solutions within 

2 AICc of BEST 

solution 

Habitat, Species 2 1063.1 0.166 

Habitat. Species, 

Lecty, NativeFloraR 

4 1063.3 0.180 

Habitat. Species, 

Lecty, Floral 

Richness, 

PropRnativeFlora 

5 1063.8 0.192 

Habitat. Species, 

Lecty, Dist Bushland, 

Floral Richness, 

PropRnativeFlora 

6 1064.3 0.203 

     

Marginal tests for each variable 
   

Variable Characteristic Pseudo-F Proportion P value 

1 Habitat 4.214 0.031 0.0001* 

2 Species 2.784 0.135 0.0001* 

3 Lecty 2.37 0.017 0.0022* 

4 Area 2.848 0.021 0.0002* 

5 Builtspace 3.163 0.023 0.0001* 

6 Dist.Bushland 2.633 0.019 0.0005* 

7 FloralN 1.05 0.007 0.3615 

8 FloralR 2.829 0.02 0.0002* 

9 NativeFloraN 1.082 0.008 0.3249 

10 NativeFloraR 2.515 0.018 0.0008* 

11 PropNnativeflora 1.13 0.008 0.2676 

12 PropRnativeflora 2.466 0.018 0.0014* 

13 Bare.ground 2.249 0.017 0.0046* 

14 Woody.plant 3.449 0.026 0.0001* 
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4.9 Supplementary Figures 

 

Figure S 4-1  Rarefaction curve of raw reads (Sample Size) versus ASV richness 

(Species) 
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Figure S 4-2  Cladograms of trees generated from taxa assignments to plant Family level for trnL and ITS2 primers. Green indicates shared taxa 

between the two primer sets. 
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Figure S 4-3 Relative sequence abundances (from presence-absence detections) of the two PCR assays (ITS2 and trnL) from all samples showing the 

proportions of ASVs that could be identified to Family level between Bushland Remnants and Residential Garden habitat types. 
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CHAPTER 5  

EXAMINING THE EFFECTS OF DISTANCE, TAXON, 

AND ANIMAL BIOMASS, ON VERTEBRATE 

DETECTIONS FROM CARRION FLY IDNA 
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5.1 Preface 

This chapter is one of the first examples of the use of invertebrate derived DNA 

(iDNA) within an Australian context. Here, the parameters surrounding the 

effectiveness of carrion fly iDNA for detecting vertebrates are explored by considering 

how distance, taxonomic group, and biomass impacts the detectability of vertebrates 

from carrion flies. Currently there is very little known about how these different factors 

impact vertebrate detection from carrion flies, therefore the limitations and strengths 

of this method as a monitoring tool remain untested. Further, as carrion flies are more 

abundant and easier to sample in most environments than leeches (another common 

iDNA sampler used in tropical environments), this study paves the way for future work 

in this area. The results of this chapter informed the methods and the interpretations in 

Chapter 6.  

This chapter consists of a manuscript that is currently being prepared for submission 

to the peer-reviewed journal Royal Society Open Science. 
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5.1.2 Data Accessibility 
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5.2 Abstract 

Invertebrate-derived DNA (iDNA) from ‘samplers’ including leeches, carrion flies, 

and mosquitoes, is a powerful, non-invasive tool that is increasingly used to assess 

terrestrial vertebrate diversity. However, for carrion flies, unknowns exist about the 

factors that influence vertebrate detections, such as spatial limits to iDNA signals, 

whether there are preferential detections of different taxonomic classes, or how the 

total biomass of a species in an area will influence their detection through iDNA. We 

examined these questions at a study site with a highly diverse population of exotic 

species (Perth Zoo), and along transects extending 4 km away from this location. From 

metabarcoding of 920 collected flies, we detected 28 vertebrate species, including zoo 

residents, domestic, and wild animals. iDNA detections were highly geographically 

localised, and only a few zoo animals were detected outside of the zoo setting with the 

furthest detections ca. 4 km away. The 28 detected species included eight mammal and 

one bird species out of the 43 mammal species and 41 bird species within the zoo that 

had access to outdoor enclosures during the sampling period. We detected none of the 

14 reptile species kept at the zoo with access to outdoor enclosures. We found no 

influence of the taxonomic group of animals on their detectability from iDNA. 

Additionally, we found no relationship between biomass and the detection of 

vertebrates. Our data suggest that carrion fly detections in urban settings are 

predominantly determined by geographic proximity to the sampling location rather 

than the biomass of species in an area. This study provides an important step forward 

in understanding the limitations of this technique in terrestrial biodiversity monitoring.  
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5.3 Introduction 

Monitoring species diversity and abundance are crucial to managing and informing 

efforts to prevent biodiversity loss (Legge et al., 2018). Information obtained from 

monitoring can improve understanding of population trajectories and extinction risk, 

the response of species to threatening processes, and evaluate management 

effectiveness (Balmford et al., 2005; Legge et al., 2018; Marsh & Trenham, 2008). 

Most current monitoring methods for terrestrial vertebrates rely on the direct 

observation of species in an area or the traces they may leave behind, such as hair, 

footprints, or scat (Kouakou et al., 2009). This can be time and resource-intensive and 

require the mobilisation of experts over long periods (Campbell et al., 2011). Various 

methods (e.g. camera traps, acoustic loggers) have emerged to monitor ecosystems to 

reduce the financial, expertise, and effort costs and, and enhance monitoring 

performance (Calvignac-Spencer et al., 2013). Recently, environmental DNA (eDNA) 

metabarcoding of environmental substrates, such as soil (Andersen et al., 2012; Ryan 

et al., 2022), water (Rodgers & Mock, 2015), scat (van der Heyde et al., 2021), tree 

hollow sediment (Newton et al., 2022), and air (Clare et al., 2022; Lynggaard et al., 

2022) have grown in popularity to monitor vertebrate biodiversity. An extension of 

this is the use of invertebrate-derived DNA (iDNA), whereby vertebrate diversity is 

monitored using invertebrates that feed on the blood, flesh, or scat of vertebrates and 

therefore carry their DNA signal (Abrams et al., 2019; Calvignac‐Spencer et al., 2013; 

Lynggaard et al., 2019; Schnell et al., 2015). 
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iDNA metabarcoding species detection works by extracting DNA from invertebrate 

samples, amplifying the DNA using nucleotide-labelled primers that target vertebrate 

sequences, sequencing the DNA on high-throughput platforms, and identifying the 

resulting sequencing against reference sequence databases (Calvignac‐Spencer et al., 

2013; Taberlet et al., 2012). This method is an efficient and cost-effective way to 

monitor vertebrate diversity in remote or difficult terrain (Massey et al., 2021). Unlike 

camera traps, which are biased toward detecting larger-bodied terrestrial mammals as 

their size can trigger the cameras more easily (Burton et al., 2015), iDNA can be used 

to detect smaller-bodied taxa, including arboreal or non-mammal species (Gogarten et 

al., 2019). Studies using iDNA have focused on invertebrate groups such as leeches 

(Schnell et al., 2015), sand flies (Kocher et al., 2017), mosquitoes (Massey et al., 

2021), and carrion flies (Calvignac‐Spencer et al., 2013) as ‘samplers.’ Compared to 

mosquitoes and sandflies, carrion flies (families Calliphoridae and Sarcophagidae) 

have been found to be the most effective iDNA sampler at capturing vertebrate species 

richness (Massey et al., 2021). Unlike leeches, which can retain vertebrate DNA in 

their guts for months at a time (Schnell et al., 2012), the short-lived persistence of 

DNA transported in carrion flies (24-96 hours) (Lee et al., 2015) makes them ideal 

candidates for measuring current vertebrate diversity and distributions. Furthermore, 

carrion flies are widespread in many different environments and are easy to sample 

(Norris, 1965). Studies using carrion flies for vertebrate detection have so far been 

undertaken on tropical mammal communities in Africa (Calvignac‐Spencer et al., 

2013; Schubert et al., 2015), South America (Rodgers et al., 2017), and Asia (Bagnall, 

2017), and vertebrate communities in urbanised areas in Europe (Hoffmann et al., 

2018) and North America (Owings et al., 2019). 
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Despite the utility of carrion fly iDNA for vertebrate monitoring, some aspects of its 

use are yet to be explored. Firstly, carrion flies are very mobile, with some species of 

calliphorid flies having been documented to disperse up to 63.5 km from a source 

(Braack & Retief, 1986). However, no studies have reported the spatial distribution of 

iDNA signals of vertebrate species from carrion flies. Furthermore, carrion flies are 

opportunistic feeders, and, unlike hematophagous invertebrates or mosquitoes, they 

display no species preference for feeding (Calvignac‐Spencer et al., 2013; Massey et 

al., 2021). However, some classes of vertebrates, such as reptiles, can have poor DNA 

shedding rates and a lower detection in environmental DNA studies (Adams et al., 

2019) although it is yet to be tested has yet to be tested whether reptiles have a 

relatively lower detection probability with iDNA than other vertebrate taxa. It is also 

unknown whether the biomass of a species in a given area will influence its detection 

via iDNA, i.e. if there are more individuals of species, or if the mean mass of 

individuals of a particular species is greater than that of others, whether that would 

provide more readily available food sources for flies and increase detections.  

In this study, we aimed to use iDNA metabarcoding from carrion flies to detect 

vertebrate species and examine several factors that could impact their detectability. 

We used a controlled environment of a zoo with known vertebrate species diversity, 

abundance, and position. Firstly, we aimed to determine the approximate geographic 

range of an iDNA signal. We predicted that the detections of zoo taxa would decline 

with distance from their enclosures. We then set out to assess the influence of taxon 

and biomass on the detectability of vertebrates through carrion fly iDNA. Based on 

previous studies, we predicted that taxon would influence detection, based on assumed 

differential DNA shedding or degradation rates of different classes of vertebrates, i.e., 

reptiles would be less likely to be detected than mammals. We also predicted that 

animal populations representing higher biomass will be detected more frequently and 

at farther distances than animals from populations with lower biomass.  
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5.4 Methods 

5.4.1 Study site 

This study was conducted within the Perth metropolitan region in south-west Western 

Australia, using baited plastic bottle traps to capture flies (Fig 5-1B, inset) during the 

Spring/Summer season (November-December 2020). The sampling areas were 

distributed along the Swan River/Derbarl Yerrigan (Fig 5-1B). This area is 

predominantly residential, interspersed with medium and high-density housing, 

commercial buildings, and parklands. To measure the distance of iDNA detections 

from a source point, the Perth Zoo was chosen as the source of a known diversity and 

abundance of exotic animals not native to the local area.  

Perth Zoo is a 17-ha zoological park located in the Perth metropolitan area; it houses 

164 animal species. The zoo has created ‘animal zones’ that group the displayed 

animals according to the geographical region of origin. There are three main open-air 

animal zones, the ‘African Savannah’ that houses animals found on the African 

continent or surrounding islands, ‘Australian Animals’ that houses native Australian 

animals from Australia, and the ‘Asian Rainforest’ that houses animals found on the 

Asian continent (Fig 5-1A). While some species are kept in indoor enclosures, 101 are 

displayed with access to an outside enclosure. These animals can thus more readily 

interact with flies. They include three amphibians, 41 birds, 43 mammals, and 14 

reptiles.  

 

5.4.2 Sample collection 

Traps were made from 2 L plastic bottles which had the top and nozzle cut off and 

then inverted into the bottle (Fig 5-1B inset). Before deployment, traps were sterilised 

for 30 minutes with a 20% bleach solution. Gloves were used to handle all traps. Flies 

could easily enter the trap but could not fly vertically upwards to leave. Approximately 

20-30 mL of a commercial, organic, fly bait (“Magna Fly Bait”, GEPRO, Australia) 

was put into each trap.  
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Six trapping locations were identified inside the zoo near ‘target’ taxa, comprising 

reptiles, birds and mammals (Fig 5-1A). Two ‘target’ species of each taxon were 

chosen, and traps were placed less than 5 m away from their enclosure. The two 

reptiles were the radiated tortoise (Astrochelys radiata) and the Galapagos tortoise 

(Chelonoidis nigra), the two birds were the emu (Dromaius novaehollandiae) and 

Southern Cassowary (Casuarius casuarius), and the two mammals were the numbat 

(Myrmecobius fasciatus), and lion (Panthera leo). These target species were chosen 

because they had access to open-air enclosures, which meant that they were accessible 

to flies. At each of the six trapping locations in the zoo, three traps were deployed.  

Outside the zoo, fly traps were set up along two transects away from the zoo. Fly traps 

were set every 250 m up to four km away from the zoo (Fig 5-1B). Here, four km is 

assumed to be the average daily flight distance of most calliphorid fly species (Braack 

& Retief, 1986; MacLeod & Donnelly, 1963; Norris, 1965). The transects followed 

the coast of the peninsula of south Perth in two directions to account for prevailing 

wind directions, which can be a key factor for carrion fly dispersal (Spivak et al., 

1991). During the sampling period, Perth experienced a strong easterly during the day 

with a south-westerly sea breeze in the afternoons.  

Traps were checked both within and outside the zoo, and flies were collected every 72 

hours over 21 days. This yielded seven possible sampling time points for each of the 

18 deployed traps in the zoo and 32 deployed traps outside the zoo. Following each 

collection, traps were rinsed with bottled water before the next sampling. As not every 

sample contained flies at every collection point, in total we collected 123 fly samples 

across the sampling period. Samples were transported chilled on ice, and then frozen 

at -18˚ C upon arrival at the laboratory.  
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Figure 5-1  Map of Perth Zoo showing the locations of carrion fly traps within the zoo (Z1-Z6). Major ‘animal zones’ designated by Perth Zoo that 

corresponds to the groups of animals kept within the zoo are illustrated in colour with corresponding labels; African Savannah, Asian Rainforest, and 

Australian Animals. ‘Target’ zoo animal enclosures are included in colour, other zoo animals that were detected in this study are indicated as black 

silhouettes, zoo animals located in the same animal zone but not detected are shown as grey silhouettes. Prevailing wind directions are marked as blue 

arrows. B) Map showing the sampling locations (dark blue circles) spaced approximately 250 m apart along 4 km transects away from Perth Zoo (16 

sampling locations per transect). Inset map shows the location of the fly traps within the zoo. Prevailing wind directions are marked as blue arrows. 

Carrion fly samplers inset image. These are made from plastic bottles and filled with commercial fly bait. 
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5.4.3 Sample processing and DNA extraction 

All flies collected from a single trap at a single time point were considered as one 

sample. Each sample contained no more than 54 flies. Samples were thawed and flies 

were gently washed with ultrapure water to remove any traces of fly bait before being 

stored in 70% ethanol at -18 ˚C, prior to DNA extraction. DNA was extracted using a 

non-destructive DNA digestion protocol (Nielsen et al., 2019) that lyses and releases 

cellular DNA without damaging the exoskeleton of the flies. This was followed by 

purification and concentration using a DNEasy Blood and Tissue kit following the 

manufacturer’s instructions (Qiagen, Netherlands) modified for 400 µL of digestion 

fluid and a 200 µL elution volume in EB buffer. Negative extraction controls were 

included for every 24 samples. DNA extracts were stored at -18 ˚C in ‘Lo-bind’ 

Eppendorf tubes. 

 

5.4.4 PCR amplification and sequencing.  

Two metabarcoding primer sets were used to target two taxonomically informative 

markers. These were chosen based on in-silico assessment for affinity for the target 

zoo species to ensure that between the two primer sets the six target species - 

Astrochelys radiata, Chelonoidis nigra, Dromaius novaehollandiae, Casuarius 

casuarius, Myrmecobius fasciatus, and Panthera leo - would be detected. Additionally, 

relatively short markers were needed to ensure PCR amplification despite potential 

degradation due to digestion within the fly digestive tract. Based on these criteria, a 

vertebrate-specific primer set was selected (vertebrate 12s), which targets the 

mitochondrial 12s rRNA region (F: 5’-TAGAACAGGCTCCTCTAG-3’; R: 5’-

TTAGATACCCCACTATGC-3’; 98 bp; (Riaz et al., 2011)) and a mammal specific 

primer set was selected (mammal 16s), which targets the mitochondrial 16s rRNA 

region (F:5’-CGGTTGGGGTGACCTCGGA-3’; R:5’-

GCTGTTATCCCTAGGGTAACT-3’; 130 bp; (Taylor, 1996)).  
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Prior to metabarcoding, quantitative PCR (qPCR) was carried out on all 123 sample 

extracts to assess the amplification efficiency and the presence of PCR inhibitors in 

the samples using a StepOnePlus Real-Time PCR System (Applied Biosystems). This 

was carried out on dilution series for each sample extract (undiluted, 1:2 and 1:5 

dilutions). qPCRs were carried out in 12.5 µl reactions containing: 1 U of AmpliTaq 

gold, 1 x PCR Gold Buffer and 2 mM MgCl2 (all from Applied Biosystems, USA), 

0.4 mg/mL bovine serum albumin (Fisher Biotec, Australia), 0.25 mM dNTPs (Astral 

Scientific, Australia), 0.4 µM of each forward and reverse primer, 0.6 µL of 1/1000 

SYBR Green (Invitrogen, USA), and 1 µL of template DNA. The qPCR program for 

the vertebrate 12s assay was as follows: 95˚ C for 5 minutes, followed by 45 cycles of 

denaturation at 95˚ C for 30s, 60˚ C for 30s, and 72˚C for 45s, with a final elongation 

at 72˚C for 10 minutes. For the mammal 16s assay, the qPCR program was as follows: 

95˚C for 5 minutes, followed by 45 cycles of 95˚C for 30s, 57˚C for 30s, and 72˚C for 

45s, with a final elongation at 72˚C for 10 minutes. Negative extraction, qPCR, ‘fly 

bait’, and positive (quenda; Isoodon fusciventer) controls were included alongside the 

sample extracts. Positive controls were chosen as a species that is known to amplify 

well using laboratory workflows, although as this species was also known to inhabit 

the local area, positive control samples used in the qPCR screening were not processed 

any further to minimise possible cross-contamination.  

Following qPCR screening, metabarcoding was carried out. For each sample, sample 

extract dilutions that had shown the highest level of amplification and minimal 

inhibition were amplified using qPCR with ‘fusion primers’, called a one-step 

approach (Bohmann et al., 2021). The fusion primers consisted of the metabarcoding 

primers, labelled on the 5’ end of both the forward and reverse primer with 6-8 

nucleotide long molecular identification (MID) tags followed by Illumina sequencing 

adaptors. Amplifications were carried out so that each sample was tagged with a 

unique combination of forward and reverse MID tags. All MID tag combinations were 

not previously used in the laboratory. To minimise the risk of contamination, qPCR 

reactions were prepared in an ultra-clean pre-PCR laboratory free from extracted or 

amplified DNA and DNA was added in another DNA extraction laboratory free from 

amplicons.  
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All sample extracts, extraction and qPCR negative controls, and a ‘fly bait’ control 

were amplified in duplicate using the qPCR conditions mentioned above. Duplicates 

carried the same MID tags. PCR products were pooled in approximate equimolar 

concentrations into 20 sample pools informed by the qPCR amplification curves. DNA 

in the pools were then quantified using a QIAxcel Advanced System (Qiagen) with the 

QIAxcel DNA High-Resolution Kit. Sample pools were then pooled into one 

sequencing library in equimolar ratios. The library was size-selected using a Pippin 

Prep 2% agarose Marker B cassette (Sage Science, USA) for 150-600 bp fragments to 

eliminate primer dimer. The library pool was then purified using a QIAquick PCR 

purification kit (Qiagen) as per the manufacturer's instructions with the addition of a 

5-minute incubation at room temperature before elution. The purified library was 

eluted in 40 µL and quantified with a QuBit (Invitrogen, USA) using double-stranded 

DNA high-sensitivity reagents. The library was sequenced on an Illumina MiSeq 

(Illumina, USA) flowcell using a single-end 300 cycle V2 kit as per the manufacturer's 

directions.  
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5.4.5 Bioinformatics and sequence processing 

Sequence data for each primer set was processed separately. Sequences were 

demultiplexed using ‘obitools’ (Boyer et al., 2016), with no mismatches in the 

MID/primer sequence allowed. Sequences were then length filtered for a minimum 

length of 50 bp. The 'DADA2' package (Callahan et al., 2015) in R v. 3.6.3 (R Core 

Team, 2019) was then used to further quality filter sequences. Sequences were quality 

filtered with a max expected error of 2, and those identified as chimeras were removed. 

Sequences were then dereplicated to produce amplicon sequence variants (ASVs). 

ASVs were matched to the NCBI GenBank reference database 

(www.ncbi.nlm.nih.gov/genbank/) using the Basic Local Alignment Search Tool 

(BLAST) for taxonomic assignment using a high-performance cluster computer 

(Pawsey Computing Centre, Perth, Western Australia). Taxonomic assignments were 

made to the lowest common ancestor (LCA) using the LCA script from eDNAFlow 

(Mousavi-Derazmahalleh et al., 2021) with a minimum query coverage of 100% and 

identity threshold of 95%. Where the absolute value of the difference between % 

identity of ASVs was <1, species taxonomy was not returned and the ASV was 

assigned to the closed common ancestor. ASVs identified in the fly bait; cow (Bos 

taurus), pig (Sus scrofa), and sheep (Ovis aries); negative controls, cow and chicken 

(Gallus gallus), both common laboratory contaminants; and human (Homo sapiens), 

were removed from the data set using the ‘phyloseq’ package (McMurdie & Holmes, 

2013). ASVs were then agglomerated at a species level, retaining ASVs identified at 

a higher taxonomic level. For analysis requiring ASV tables from both assays to be 

combined, ASV tables were merged whereby if the vertebrate species identity was 

identical between both assays the ASVs were agglomerated. The ASV tables from 

each primer set were kept separate for other analyses.  

 

http://www.ncbi.nlm.nih.gov/genbank/
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5.4.6 Statistical analysis 

All statistical tests were run on R v. 3.6.3 (R Core Team, 2019). All maps were created 

using QGIS v. 3.2.3-‘Bonn’ (QGIS Development Team, 2018). To investigate the 

effectiveness of our sampling effort, the ASVs from both assays were combined. 

Species accumulation curves for only zoo taxa and overall taxa detected were created 

using the ‘specaccum’ function from the ‘vegan’ package (Oksanen et al., 2019) using 

the exact method with 999 permutations. From the species that were detected at the 

zoo and along the transects (n=4), the number of sequences found at each distance 

(metres) was assessed using a Spearman rank correlation. Sequences are not compared 

between species, but rather together from sequences of zoo animals located in the zoo 

(0 m) to 4 km away. 

We then assessed the influence of taxonomic group and biomass on the detectability 

of zoo taxa. First, for each species present at the zoo, biomass was calculated based on 

the number of individuals kept at the zoo multiplied by the average mass of an 

individual of that species. The average mass was calculated based on a literature 

search. Then, two logistic regression models with binomial distribution were used to 

test the probability of detection of a species kept at the zoo from carrion fly iDNA 

(based on presence/absence of the species), the first with the factor of taxon (four 

levels: amphibian, bird, mammal, and reptile) was created using the species detections 

from the general vertebrate 12s primer set (Riaz et al., 2011), so as to avoid any 

confounding effects of a mammal specific primer set. The second model was created 

with the total biomass of each species as a continuous explanatory variable, and this 

was conducted on the combined species detections from both primers (vertebrate 12s 

and mammal 16s).  
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5.5  Results 

In total, 920 flies were collected. Over 13,000,000 reads were generated from these 

flies, with an average per sample of 52,546 (± 4,003 s.e.) from the mammal 16s assay 

and 61,254 (± 7,265 s.e.) from the vertebrate 12s assay. The use of passive traps, where 

flies can interact with fly bait, meant that the bait signal (cow, pig, and sheep) was 

high across samples. After removing ASVs associated with bait, there was a significant 

reduction in the number of sequences, with an average of 7.5% of sequences retained 

overall from samples across both primer sets. Within these, 50 ASVs not associated 

with the fly bait were detected. These included vertebrates across four taxonomic 

classes spanning species kept in the zoo, animals used as food sources for zoo animals 

and humans, domestic, and wild animals known to occur in the study area (Table 5-1).  

The following are results from the combination of both assays. Out of the 123 samples, 

87 had vertebrate detections; 64 out of 90 samples along the transects and 23 out of 35 

samples from the zoo. On average, there were 5 (± 0.4 s.e.) vertebrate ASVs per 

sample. There were 19 samples in total that contained zoo taxa, eight samples from 

the zoo and 11 samples along the transects. Of the six target species, only the lion was 

detected from iDNA (from both assays). There were no detections of the other target 

mammal, the numbat. There were also no detections of the two target bird species, 

emu and southern cassowary, and the two target reptile species, the radiated tortoise, 

and Galapagos tortoise. The other taxa that were detected using both assays included 

two amphibians, one reptile, one bird, and two mammal species that were wild species. 

The nine other remaining detections were of domestic species classed as pets: domestic 

dogs (Canis lupus familiaris) and cats (Felis catus); or food sources for humans or zoo 

animals: deer (Cervus sp.), goat (Capra hircus), and barramundi (Lates calcifer) 

(Table 5-1). Species accumulation curves calculated from both assays at all sites (Fig 

5-2A) and within the zoo (Fig 5-2B) did not reach asymptote indicating that more 

sampling was needed to capture the vertebrate diversity that carrion fly iDNA was 

likely to sample.  
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Within the 64 bulk carrion fly samples collected along the two 4 km transects, only 

four of the taxa present in the zoo were detected along the transects (from both assays), 

these were all mammal species: lion, African painted dog (Lycaon pictus), Javan 

gibbon (Hylobates moloch), and cotton-top tamarin (Saguinus oedipus) (Fig 5-3). The 

number of sequencing reads from these species decreased as samples were collected 

at greater distances from the zoo.
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Table 5-1 The vertebrate species detected through metabarcoding of carrion fly iDNA, not including humans and species that are found in commercial 

fly bait. Common names are included where appropriate. The detection location of each animal is noted as follows: Zoo (red circle, Z), Transect 1 (yellow 

circle, 1), and Transect 2 (green circle, 2). Further notation is included for animals other than the detected zoo taxa to indicate whether the animal was a 

domestic pet (†) or was a food source animal for humans or zoo animals (*). 
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Figure 5-2  Species accumulation curve for zoo animals detected from carrion 

flies caught on seven sampling days. A) The species accumulation across all 

sample collection sites and B) The species accumulation from only the zoo sample 

collection sites. 

This decrease was approaching statistical significance at ɑ = 0.05 (Spearman rank 

correlation R = -0.33, p=0.069, n= 17). For example, within the samples from within 

the zoo, a total of 8,889 sequences of African painted dog were detected, while only 

16 sequences were detected in samples collected 1.25 km from the zoo along Transect 

2 (Fig 5-3B). The furthest detection of a zoo animal was in a sample collected 4 km 

from the zoo in Transect 2 where a single sequence of lion was detected (Fig 5-3A). 

From the vertebrate 12s assay only, four species kept at the zoo were detected: one 

bird species of the 40 bird species with access to outdoor enclosures and three mammal 

species of the 44 mammal species with access to outdoor enclosures. With the addition 

of the mammal 16s assay, a further four mammal species found within the zoo could 

be detected. Using the data from the vertebrate 12s assay only, the likelihood of being 

detected did not differ between taxon (Deviance explained= 0.0008; d.f.= 3,97; 

p=0.28).
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Figure 5-3 Number of sequences 

of the four zoo mammal species 

detected both at the zoo (inset) and 

along the transects A) Panthera leo 

(Lion), B) Lycaon pictus (African 

painted dog) C) Hyloblates moloch 

(Javan gibbon), and D) Saguinus 

oedipus (Cotton-top tamarin). Colour 

of circles indicates the total number of 

sequences detected from samples at 

the transect point across all sampling 

days. Silhouettes of the detected 

animals are included.   
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From the 104 species residing at the zoo, mammals made up 87.6% of the total 

biomass, followed by reptiles at 9.7% and birds at 2.7%. Some of the mammals 

contributing to the high total biomass such as the white rhinoceros (Ceratotherium 

simum) (~4000 kg) or giraffes (Giraffa sp.) (~4125 kg) were not detected, and neither 

were mammals with a very small total biomass, such as the black-capped squirrel 

monkey (Saimiri boliviensis) (~1.25kg). The total biomass of the detected zoo animals 

ranged from ~4.3 kg (cotton-top tamarin) to ~440 kg (African hunting dog). The 

likelihood of being detected indicated that there was no significant relationship with 

biomass (Deviance explained= 0.0006; d.f. = 1,99, p= 0.85).  
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5.6 Discussion 

Invertebrate-derived DNA (iDNA) is increasingly used to assess vertebrate species 

diversity (e.g., Hoffmann et al., 2016; Massey et al., 2021; Rodgers et al., 2017; 

Schubert et al., 2015). Therefore, it is vital to examine the factors that influence 

detection of species using this technique. Here, we used two metabarcoding assays to 

detect vertebrate taxa spanning zoo, domestic and wild vertebrate species, from carrion 

flies collected from within the Perth Zoo, and two transects extending away from the 

zoo. Despite carrion flies' assumed mobility, we found that the signals from iDNA 

detections were predominantly geographically localised to the zoo, with a maximum 

detection distance of 4 km away from the zoo. We found no association between the 

detection of an animal and its taxon group (i.e., mammal, reptile, and bird). Further, 

there was no relationship between the biomass of zoo animals and their detection from 

iDNA. This indicates that the detections of vertebrate species from carrion fly iDNA 

are largely indiscriminate and restricted to a fine spatial scale. 

5.6.1 Distance from a source of DNA 

Detections of zoo vertebrate species from carrion fly iDNA were highly localised to 

the location of the vertebrates in the zoo, even though previous studies have shown 

that carrion flies can travel 2.2 - 6.4 km over a 24-hr period depending on the species 

(Braack & Retief, 1986; Norris, 1959, 1965). However, these studies aimed to discover 

the maximum dispersal distance from a release event and not the distance a fly travels 

from a food source. In the presence of a food source, it is possible to distinguish carrion 

fly communities within 300 m (Perez et al. 2016). Further, these studies have not 

shown how structural components of the environment may affect movement (e.g., in 

an urban setting, the impacts of roads or buildings). Within the samples collected from 

the zoo, zoo animal species were detected with relatively high numbers of sequences, 

indicating a highly localised signal that weakens with distance from the DNA source. 

Recent studies using air eDNA also found that detection probability improved with 

closer proximity to the vertebrate DNA source (Lynggaard et al., 2022). It should be 

noted that the number of sequences cannot be interpreted without the caveat that PCR 

and sequencing conditions can skew sequence abundance (Fonseca, 2018; Murray et 

al., 2015), especially in samples of mixed taxa. Thus, we did not compare sequence 

numbers between species. However, from the overall data, there is an observed (but 
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statistically insignificant) pattern of decline in the number of sequences from zoo taxa 

further away from the zoo. Detections at the max distance of 4 km suggest that the 

sampled distance was too small, and the potential to detect species beyond this scale 

is unknown.  However, whilst zoo animals could be detected up to 4 km away from 

the zoo, these were represented by only very few sequences (<20), and more stringent 

filtering requirements may have removed these detections completely from the dataset. 

Investigating the geographic detection range of species in metabarcoding studies 

represents an important avenue for future research. The movement of eDNA in 

terrestrial systems has been poorly explored, and future studies are needed that 

examine the likelihood of eDNA movement by different forces including water and 

air.  

 

This localisation effect is also similar to a previous vertebrate survey using iDNA from 

leeches, which have very specific microhabitats and limited dispersal abilities (Schnell 

et al., 2015). While we assumed that carrion flies would transport iDNA much further 

than leeches because of the latter's poor dispersal ability, our findings suggest that this 

may not be the case, and that the distances are comparative (Ji et al., 2022). This is 

beneficial, as leeches are not present in many environment types as carrion flies, and 

sampling carrion flies using baited traps is relatively easier. A narrow detection 

distance can be helpful in fine-scale studies, such as tracking threatened vertebrate 

species, determining species occupancy, or tracking the invasion fronts of invasive 

species. However, this is with the caveat that in heterogenous habitats, the scale of 

detection within ~1 km may be too coarse. Additionally, the distances required to 

measure occupancy is heavily dependent on the ecological questions being asked. 

Especially for rare species with narrow habitat ranges, where a broader detection 

within a range of 1-2 km could introduce a false positive detection and impact 

occupancy models. Further investigation using this technique to look at distance in 

different habitat types, in different climatic conditions, or during different seasonal 

conditions, which can all impact fly dispersal patterns (MacLeod & Donnelly, 1963; 

Norris, 1965), is required to test the broader applicability of our findings. 
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5.6.2 Detection of different animal taxon 

We found there was no relationship between the taxonomic group of an animal and its 

detectability. Even when traps were located in enclosures containing our target reptile 

and bird species, detection success was poor. These results are comparable to those of 

other studies using different eDNA substrates to detect vertebrates, such as air (Clare 

et al., 2022; Lynggaard et al., 2022), water (Mas-Carrió et al., 2022), and soil (Ryan 

et al., 2022), where mammals were most commonly represented in detections, and 

reptile species were least represented or completely absent. However, unlike these 

studies, detection of birds from carrion fly iDNA was poor, with only two bird taxa 

detected, and neither of our target species. As we assume that the detections from 

carrion flies are predominantly related to feeding on faeces (Owings et al., 2019), and 

especially in a zoo environment, the lack of bird detections from carrion fly iDNA 

could be related to the presence of free DNases in avian faeces (Regnaut et al., 2006), 

which is known to rapidly degrade DNA. 

The difficulties associated with detecting reptiles through metabarcoding could 

possibly be explained by the relatively lower deposition rate of reptile waste compared 

to other classes of vertebrates (Adams et al., 2019); however, tortoise faeces, which 

would theoretically provide a food source for carrion flies, was observed in the 

enclosures of both species. The absence of both target reptile species from our results 

may indicate either avoidance of reptile faeces as a food source for carrion flies or 

rapid and extensive degradation of reptile DNA in waste. Whilst it is possible to obtain 

DNA from reptile faeces to conduct monitoring and analysis (Jones et al., 2008; 

Pearson et al., 2015; Ratsch et al., 2020), this is usually dependent on the collection of 

fresh samples because of the high rates of DNA degradation by faecal microbes in 

reptiles (Jones et al., 2008). Additionally, as iDNA degrades quickly within the 

digestive tract of invertebrates (Lee et al., 2015; Wilting et al., 2021), it could be 

possible that DNA from reptiles degraded to the point where it was unidentifiable.  
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Primer bias may also have affected the detection of these target species. In this study, 

we used the same metabarcoding primer sets as used in previous carrion fly iDNA 

studies (Calvignac‐Spencer et al., 2013; Hoffmann et al., 2018; Kocher et al., 2017; 

Schubert et al., 2015), which included a general vertebrate primer (Riaz et al., 2011) 

and a mammal specific primer (Taylor, 1996). While the general vertebrate primer set 

(Riaz et al., 2011) can detect mammals, birds, and amphibians and, in-silico, matched 

against our target taxa from reptiles and birds, they may exhibit preferential binding 

towards mammals in a mix of DNA and may have preferentially bound to the fly bait 

DNA. Whilst we detected more mammals with a mammal-specific primer set, we 

could only detect a fraction of the total mammal biodiversity present at the zoo. 

Therefore, whilst the inclusion of a more specialised taxon-specific reptile or bird 

primer set may increase the biodiversity detected from these taxon groups, our results 

show that more intensive sampling is required to increase the detections overall. 

Increasing sampling intensity could be accomplished through a longer sampling 

regime or installing more traps. Also, increasing the sequencing depth of samples 

(Singer et al., 2019) or using an inorganic bait solution may have improved the 

identification of zoo vertebrate species.  
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Like other studies on carrion fly iDNA, we found that vertebrate signals were primarily 

overwhelmed by the DNA associated with fly bait (Calvignac‐Spencer et al., 2013). 

Another study that used a mammalian bait to attract flies also found that only 12% of 

their sequences were non-bait taxa (Calvignac‐Spencer et al., 2013), similar to the 

7.5% of sequences in our study that were non-bait. To overcome this issue, some iDNA 

studies have used blocking primers, enabling the detection of more ‘target’ species to 

reveal more ‘wild’ diversity by minimising the detection of domestic animal signals 

or the animal used as a fly bait (Hoffmann et al., 2018; Schubert et al., 2015). Blocking 

primers work by selectively blocking the DNA of a species whose amplification can 

potentially mask the presence of DNA from other species, for example, blocking the 

amplification of human DNA (Rojahn et al., 2021). Blocking primers are common in 

dietary studies when the amplification of the host DNA can overwhelm the signal from 

the dietary prey items (Shehzad et al., 2012) or for avoiding human contaminant 

sequences (Andersen et al., 2012). Hence, having prior knowledge of the content of 

fly bait can be vital. However, blocking primers can also block more taxa than just 

their intended target, thereby introducing bias in survey results (Vestheim & Jarman, 

2008). Therefore, improving trap design to avoid the interaction between flies and the 

bait/create a barrier between the bait and collection fluid may be more beneficial than 

blocking primers to reduce the signal. 
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5.6.3 Impact of biomass on detection 

In contrast to the findings of studies using water or air as sampler of vertebrate 

diversity (Carvalho et al., 2021; Lynggaard et al., 2022), we found no correlation 

between the detections of our species and increasing biomass. Our data also suggests 

that larger animals are not more likely to be detected than smaller ones. This is 

important as many smaller-bodied, arboreal, or volant mammals, such as rodents or 

bats, are difficult to detect using approaches such as camera trapping (Gogarten et al., 

2019). An explanation for this finding is that flies do not move far from a food source, 

so a fly’s proximity to a sampling point would be the main driving factor of iDNA 

detection rather than an animal’s total biomass. Physical barriers may also impede 

movement or odour cues that would attract carrion flies to a potential food source 

(Benbow et al., 2015). In our study, many of the mammals with the largest total 

biomass, such as the elephants (Elephas maximus), giraffes (Giraffa sp.) and zebras 

(Equus quagga), which were all undetected, were located in sunken enclosures that 

might physically restrict the movement of flies from this area to the fly traps in other 

locations. 
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5.7 Conclusions 

We examined the impact of various organism characteristics on vertebrate species 

detection using iDNA metabarcoding. We found detections from carrion flies to be 

spatially localised, and context-specific, and that taxon and biomass had no effect on 

vertebrate species detection likelihood. While no monitoring method is unbiased, and 

detectability between different monitoring methods is variable across taxonomic 

classes and sizes of animals, understanding these biases is important for interpreting 

results in an ecological context. Here, we answer some critical questions needed for 

interpreting iDNA-based detections. As such, we provide an important steppingstone 

for improving the uptake of iDNA techniques in terrestrial ecological monitoring.  
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MONITOR MAMMALS IN A FRAGMENTED 

TERRESTRIAL ECOSYSTEM 
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6.1 Preface 

This chapter uses the results from Chapter 5 to inform the methods and interpretations 

of data gathered from carrion fly iDNA. Here, the focus is implementation of iDNA 

metabarcoding for conservation management with the wheatbelt region of Western 

Australia as a focal study. This region is highly fragmented, with much of the natural 

vegetation cleared for cereal cropping (hence the name, wheatbelt). However, in small 

pockets of remnant vegetation there lies highly biodiverse communities of mammals. 

Many of which are classed as ‘Threatened’ and protected under the Australian 

Government’s Environment Protection and Biodiversity Conservation Act 1999 

(EPBC Act). Therefore, monitoring of these species is essential for management in 

this region. In areas where little is known about species assemblages, or where access 

to conservation reserves is restricted by terrain, iDNA metabarcoding can be a viable 

solution to mitigate these issues. Thus, this chapter explores the utility of carrion fly 

iDNA metabarcoding in a conservation context, specifically looking at whether this 

technique can determine the movement of conservation critical species and invasive 

predator species through a fragmented landscape.  

This chapter consists of a manuscript that is currently being prepared for submission 

to the peer reviewed journal Molecular Ecology. 
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6.2 Abstract 

Predation from invasive predators, habitat clearing, and inappropriate fire regimes 

have been attributed as the primary causes of mammal declines in Australia. In 

severely fragmented habitats, risks to native mammal populations are higher due to the 

isolation of reserve areas and the increase in edge effects. Therefore, monitoring these 

reserves, and the anthropogenically-altered landscapes between, can be valuable in 

tracking mammal population movement through landscapes. Here we use 

metabarcoding of invertebrate-derived DNA (iDNA) from carrion flies to track 

mammal populations in the wheatbelt region of Western Australia, where widespread 

clearing for agriculture has removed most of the native perennial vegetation and 

replaced it with an agricultural system. We aimed to investigate if the localisation of 

the iDNA signal reflected the expected distribution of four native species - echidna 

(Tachyglossus aculeatus), numbat (Myrmecobius fasciatus), woylie (Bettongia 

penicillata) and chuditch (Dasyurus geoffroii) - and two non-native mammal species 

- red fox (Vulpes vulpes) and feral cat (Felis catus) - in a fragmented landscape. 

Further, we aimed to assess the differences in diversity and composition of mammals 

within and outside conservation reserves. We collected iDNA samples from three 

conservation reserves and road edges in between them. We detected 14 of the 40 

known mammal species (native and non-native) to inhabit the region, including all our 

target species. We found that detections of our target native taxa were centred around 

conservation reserve areas, but there were also some detections on road edges nearby. 

We detected the presence of foxes and feral cats, throughout the study area, including 

all conservation reserves, despite targeted management of these species. The diversity 

and composition of species on road edges and conservation reserves were significantly 

different, with the conservation reserves hosting more native biodiversity than road 

edges. Here we demonstrate the utility of iDNA metabarcoding for mammal 

monitoring, with our data suggesting that the signals from iDNA are highly localised 

and reflective of the known distribution of mammals. The development of these 

methods shows promise for the future conservation management of mammals. 

 

  



 207 

6.3 Introduction  

The current accelerated loss of vertebrate species across the globe has heralded the 

likely beginning of the Earth’s sixth mass extinction event (Ceballos et al., 2017; 

Grooten & Almond, 2018; Tilman et al., 2017). Extinctions and decline of ecosystem 

functionality have been mainly attributed to human activities causing habitat loss 

(Brodie et al., 2021). However, evidence suggests that the actual scale of species 

decline is underestimated because the focus has been on the complete loss of species 

rather than the decline and loss of populations (Ceballos et al., 2017). Some regions 

face more extinction threats than others. For example, in Australia, the total decline of 

mammal species represents about one-third of all mammal species that have gone 

extinct in the last 500 years (Baillie & Groombridge, 1996). Since European 

colonisation in the 1700s, 22 native Australian mammal species have become extinct 

(Burbidge & McKenzie, 2009; McKenzie et al., 2007; Woinarski et al., 2011), 

comprising 6% of Australia’s marsupial species and 14% of its rodent species (Baillie 

& Groombridge, 1996). Another eight species of mammals that previously occurred 

widely throughout Australia now only exist as populations on a small number of 

islands or as translocated populations within intensively managed fenced reserves 

(Burbidge & McKenzie, 2009). However, extinctions and declines have not been 

spread evenly across the Australian continent - the two most impacted areas are part 

of the southern arid zone and the Wheatbelt region of Western Australia (Short & 

Smith, 1994).  
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Mammal declines have primarily been attributed to ecological disturbances from 

human activities: habitat clearing and fragmentation for agricultural use, the 

introduction of domestic animals, changes in burning regimes, hunting and culling of 

native fauna, and increased predation from introduced predators (Short & Smith, 1994; 

Woinarski et al., 2019). Attempts have been made to curb species decline and protect 

existing populations of native animals in the southern arid zone and the Wheatbelt 

region of Western Australia by creating conservation reserves. However, the 

establishment of conservation reserves alone is insufficient to maintain biodiversity 

within an area (Woinarski et al., 2011), and their effectiveness is determined by the 

appropriate management of these protected areas (Watson et al., 2014), including 

predator control, adequate fire regimes, and sufficient funding to enact and enforce 

protection of conservation areas. Furthermore, conservation reserves are often faced 

with the ‘island dilemma’ whereby if the surrounding area is unsuitable, the reserve 

can only ever hold the number of species within it an equilibrium on its size and degree 

of isolation (Diamond, 1975). In some cases, road reserves, the area of public land 

between private property and roads, can act as dispersal corridors for plant and animal 

species in agricultural landscapes (Dean et al., 2018; Ding & Eldridge, 2022). Wildlife 

can use these corridors to move through disturbed landscapes (Bennett, 1991), 

decreasing the isolation level between conservation reserves. However, in the highly 

fragmented native bush remaining in the Wheatbelt region of Western Australia, little 

is known about the use of road reserves by wildlife as a means of moving between 

conservation areas (Abensperg-Traun, 1991).  
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Tracking wildlife use and movement through environments requires direct observation 

of the species or the traces they may leave behind (Kouakou et al., 2009). However, 

this can be time and resource-intensive to conduct over large areas or in remote 

locations (Campbell et al., 2011). Further, some sampling procedures, such as 

trapping, can be harmful or stressful to animals (Putman, 1995). Therefore, to reduce 

the costs and risks associated with monitoring wildlife, non-invasive sampling 

techniques, such as DNA metabarcoding, can be applied for a fraction of the person-

hours as traditional observation-based surveys (Calvignac-Spencer et al., 2013). DNA 

metabarcoding techniques can detect vertebrates through fragments of DNA that they 

shed into the environment. Different environmental substrates, such as water (Harper 

et al., 2019; Mas-Carrió et al., 2022), scat (van der Heyde et al., 2021), soil (Ryan et 

al., 2022), sediment from tree hollows (Newton et al., 2022), and air (Clare et al., 2022; 

Lynggaard et al., 2022) have been used to detect vertebrate diversity successfully. An 

extension of this method is detecting vertebrates from invertebrates that interact with 

them, known as invertebrate-derived DNA (iDNA) metabarcoding. iDNA 

metabarcoding has been used to document vertebrate diversity across the globe 

(Abrams et al., 2019; Calvignac‐Spencer et al., 2013; Lynggaard et al., 2019; Schnell 

et al., 2015). Invertebrates such as leeches, mosquitoes, sand flies or carrion flies have 

been used as sources of vertebrate DNA (Massey et al., 2021) as they interact with the 

flesh, blood, or scat of vertebrates. Briefly, iDNA metabarcoding works by extracting 

the total DNA from invertebrate samples and amplifying only vertebrate DNA using 

nucleotide-labelled, vertebrate-specific primers (Bohmann et al., 2021). The vertebrate 

DNA is then sequenced, and the resulting sequences are matched against reference 

databases to identify the species detected (Calvignac‐Spencer et al., 2013; Taberlet et 

al., 2012).  
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Here we aimed to use iDNA from carrion flies to detect native Australian mammals in 

the wheatbelt region of Western Australia. We investigated if the localisation of the 

iDNA signal reflects the expected distribution of four native and two non-native target 

mammal species in a fragmented landscape. We specifically aimed to assess the 

composition and richness of mammals within and outside conservation reserves. We 

predicted that the target native marsupial species - the carnivorous chuditch (Dasyurus 

geoffroii), the myrmecophagous numbat (Myrmecobius fasciatus) and the herbivorous 

and fungivorous woylie (Bettongia penicillata) would be restricted to conservation 

reserves, with little evidence of dispersal across the spaces between the reserves. We 

predicted that the myrmecophagous and termitophagous monotreme, the echidna 

(Tachyglossus aculeatus), would be most frequently detected in conservation reserves. 

However, as they have wide home ranges in cropping and pastoral areas (Sprent & 

Nicol, 2012), we would also detect them between the reserves. Finally, we predicted 

that invasive predator species - red fox (Vulpes vulpes) and feral cat (Felis catus) - 

would be equally frequently detected across the landscape.   
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6.4 Methods 

6.4.1 Site descriptions 

The Wheatbelt region is located in the south-west of Western Australia and describes 

a 140,000 km2 area of land predominantly used for cereal growing. It has a 

Mediterranean climate characterised by hot, dry summers and cool winters. Average 

maximum temperatures range from 31 ˚C in summer (January) to 15.4 ˚C in winter 

(July). Annual rainfall varies through the region, but within the sampling area, rainfall 

averages 444.4 mm, with the most rainfall occurring in July. More than 93% of the 

natural vegetation in this region has been replaced with exotic grasses and cereal crops. 

The remaining native vegetation is scattered through the region in thousands of 

remnants of varying size, shape, and degree of isolation (Saunders, 1989).  

Three conservation reserves surrounded by cropping and pastoral land were chosen as 

representing ‘islands’ of native vegetation within the farmland of the Wheatbelt (Fig 

6-1). These reserves were Boyagin Nature Reserve (Boyagin NR), Dryandra 

Woodland National Park (Dryandra NP), and Lupton Conservation Park (Lupton CP).  

Boyagin NR, in the north of our study area, is a 49 km2 reserve located beyond the 

eastern edge of the Jarrah Forest bioregion (Schut et al., 2012). The predominant 

vegetation communities within Boyagin NR are kwongan scrubland and Eucalyptus 

woodland (Dames & Moore, 1985). Boyagin NR consists of eastern and western 

halves separated by a 500m wide strip of farmland. The trapping from our study was 

in the western half, which has had fox control in place since 1989. Woylies and 

numbats have been re-introduced into Boyagin NR, with populations established in 

both halves of the reserve. In addition, 18 other mammal species have been recorded 

at Boyagin NR, including our other native and non-native target species. 
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Dryandra NP, in the south of our study area, is the largest remnant of natural vegetation 

within the Wheatbelt, comprising 280 km2 of 17 blocks of natural bushland, mostly 

woodland of powderbark wandoo (Eucalyptus accedens) and white wandoo (E. 

wandoo). It is one of the most diverse reserves in the region. There are 29 species of 

native mammal species found in Dryandra NP, including all our target species. 

Dryandra NP plays a crucial role in conserving threatened species. For example, the 

numbat population within Dryandra NP represents half the total number of individuals 

of the species found in the wild (Friend et al., 1995). There is extensive predator 

control within the reserve and surrounding areas, with regular fox baiting and feral cat 

management; however, both species are still recorded in the reserve (Marlow et al., 

2015a).  

Lupton CP, on the western edge of our study area, is part of the northern jarrah forest. 

The park area encompasses 87 km2 but is contiguous with the rest of the forest, which 

comprises mainly jarrah (E. marginata) and marri (Corymbia calophylla). Several 

common mammal species are known to inhabit the region, although limited records 

are available for the specific species that occur in Lupton CP (Northern Forest 

Management Plan 1987-1997, 1987). We assume that while numbat and woylies do 

not occur in Lupton CP or at very low numbers, our other target species (both native 

and non-native) do. In addition, feral cats and foxes are known to be frequently 

detected within the jarrah forest, and predator control through baiting is a regular part 

of management throughout both the northern and southern areas of the jarrah forest 

(Dundas et al., 2014).  

Our other study site was made up of the road edges between these conservation areas, 

representing the farm matrix in which the conservation areas are embedded. Road 

edges were chosen based on their accessibility. Most of these were <5 m wide with 

sparse vegetation, usually consisting of trees with little to no natural understorey and 

a ground cover of exotic grasses. 
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Figure 6-1 A) Map showing the trapping locations alongside 35 road edges and at the three conservation reserves, Boyagin Nature Reserve 

(Boyagin NR), Dryandra Woodland National Park (Dryandra NP), and Lupton Conservation Park (Lupton CP), in Western Australia. Locations along 

road edges are noted as black circles, and conservation reserves are green diamonds. Within each conservation reserve, five traps are placed 

approximately 500 m from each other in an ‘X’ pattern. B) Image showing a fly trap made from plastic bottles with the top and nozzle cut off and then 

inverted and inserted into the bottle. C) Images showing typical habitat at Boyagin NR, Dryandra NP, Lupton CP, and road edges.
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6.4.2 Sample collection 

Traps were made from plastic bottles with the top and nozzle cut off and then inverted 

and inserted into the bottle. Traps were sterilised for 30 minutes with a 20% bleach 

solution before deployment, and gloves were used to handle the sterilised traps. 

Approximately 20-30 mL of a commercial, organic fly bait (“Magna Fly Bait”, 

GEPRO, Australia) was put into each trap as an attractant and sampling fluid (Fig 6-

1B). 

Samples were set up and collected during January 2021 (summer). All traps were 

handled with gloves. Gloves were replaced between every trap. Five fly traps were 

placed approximately 500 m apart at each of the three conservation reserves in an ‘X’ 

formation. These five traps were kept as separate samples. A single fly trap was set up 

at each of the 35 road edges through the region. The 35 road edge sampling sites were 

based on accessibility to public land and the availability of trees on which to hang fly 

traps. All fly traps were left out for 72 hours. Sampling fluid (and flies) were decanted 

into falcon tubes. Traps were then thoroughly cleaned, sampling fluid replaced, and 

set up again. The same trap was used at each sampling location. Fly sampling at these 

locations occurred at three time points over 14 days. Samples were then stored on ice 

during transport. Samples were frozen on arrival at the laboratory at -18 ˚C. 

  

6.4.3 Sample processing and DNA extraction 

Processing of samples occurred in a dedicated pre-PCR lab. Each trap and time point 

was considered a sample and extracted separately to increase the chance of detecting 

vertebrate species. There were 150 samples extracted in total. The number of flies 

extracted in a sample ranged from 1 to 300, with an average of 24 (± 3 s.e.) flies. 

Samples were gently washed with ultrapure water to remove any traces of fly bait 

before being stored in 70% ethanol at -18 ˚C before DNA extraction. Prior to DNA 

extraction, the ethanol was decanted and evaporated off the samples. A sample of the 

bait used during this study was also processed alongside fly samples. DNA was 

extracted using a non-destructive DNA digestion protocol (Nielsen et al., 2019) that 

lyses and releases cellular DNA without damaging the exoskeleton of the flies. Flies 

within samples that contained more than 40 individuals were divided into separate 
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tubes of 40 flies or less, and these separate tubes were digested individually to ensure 

even coverage of digestion fluid across the whole sample. Samples were digested 

overnight at 56 ˚C. The digest fluid from these separate tubes was then combined 

equally for the purification and concentration of DNA. Purification and concentration 

of DNA were conducted using a DNEasy Blood and Tissue kit following the 

manufacturer’s instructions (Qiagen, Netherlands) modified to include a 400 µL 

volume of digestion fluid and a 100 µL double elution in EB buffer. DNA extraction 

controls were included every 24 samples. DNA extracts were stored at -18 ˚C.  

 

6.4.4 PCR amplification and sequencing.  

Two metabarcoding assays were used to analyse the iDNA from carrion fly samples 

across two gene regions. Assays were chosen based on in-silico assessment against the 

target mammal species, whereby between the two assays all species were detected. 

Additionally, short amplicon sizes were needed to account for any degradation due to 

digestion from flies. Based on these criteria, a vertebrate-specific assay was selected 

targeting the 12s rRNA region (F: 5’-TAGAACAGGCTCCTCTAG-3’; R: 5’-

TTAGATACCCCACTATGC-3’; 98 bp excluding primers; (Riaz et al., 2011)) 

(vertebrate 12s) and a mammal specific assay was selected targeting the 16s rRNA 

region (F: 5’-CGGTTGGGGTGACCTCGGA-3’; R:5’-

GCTGTTATCCCTAGGGTAACT-3’; 130 bp excluding primers; (Taylor, 1996)) 

(mammal 16s).  
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SYBR Green quantitative PCR (qPCR) was carried out on all samples to assess the 

amplification efficiency and the presence of PCR inhibitors in the samples. This was 

done using undiluted samples and 1:2 and 1:5 dilutions. qPCR reactions were carried 

out in 12.5 µl reactions containing: 1 U of AmpliTaq gold, 1 x PCR Gold Buffer and 

2 mM MgCl2 (all from Applied Biosystems, USA), 0.4 mg/mL bovine serum albumin 

(Fisher Biotec, Australia), 0.25 mM dNTPs (Astral Scientific, Australia), 0.4 µM of 

each forward and reverse primer, 0.6 µL of 1/1000 SYBR Green (Invitrogen, USA), 

and 1 µL of template DNA. The qPCR program for the vertebrate 12s assay was as 

follows: 95˚C for 5 minutes, followed by 45 cycles of denaturation at 95˚C for 30s, 

60˚C for 30s, and 72˚C for 45s, with a final elongation at 72˚C for 10 minutes. For the 

mammal 16s assay, the qPCR program was as follows: 95˚C for 5 minutes, followed 

by 45 cycles of 95˚C for 30s, 57˚C for 30s, and 72˚C for 45s, with a final elongation 

at 72˚C for 10 minutes. Negative extraction controls, a ‘fly bait’ control, qPCR 

negative controls and positive (quenda; Isoodon fusciventer) controls were included 

alongside the sample. Positive controls are used as a basis for comparing the quality 

and quantity of DNA from other samples. The positive control is a proven sample that 

will be amplified using laboratory workflows. As there are members of this species 

inhabiting the study sites, positive controls were not sequenced to minimise any 

possible cross-contamination.  
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Following qPCR, dilutions that showed the highest level of amplification and minimal 

inhibition were selected for amplification using qPCR with ‘fusion primers’, which 

are gene-specific primers labelled on both the forward and reverse with 6-8bp 

molecular identification (MID) tags and Illumina sequencing adaptors (Bohmann et 

al., 2021). The qPCR reactions were prepared in an ultra-clean laboratory free from 

extracted or amplified DNA to minimise the possibility of contamination. The DNA 

was then added to reactions in a separate pre-PCR laboratory, absent from amplified 

DNA. Each sample was tagged with a unique combination of forward and reverse MID 

tags not previously used within the laboratory. Using the above qPCR conditions, 121 

samples were amplified using the mammal 16s primer, and 75 samples were amplified 

using the vertebrate 12s primer. All respective samples were amplified in duplicate, 

using the same tag combinations for each sample, including extraction and qPCR 

negative controls, and the ‘fly bait’ control, but not the positive control. Following 

qPCR amplification, PCR products were pooled in approximate equimolar 

concentration pools containing no more than 10 samples each based on the qPCR 

amplification curves. These pools were then quantified using a QIAxcel Advanced 

System (Qiagen) with the QIAxcel DNA High-Resolution Kit. As per the 

quantification results, they were then pooled in approximate equimolar ratios to create 

a single amplicon library pool for sequencing. The library pool was size-selected for 

fragments between 150-600 bp long using a Pippin Prep 2% agarose Marker B cassette 

(Sage Science, USA). The library pool was then purified using a QIAquick PCR 

purification kit (Qiagen) as per the manufacturer's instructions with the addition of a 

5-minute incubation at room temperature before elution. The purified library was 

eluted in 40 µl and quantified with a QuBit (Invitrogen, USA) using double-stranded 

DNA high-sensitivity reagents. The library pool was sequenced on an Illumina MiSeq 

(Illumina, USA) using a single-end 300 cycle V2 kit as per the manufacturer's 

directions. 
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6.4.5 Bioinformatics and sequence processing 

Sequence data for each primer set was processed separately. Sequences were 

demultiplexed using ‘obitools’ (Boyer et al., 2016), with no mismatches in the 

MID/primer sequence allowed. Sequences were then length filtered for a minimum 

length of 50 bp. The 'DADA2' package (Callahan et al., 2015) in R v. 3.6.3 (R Core 

Team, 2019) was then used to further quality filter sequences. Sequences were quality 

filtered with a max expected error of 2, and those identified as chimeras were removed. 

Sequences were then dereplicated to produce amplicon sequence variants (ASVs). 

ASVs were matched to the NCBI GenBank reference database 

(www.ncbi.nlm.nih.gov/genbank/) using the Basic Local Alignment Search Tool 

(BLAST) for taxonomic assignment using a high-performance cluster computer 

(Pawsey Computing Centre, Perth, Western Australia). Taxonomic assignments were 

made to the lowest common ancestor (LCA) using the LCA script from eDNAFlow 

(Mousavi-Derazmahalleh et al., 2021) with a minimum query coverage of 100%, 

identity threshold of 95%. Where the absolute value of the difference between % 

identity of ASVs was <1, species taxonomy was not returned and the ASV was 

assigned to the closed common ancestor. ASVs identified in the fly bait: cow (Bos 

taurus), pig (Sus scrofa), and sheep (Ovis aries); negative controls, cow and chicken 

(Gallus gallus), both common laboratory contaminants; and human (Homo sapiens), 

were removed from the data set using the ‘phyloseq’ package (McMurdie & Holmes, 

2013). ASVs from both metabarcoding assays were combined for further analysis. 

ASVs were agglomerated at a species level and per trap to account for the use of the 

same fly-trap between the three sample collection times. The ASV table was 

transformed to presence-absence.  

 

http://www.ncbi.nlm.nih.gov/genbank/
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6.4.6 Statistics 

All statistical tests were run on R v. 3.6.3 (R Core Team, 2019). All maps were created 

using QGIS v. 3.2.3-’Bonn’ (QGIS Development Team, 2018). Only ASVs identified 

as mammals were used for statistical analysis. The ASVs were categorised into either 

native or non-native taxa. ASV richness (observed number of ASVs) was then 

calculated for these two groups at the sampling points using the ‘phyloseq’ package 

(McMurdie & Holmes, 2013) on R v. 3.6.3 (R Core Team, 2019). ASV richness was 

square-root transformed to meet the assumption of homogeneity of variance and 

normality. A two-factor analysis of variance (ANOVA) was then used to compare the 

square-root transformed ASV richness of the groups of mammals (Factor Native vs 

Non-native, two levels; native and non-native), between the reserves (Factor Site, four 

levels; Boyagin NR, Dryandra NP, Lupton CP, and the road edges). A Tukey-HSD 

post-hoc test was then run using the ‘agricolae’ (de Mendiburu & de Mendiburu, 2019) 

package to assess the significant differences between the groups. A one-way 

permutational MANOVA (PERMANOVA) was conducted to compare the ASV 

composition between the different reserves (Factor Site) using the ‘vegan’ package 

(Oksanen et al., 2019) with Jaccard similarity and 9999 permutations. Pairwise 

comparisons were performed using the ‘PairwiseAdonis’ (Arbizu, 2020) package with 

a Benjamini-Hochberg correction for multiple comparisons. 
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6.5 Results 

6.5.1 Sequencing results 

In total, 3,428 flies were captured during the sampling period. After removing the 

‘bait’ signal, 1,248,049 sequences were retained across both assays, with a mean of 

13,287 (± 3686 s.e.) sequences per sample. Across all samples, 45 ASVs were 

detected, of which seven ASVs belonged to the class Aves, and 36 belonged to the 

class Mammalia. Two ASVs could not be identified beyond the phylum Chordata and 

were removed from the data set prior to further analysis. In total, we detected 14 

mammal taxa of the 40 mammal species (both native and non-native) and three species 

of bird of the 174 recorded in the region (Table 6-1).  

We detected 12 non-native taxa (including species that were also detected in the fly 

bait) (Table 6-1). As the Wheatbelt region where the sampling took place is 

predominantly agricultural, detections of these taxa (cow, pig, sheep, and chicken) 

would not be completely unexpected. Therefore, while we have removed the specific 

ASVs associated with the fly bait from our analysis, we have kept other ASVs 

identified as these species for diversity and species composition assessments.  

We detected 15 native taxa, including our four target species (Table 6-1). We also 

detected the bilby (Macrotis lagotis) from samples collected at Dryandra NP. The only 

bilby population in this region is located in the Barna Mia animal sanctuary, a fenced 

area of the Dryandra NP that houses several other protected marsupial species. Fly 

traps in Dryandra NP were set up less than 200 m away from the border of this 

sanctuary. 
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Table 6-1 All ASVs identified to at least family level that were detected via carrion fly 

DNA. Location where each taxon is detected is noted with letters: Boyagin Nature Reserve (B), 

Dryandra Woodland National Park (D), Lupton Conservation Park (L), and road edges (R). 

Taxa are divided into non-native taxa and native taxa to the region. Species with * are also taxa 

that were detected in the ‘fly bait’ used in this study. Taxa highlighted in bold are the target 

taxa investigated in this study. 

Non-native Taxa       

Class Order Family Genus Species Common Name Location Detected 

Aves Galliformes Phasianidae Gallus Gallus gallus* Chicken B, D, L, R 

Mammalia Artiodactyla Bovidae Bos Bos taurus* Cow B, D, L, R 

Mammalia Artiodactyla Bovidae Ovis Ovis aries* Sheep B, D, L, R 

Mammalia Artiodactyla Suidae Sus Sus scrofa* Pig B, D, L, R 

Mammalia Carnivora Canidae Canis   B, D, R 

Mammalia Carnivora Canidae Vulpes Vulpes vulpes Red Fox B, D, L, R 

Mammalia Carnivora Felidae Felis Felis catus Feral cat B, D, R 

Mammalia Lagomorpha Leporidae Oryctolagus Oryctolagus cuniculus European rabbit B, L, R 

Mammalia Perissodactyla Equidae Equus Equus caballus Horse B, D, R 

Mammalia Rodentia Muridae Mus   B, D, R 

Mammalia Rodentia Muridae Mus Mus musculus House mouse B, R 

Mammalia Rodentia Muridae Rattus     R 

Native Taxa       

Class Order Family Genus Species Common Name Location Detected 

Aves Anseriformes Anatidae    L 

Aves Coraciiformes Meropidae Merops  Rainbow bee-eater R 

Aves Galliformes Phasianidae Coturnix Coturnix pectoralis Stubble Quail B, D, L, R 

Aves Passeriformes Corvidae Corvus   D, L, R 

Aves Passeriformes Corvidae    D, L, R 

Mammalia Chiroptera Vespertilionidae Eptesicus Eptesicus regulus Southern Forest Bat R 

Mammalia Dasyuromorphia Dasyuridae Dasyurus Dasyurus geoffroii Chuditch B 

Mammalia Dasyuromorphia Myrmecobiidae Myrmecobius Myrmecobius fasciatus Numbat D, R 

Mammalia Diprotodontia Macropodidae Notamacropus Notamacropus irma Western Brush Wallaby  L, R 

Mammalia Diprotodontia Macropodidae Osphranter   D, L, R 

Mammalia Diprotodontia Macropodidae    D, L, R 

Mammalia Diprotodontia Phalangeridae Trichosurus Trichosurus vulpecula Brush-tail Possum D, R 

Mammalia Diprotodontia Potoroidae Bettongia Bettongia penicillata Woylie B, D, R 

Mammalia Diprotodontia Potoroidae Bettongia   D, R 

Mammalia Monotremata Tachyglossidae Tachyglossus Tachyglossus aculeatus Echidna D, L, R 

Mammalia Peramelemorphia Peramelidae Macrotis Macrotis lagotis Bilby D 
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6.5.2 Spatial distribution of six target mammals. 

We detected all four native target species from carrion fly iDNA: chuditch, numbat, 

woylie, and echidna. Numbat detections were restricted to Dryandra NP (3 out of 5 

traps) despite the species being recorded at Boyagin NR. Woylie was detected at both 

Dryandra NP (1 out of 5 traps) and at Boyagin NR (1 out of 5 traps), and echidna was 

detected in Dryandra NP (1 out of 5 traps) and Lupton CP (2 out of 5 traps) but not 

Boyagin NR despite being frequently observed there. Chuditch were only detected in 

Boyagin NR (1 out of 5 traps) (Fig 6-2). We also detected woylies (1 out of 35 traps), 

numbats (1 out of 35 traps), and echidnas (2 out of 35 traps) from road edges adjacent 

to Dryandra, with woylies detected up to 10 km away (Fig 6-2). Foxes were detected 

in all conservation reserves (Boyagin NR, 3 out of 5 traps; Dryandra NP, 4 out of 5 

traps; Lupton CP, 1 out of 5 traps), and feral cats were detected in Boyagin NR (1 out 

of 5 traps) and Dryandra NP (5 out of 5 traps) but not Lupton CP. These predators 

were also detected at many road edges (foxes, 18 out of 35 traps: cats, 10 out of 35 

traps) (Fig 6-2).  
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Figure 6-2 Detection locations of 

the six target species from the 

carrion fly iDNA sampling in 35 

road edges and three conservation 

reserves, Boyagin Nature Reserve, 

Dryandra Woodland National Park, 

and Lupton Conservation Park, in 

Western Australia. Black circles 

indicate the locations of the fly traps 

through the region, red circles 

indicate positive detections of the 

target species. Inset are silhouettes of 

the target species. Within 

conservation reserves, numbers 

indicate how many traps out of the 

five these species were detected in 

during the sampling period. A) 

echidna (Tachyglossus aculeatus), B) 

numbat (Myrmecobius fasciatus), C) 

chuditch (Dasyurus geoffroii), D) 

woylie (Bettongia penicillata), E) red 

fox (Vulpes vulpes), and F) feral cat 

(Felis catus). 
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6.5.3 Comparison between conservation reserves and road edges.  

The fully factorial ANOVA test on ASV richness found that there was no significant 

interaction between the factors Native vs Non-native and Site (F(3, 98) = 1.77, p=0.159), 

a significant effect of Site (F(3, 98 )= 5.91, p<0.001), and a significant main effect of the 

factor Native vs Non-native (F(1, 98) = 78.75, p<0.0001). The total mammal ASV 

richness was highest in Dryandra NP (Fig 6-3A, Fig 6-4A), with no significant 

differences between the ASV richness at Lupton CP and Boyagin NR conservation 

reserves. ASV richness was lowest at the road edges (Fig 6-3A). However, when 

looking specifically at the differences between native and non-native mammal ASV 

richness, non-native mammal ASV richness was higher than native ASV richness (Fig 

6-3B). Boyagin NR and Dryandra NP had similar non-native ASV richness to the road 

edges, but Lupton CP has significantly lower non-native ASV richness (Fig 6-3B). 

Dryandra NP and Lupton CP had higher native mammal ASV richness than Boyagin 

NR and the road edges, which were similar (Fig 6-3B). Native mammal ASV richness 

centred around the conservation reserves (Fig 6-4B), and this richness decreased at 

sites further away from the conservation reserves. Non-native mammal ASV richness 

was high throughout the region, including the road edges furthest away from 

conservation reserves (Fig 6-4C).  
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Figure 6-3 Square-root transformed means (including standard error bars) of 

mammal ASV richness (number of mammal ASVs) from Boyagin Nature Reserve, 

Dryandra Woodland National Park, and Lupton Conservation Park, and Road edges in 

Western Australia. Letters (a,b,c) show the results from the Tukey-HSD test. Different 

letters indicate statistically different richness values. A) Overall mammal ASV richness 

and B) the ASV richness from non-native and native mammals at each site. 

 

 

The ASV composition was significantly different between the different reserves 

(PERMANOVA; F(3, 43)= 1.72, p=0.0014). Pairwise comparisons indicated that 

Dryandra NP's composition significantly differed from the other conservation reserves 

(F>2.49, p<0.025). Lupton CP and Boyagin NR did not have significantly different 

ASV compositions (F=1.57, p=0.067). The composition of Dryandra NP and Lupton 

CP was significantly different to the road edges (F>1.84, p<0.025), however, the ASV 

composition between Boyagin NR and road edges was not significantly different 

(F=0.73, p=0.78). 
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Figure 6-4 Heat map based on mammal ASV richness (Alpha diversity) values from fly iDNA sampling in 35 road edges and five traps at each of 

the three conservation reserves, Boyagin Nature Reserve (Boyagin NR), Dryandra Woodland National Park (Dryandra NP), and Lupton Conservation 

Park (Lupton CP), in Western Australia. A) Overall mammal ASV richness, B) Native mammal ASV richness and C) Non-native mammal ASV 

richness.
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6.6 Discussion 

We successfully detected 14 out of the 40 mammals recorded in our study area, 

including all our target species, native and non-native, from iDNA. Our predictions 

were broadly supported in that the detected distributions of all target native species 

were mostly restricted to conservation areas, while non-native feral cats and foxes 

were detected across almost the whole landscape. Further, the composition of 

mammals within conservation reserves and road edges reflected our predictions of the 

different species richness and composition at these sites. These results support the 

value of conservation reserves in the region and reveal the differential response of 

native and non-native mammals in fragmented landscapes.  

Three of our target native species - numbat, woylie, and echidna - were detected within 

conservation reserves and alongside road edges, but only those roads close to the 

conservation reserves. The farthest detection from a reserve was woylie, on a road 

edge 10km north of Dryandra NP. The detection of the target species broadly reflects 

our prediction about their distribution. We found that the diversity of native mammals 

centred in the various conservation reserves and that, within the central road edges of 

our sampling area, there were no native mammals detected. This implies that mammal 

populations are isolated within each of these reserves, or that the sampling efforts 

within the middle of study area was inadequate to pick up the signals of native species. 

Potentially because within this area, native mammals may be more dispersed or spend 

less time in these central areas because of lack of suitable habitat.  
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Isolation can be quite detrimental for native mammals in already reduced habitat 

ranges. Whilst it is known that woylie populations within other conservation reserves 

in this region are genetically distinct due to restricted gene spread (Pacioni et al., 

2020), this could also be true for other species living in these isolated conservation 

reserves. However, numbats and chuditch, particularly young ones, regularly disperse 

to new habitats (Soderquist & Serena, 2000; Thorn et al., 2022) and it seems likely 

that remnant vegetation along roadsides would act as corridors for this dispersal: our 

lack of detection of these species from outside the conservation areas probably reflects 

the length of time for which we took samples, or that no animals were dispersing at 

the time, or that animals disperse too rapidly to be detected at our level of sampling. 

Even so, it is evident that management strategies need to address the isolation of these 

conservation reserves and the effects on the long-term viability of mammal 

populations within them.  

We expected that chuditch would be detected in Dryandra NP due to longstanding 

records of this species within this reserve (Orell 2004), but we did not detect it in our 

samples. However, we did detect chuditch in one sample at Boyagin NR. As the 

chuditch is a primarily solitary and nocturnal animal with a wide home range (Rayner 

et al., 2011), this lack of detection may be due to insufficient sampling in the 

conservation park rather than the absence of this species from the area. Furthermore, 

we expected that echidnas would be found widely through the region, both within and 

outside the conservation reserves, as it is known that echidnas can travel through 

pastoral areas (Sprent & Nicol, 2012). However, the detections of echidna also centred 

around conservation areas.  
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Cats and foxes, as predicted, were detected both in conservation areas and across the 

matrix of farmland between them. Predation by foxes and feral cats has been identified 

as one of the most significant causes of Australian mammal extinctions (Woinarski et 

al., 2015). Dryandra NP has carried out extensive fox eradication over the last 40 years 

(Marlow et al., 2015b); however, foxes were still detected within this reserve. Fox 

eradication within Dryandra NP is conducted through the regular deployment of 1080 

poison baits (sodium fluoroacetate), a fast-acting and naturally occurring lethal toxin 

by which native animals in this region are unaffected (Marlow et al., 2015a; Thomson 

& Algar, 2000). Baiting occurred in the reserve four days before fly sampling began 

(Department of Biodiversity, Conservation, and Attractions, pers comms.), which 

might have influenced the detections of foxes from iDNA if there was more carrion 

for flies to feed on. However, feral cats are not as attracted to these baits, and declines 

in foxes have increased cat activity and predation rates (Marlow et al., 2015a), which 

can be detrimental to native mammal populations surviving in these protected regions. 

Cats were not detected in Lupton CP, despite being contiguous with the rest of the 

jarrah forest region. This might be due to cat control in the area or reflect dynamic, 

local cat movements.  

We detected non-native animals, including fox and cat signals within the central road 

edges, where native animal diversity was generally absent. Predator species have been 

shown to use road edge habitats more frequently than macropods (Wysong et al., 

2020), which implies that they could move through areas easily if they are well 

connected with roads. This indicates that managing foxes and feral cats must occur 

beyond just within reserves and into the surrounding pastoral areas to eradicate these 

predator populations effectively. This is supported by findings that fox home ranges 

can average 704 ha, and inadequate baiting within this range can decrease the 

effectiveness of baiting programs because of decreased chance of uptake (Carter et al., 

2011). Further, there is evidence to suggest that the use of linear infrastructure (such 

as roads) by predator species can cause avoidance of these areas by prey animals 

because of the increased predation risk (Latham et al., 2011). If native mammals avoid 

road areas because of the risk of predators, this may increase the isolation of the 

conservation reserves even if the habitat is maintained between them to facilitate 

movement between the areas.  
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Our results suggest either a geographic limit for which carrion flies can transport an 

iDNA signal or that some native mammals, during our study, were also present in 

habitats close to but beyond the conservation reserves. While studies have shown that 

flies can disperse at great distances (MacLeod & Donnelly, 1963), iDNA signals 

appear to stay within a very close area to a vertebrate population (Fernandes et al., 

unpublished). Within Dryandra NP, a fenced conservation sanctuary site, Barna Mia, 

contains several species of marsupial that are otherwise locally extinct, including the 

bilby. We detected bilby iDNA within 200 m of the Barna Mia fence, from which we 

infer that, for temporal and spatial constraints of this study, flies detected from this 

trap were travelling no more than 500 m from the DNA source (the distance from the 

approximate centre of the Barna Mia sanctuary area to the trap where this species was 

detected). Efforts have been made in and around the Dryandra reserve to maintain 

‘wildlife corridors’ - areas of retained bushland that allow for linkages between 

remnant areas in a predominantly agricultural landscape (Hobbs & Saunders, 1991). 

Whilst not every road edge, lined with remnant trees, can act as a wildlife corridor, the 

verges near conservation reserves may facilitate wildlife movement through these 

areas (Bennett, 1991). The highly localised iDNA signal to the target population 

distributions suggests that carrion fly iDNA would be viable for monitoring vertebrate 

diversity at a fine scale, especially in remote regions where trapping to assess species 

presence can be difficult to undertake.  
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6.6.1 Limitations and future directions 

Understanding the strengths and limitations of carrion fly iDNA monitoring for species 

detection is essential for future use of this method in conservation management. Here, 

we demonstrated the utility of iDNA metabarcoding for monitoring the distributions 

of mammal populations. While we only detected 14 out of 40 mammal species known 

to occur in the Wheatbelt region, we detected all six of our target species. It is not 

known why certain species were absent from the record and could be reflective of the 

sampling intensity/timespan, local animal movements, or biases with the method. In 

this case, we cannot rule out an absence from an iDNA record as an absence in the 

area. In future studies, exploring the effects of increasing sampling intensity, either 

spatially or temporally, on mammal species detection will be worthwhile. However, it 

must be remembered that while metabarcoding studies can reduce the overall costs of 

conducting biodiversity surveys, molecular work can be expensive, and increasing 

sampling intensity can dramatically increase associated costs (Borrell et al., 

2017). This is an important consideration for conservation studies where funding may 

be limited, and in this case, iDNA could be used to guide the design of more targeted 

surveying efforts (Abrams et al., 2019). The effects of sampling season and landscape 

structure on mammal species detection are also worth exploring. Our study was 

conducted during a single season and the effects of weather conditions on iDNA 

dispersion and animal detection are unknown and may enable more robust estimates 

of mammal occupancy. Also, it is not clear how the structure of the environment can 

influence the detections of mammals from carrion fly iDNA. For instance, it is known 

that odour or chemical signals of decaying matter that attract carrion flies can be 

obstructed by physical barriers (Benbow et al., 2015). 
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7.1 The uses and value of invertebrate DNA metabarcoding as a 

terrestrial biomonitoring tool 

Invertebrates are routinely used in monitoring terrestrial ecosystems; they 

are highly diverse, essential for ecosystem functioning, and interact widely 

with other organisms in the ecosystem (Kim, 1993). Therefore, they have 

fundamental value as indicators to measure health and ecosystem 

functioning (McGeoch, 1998). Yu et al. (2012) was the first to demonstrate 

the capabilities of metabarcoding for detecting biodiversity when applied to 

diverse invertebrate communities. Since then, the applications of 

invertebrate DNA metabarcoding for terrestrial monitoring have appeared 

seemingly limitless. Within this thesis, I have shown that the application of 

metabarcoding to invertebrates can elevate the capabilities for terrestrial 

biomonitoring, not only as a tool to monitor invertebrate biodiversity but 

also for monitoring ecosystem connectivity and species ecology with a 

range of applications for conservation and land management. The scope of 

this thesis was to build knowledge on how DNA metabarcoding could be 

used to monitor terrestrial ecosystems. Using a series of case studies within 

my thesis, I demonstrate the wide variety of applications that metabarcoding 

methods can have in biomonitoring. The results from this body of work 

indicate that depending on the sources of DNA, it is possible to use 

invertebrates to monitor various aspects of terrestrial ecosystem biodiversity 

and functioning. This final general discussion chapter synthesises the main 

findings of the previous chapters and considers the value of this 

methodology for terrestrial biomonitoring. Additionally, I identify the 

limitations of this body of work, discuss knowledge gaps, and suggest what 

I believe to be important future avenues of research (Fig 7-1).  
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Figure 7-1  Conceptual flow diagram outlining the findings from this thesis and avenues for future research
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7.2 Summary of main findings 

7.2.1 Invertebrate DNA metabarcoding is a helpful tool for monitoring 

different aspects of terrestrial biodiversity.  

A growing number of studies have recently used bulk arthropod sample 

metabarcoding to assess ecosystem biodiversity in multiple contexts. 

Chapter 2: ‘Current and future applications of bulk arthropod sample 

metabarcoding in terrestrial ecological monitoring’, reviewed studies that 

applied DNA metabarcoding to bulk arthropod samples to document various 

aspects of terrestrial biodiversity. Whilst predominantly the focus for most 

bulk-arthropod metabarcoding studies has been on uncovering arthropod 

biodiversity, by using the DNA that arthropods have in them or on them, it 

is possible to elevate the capabilities beyond solely monitoring arthropod 

biodiversity and move towards studying terrestrial ecosystems and the 

interactions occurring within them with more nuance and depth. Hence, I 

explored multiple uses for this technique in habitat quality assessment, the 

study of plant-pollinator interactions, vertebrate monitoring, and the 

transmission of vector-borne pathogens. Here I also discussed some current 

limitations and suggestions for future areas of research that need to be 

conducted for bulk-arthropod metabarcoding to become more commonplace 

and useful in the biomonitoring toolkit, such as the capabilities for machine 

learning, long-term temporal studies, and the development of techniques to 

quantify abundance from metabarcoding data. Chapter 2 provides an in-

depth examination of how terrestrial environments can be monitored using 

the DNA from arthropods and provides context for the other chapters 

presented in this thesis. 

7.2.2 Invertebrate DNA Metabarcoding can detect changes in arthropod 

communities at various spatial scales. 

In Chapter 3: ‘Metabarcoding reveals the impacts of exploration 

infrastructure on arthropod communities at mine sites’, I use metabarcoding 
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to determine the scale at which metabarcoding can be used to detect changes 

in the environment. Here, I use the case study of mining exploration 

infrastructure on ground-dwelling arthropod communities at mine sites in 

the Midwest region of Western Australia. This chapter presents one of the 

most common uses of invertebrate DNA metabarcoding, uncovering 

arthropod biodiversity from bulk-arthropod samples. Applying DNA 

metabarcoding in this context provides a rapid and informative method to 

assess biodiversity in areas where cost or time would be prohibitive barriers 

to in-depth biodiversity assessment (Ji et al., 2013; Yu et al., 2012). Within 

mining operations, disturbances caused by exploration infrastructure are 

rarely characterised due to the comparatively small disturbance footprint 

they generate (McKenney & Kiesecker, 2010). Furthermore, the difficulty 

associated with monitoring arthropod communities to measure disturbance 

impacts means that the scale and extent of these effects are unknown. 

Therefore, metabarcoding can be used to provide valuable information on 

the degree and extent of disturbance caused by different exploration 

infrastructure types. 

Here, I discovered that metabarcoding could be used to detect disturbances 

to arthropod communities at varying spatial scales depending on the degree 

of intensity of the disturbance. For all infrastructure types (drill pads, 

maintained tracks, and unmaintained tracks), the surrounding environment 

was impacted similarly, with an initial clearing of vegetation directly on the 

disturbance and an increase in vegetation cover and habitat structure at 100 

metres away. However, each infrastructure type uniquely impacted 

arthropod communities. For more intense disturbances, i.e., maintained 

tracks, arthropod communities showed significant differences within 10 

metres of the disturbance, and communities were still distinct in comparison 

to other arthropod communities at the same site at 100 m away. For the 

disturbances that were left to revegetate over time, i.e., drill pads and 

unmaintained tracks, the arthropod communities homogenised at each 

infrastructure type. This pattern is commonly observed in arthropods in 

response to vegetation disturbances (Majer et al., 2020). The results from 
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this study suggest a more pervasive impact of these exploration 

infrastructures on ecosystems than has been previously measured. Further, 

in the context of this thesis, this study provides evidence of the sensitivity 

of arthropods as indicators of disturbance in the environment and the ability 

for DNA metabarcoding to measure these arthropod communities 

effectively and at fine scales. Metabarcoding hence can be used to provide 

critical biodiversity information to develop more effective management 

strategies to conserve, restore, or mitigate risks from exploration 

disturbances in ecosystems. 

7.2.3 DNA metabarcoding can study species interactions in the environment 

and fill critical gaps in our knowledge of species ecology. 

In Chapter 4: ‘DNA Metabarcoding identifies urban foraging patterns of 

oligolectic and polylectic cavity-nesting bees’, I investigate the impacts of 

urbanisation on the foraging habits of solitary cavity-nesting bees in the 

Perth metropolitan region in southwestern Australia. This chapter presents 

a method to use metabarcoding to monitor the changes in species behaviour, 

moving beyond biodiversity audits to infer species interactions in disturbed 

environments by identifying the pollen and plant material gathered by native 

bees. Within this study, bees were selected with varying degrees of pollen 

specialisation, with oligolectic bees as specialists in a single family of plants 

and polylectic bees as generalists that could forage from a range of plant 

families. There is little known about many native bee species’ foraging 

preferences and behaviour; therefore, using metabarcoding to identify 

forage sources provides an opportunity to fill knowledge gaps. Here, I found 

that oligolectic bees in residential gardens had a degree of adaptive forage 

flexibility. Despite their previously observed specialist behaviour, these 

species had a range of sources of plant material identified in their brooding 

tubes. Polylectic bees, however, did not change their foraging behaviour or 

preferences even in residential gardens. Using this information, it was 

possible to infer traits about behavioural plasticity in response to altered 

habitats that had not been observed in these species using traditional means 
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of monitoring. By tailoring the application of metabarcoding towards a 

specific source of DNA, this method could answer questions about species 

interactions, foraging preferences, and behaviour in response to changes in 

the environment. These results show positive connotations towards the 

available food sources for sustaining wild bee populations in urban areas 

and provide avenues for future research to uncover information about the 

energetic costs, health, and survival of native bees in urban environments. 

The ability to uncover this information is particularly beneficial where 

species may be difficult to observe in the wild due to rarity or cryptic 

behaviour and helps fill in knowledge gaps to aid in the conservation and 

management of these species.  

7.2.4 iDNA can be an effective way to monitor terrestrial mammal populations 

and introduced predator species at a fine scale 

By tailoring the application of DNA metabarcoding, it is possible to extend 

beyond studying arthropod ecology and investigate other aspects of 

ecosystem health and functioning. In Chapters 5: ‘Examining the effects of 

distance, taxon, and animal biomass, on vertebrate detections from carrion 

fly iDNA’ and Chapter 6: ‘Carrion fly iDNA metabarcoding to monitor 

mammals in a fragmented terrestrial ecosystem’, I apply metabarcoding to 

carrion flies to detect the vertebrate species in the environment. Many 

invertebrate species, such as carrion flies, will feed on and interact with 

vertebrates and sample their DNA. Using invertebrates as a source of 

vertebrate DNA has been coined ‘invertebrate-derived DNA’ or ‘iDNA’. 

Many iDNA studies using carrion flies have emerged in recent years and 

have shown to be an effective tool for assessing the biodiversity of 

vertebrate populations (Calvignac‐Spencer et al., 2013; Rodgers et al., 2017; 

Schubert & Stockhausen, 2015). However, the value of a monitoring tool is 

understanding the parameters surrounding its effectiveness. This is 

especially the case if used in a conservation or land management context for 

threatened species.  
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For carrion flies, some work has previously been conducted regarding the 

longevity of DNA signals within the guts of flies (Owings et al., 2019). Still, 

the distance from a vertebrate population, the effects of vertebrate biomass, 

or vertebrate taxonomic groups on iDNA detections remained to be tested. 

Therefore, Chapter 5 explored those specific factors into the impacts on 

iDNA detections from carrion flies using Perth Zoo, within the Perth 

metropolitan region in southwestern Australia, as a source of known exotic 

biodiversity.  

Chapter 5 showed that iDNA signals from carrion flies are highly localised 

to vertebrate populations. With a mammal specific primer set, I detected 

more mammals than other groups of vertebrates. However, reptiles and 

birds were still underrepresented within the data set. Furthermore, these 

signals were not affected by biomass or the diet type of the detected 

mammals. As the detections of mammals were not influenced by biomass, 

this implied that even rare mammal species with smaller biomass within a 

region would have just a likely chance of being detected in carrion flies. 

These results suggest that carrion fly iDNA could be a valuable tool for 

mammalian monitoring – especially for detecting fine-scale differences in 

populations or locating threatened or rare species.  

In Chapter 6, I implement carrion fly iDNA monitoring across the highly 

fragmented Wheatbelt region of southwestern Australia. Here, I aimed to 

uncover the effects of fragmentation on mammalian species by looking at 

populations of mammals within conservation reserve areas and the usage of 

road reserves through detections at these sites. I specifically looked at four 

native target species, the numbat (Myrmecobius fasciatus), chuditch 

(Dasyurus geoffroii), woylie (Bettongia penicillata), and echidna 

(Tachyglossus aculeatus), and two introduced predators the red fox (Vulpes 

vulpes) and feral cat (Felis catus) and their movement through the region. 

In Chapter 5, I uncovered that the signals from carrion flies were highly 

localised to the area where the vertebrate populations were found; therefore, 

the results from Chapter 6 could be used to pinpoint the presence of these 

mammalian species through this region at a fine scale. Chapter 6 showed a 
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higher diversity of native mammals located within conservation reserve 

areas, while non-native species were present throughout the region. Whilst 

our key native taxa were detected at some road reserves, these road reserves 

were closely connected with conservation reserves. In the middle of the 

region, where there was little connection to main conservation reserve areas, 

there was lower native mammal diversity, and native mammals were 

completely absent from some road reserves. This result implies a degree of 

isolation between conservation reserves caused by the fragmentation of the 

habitat, as native mammals could not travel through the landscape easily. 

Additionally, at all conservation reserves and road reserves, we were able 

to detect introduced predators, either foxes or feral cats. So, whilst native 

mammals were isolated between reserves, introduced predators could move 

within the region and utilise anthropogenically disturbed landscapes. 

Though extensive introduced predator management has been occurring in 

these conservation reserves (Marlow et al., 2015; Thomson & Algar, 2000), 

the widespread detections of these predator species throughout road reserves 

indicated that current management strategies have not eradicated them from 

the region entirely. This chapter demonstrates the value of carrion fly iDNA 

to complement conservation and land management practices, and could be 

especially useful in remote areas or rough terrain, where tracking mammal 

populations may be difficult to undertake.  
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7.3 Challenges and limitations 

This thesis demonstrates the potential for applying metabarcoding to 

invertebrates as a monitoring tool across terrestrial ecosystems. Chapter 2 

(Section 2.8) reviews the current barriers to using metabarcoding in 

terrestrial land management in depth. Therefore, within this section, I will 

discuss the limitations of the work in my thesis. While each of the chapters 

within this thesis touches on those elements and discusses its constraints and 

challenges, here, I will discuss four overarching themes that have emerged 

across all the chapters as limitations towards the results I was able to obtain; 

single time point sampling, poorly populated reference databases, the 

impacts of DNA degradation, and abundance quantification.  

Firstly, Chapters 3-6 in this thesis examine biodiversity at a single time 

point. Whilst this does not diminish the significance of the findings from 

each of the studies, further data as a time series would increase the ability 

to interpret trends observed in the environment. Seasonal effects have been 

detected using metabarcoding across various organisms (Barsoum et al., 

2019; Baselga et al., 2013; Chain et al., 2016; Stoeckle et al., 2017). 

Characterisation of the seasonal effects on biodiversity shifts detected from 

and by invertebrates may be essential to conducting terrestrial monitoring 

studies using the metabarcoding methodology. This is mainly because 

invertebrate communities are heavily impacted by seasonal changes (Davis 

et al., 2006; Westveer et al., 2018). Therefore, the application of DNA 

metabarcoding to studying invertebrate communities or the communities 

they are interacting with needs to be cognisant of surrounding seasonal 

effects. Previous work on environmental DNA (eDNA) from water sources 

has shown that time differences across a single week can demonstrate 

variability in detected communities that are equivalent to spatial replicates 

(Beentjes et al., 2019). This suggests that the turnover effects from eDNA 

are possibly more substantial than that of community heterogeneity in water 

bodies. While overall seasonal changes may be necessary when interpreting 

trends from organisms in bulk samples, short-term temporal heterogeneity 

may impact what is observed in iDNA results. Here, by using time points 
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across several days as sampling replicates (Chapters 5 and 6), I aimed to 

reduce the impacts of this temporal discrepancy. However, these effects 

have not been empirically characterised with iDNA within my studies and 

may impact how many vertebrate species were detected using iDNA.  

The lack of complete genetic reference databases was another challenge 

faced by my studies and is common to many other metabarcoding datasets. 

Many taxonomic assignments were made across my chapters that could not 

be resolved to species-level. For fields of study where taxonomic 

sufficiency is routinely practised, such as monitoring indicator arthropods 

to study habitat quality, species-level identification, although helpful, is 

unnecessary and broader taxonomic classifications can be just as useful. 

However, species-level identification is essential for conservation, such as 

identifying specific diet items or tracking threatened species. For Chapter 4, 

identifications for some plant ASVs were only resolvable to order level. 

This limits the interpretation of the dataset and how the information from 

this study can be used in a conservation context. As the extent, quality, and 

coverage of genetic reference databases expand over time, this limitation 

will decrease. Techniques such as genome skimming may become useful to 

fill these database gaps (Trevisan et al., 2019).  

The issues associated with taxonomic identification of metabarcoding ASVs 

can also be related to the short fragments of DNA. Digestion or physical 

environmental conditions can mean that any DNA gathered from 

invertebrates, or the environment is subject to degradation, shortening DNA 

fragments' length (Nielsen et al., 2007). In Chapter 4, the assay with the 

shorter amplicon length was able to identify more families of plants, 

presumably because of considerable DNA degradation through larval 

activity in the brooding tubes.  

Shorter DNA fragments can also make it difficult to identify closely related 

species. For example, several Macropod ASVs identified in Chapter 6 could 

not be resolved beyond family level because of how genetically similar the 

ASVs were to other known species in the region. Some solutions to this can 
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be through using a multiple metabarcoding assays across different gene 

regions to increase the possibility of identifying organisms (Lynggaard et 

al., 2019; Yoccoz et al., 2012). Furthermore, assessing the efficacy of 

different DNA extraction methods, PCR polymerase choice, PCR additives 

and choice of molecular markers can also improve the quality and quantity 

of DNA retrieved from degraded samples (Särkinen et al., 2012). For every 

chapter in this thesis, there was considerable unpublished experimentation 

and optimisation that went into improving outcomes for DNA extraction, 

PCR, and sequencing. Whilst costs and time may be barriers to undertaking 

such investigation for every study, I believe it is important that this 

experimentation is undertaken when any new substrate or DNA source is 

put through laboratory workflows, as it improves the outcomes for 

downstream analysis.  

Finally, for many traditional biomonitoring programs, abundance of animals 

is a critical component to help interpret patterns of change (van Klink et al., 

2020). However, equating abundance with numbers of metabarcoding 

sequences is unreliable (Elbrecht & Leese, 2015). This is predominantly 

related to the reliance of PCR to generate sequences, whereby primer bias 

can skew sequence abundance information (Schloss et al., 2011). Therefore, 

relative abundance using the repeated occurrence or relative sequencing 

depth is often used in DNA metabarcoding studies as a proxy for abundance 

(Hänfling et al., 2016; Klymus et al., 2017; Richardson et al., 2015). In 

Section 2.8, I discuss how the estimation of species abundance is a barrier 

for bulk arthropod metabarcoding and the various developments or new 

technologies required to help quantify abundance from metabarcoding data. 

However, there is very little information on how iDNA detections are 

influenced by abundances of vertebrates (Carvalho et al., 2021; Schnell et 

al., 2015). In Chapter 5, I began to explore the impacts of biomass (which 

is influenced by animal abundance). Despite varying levels of biomass 

within an area, carrion fly iDNA detections were not impacted.  Future work 

investigating the influence of population abundances using DNA mass from 

carrion fly samples or relative detection number could be valuable.  
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7.4 Significance of thesis 

Across the world, faunal biodiversity is in decline (Butchart et al., 2010; 

Sánchez-Bayo & Wyckhuys, 2019; Wagner, 2020). Whilst there are many 

different solutions to solving this biodiversity crisis, an important part of the 

conservation and management of landscapes will always be monitoring 

biodiversity. There has been a considerable amount of research into the use 

of invertebrate metabarcoding in aquatic ecosystems (see for example, Bush 

et al., 2019; Elbrecht et al., 2017; Leese et al., 2020; Martins et al., 2019), 

however the research into applying metabarcoding to terrestrial 

invertebrates and invertebrate derived (iDNA) studies could expand. The 

research conducted in this thesis demonstrates the value of invertebrate 

DNA metabarcoding (and iDNA) for monitoring terrestrial ecosystems and 

adds important information regarding how this method can be used 

effectively, demonstrating both its strengths and limitations. 

The main findings from this thesis have direct implications for the 

management of species, from arthropods to charismatic megafauna. 

Collectively, the chapters have used metabarcoding to uncover new aspects 

of ecosystem connectivity and biodiversity. Chapters 3 and 4 expand on the 

current applications of DNA metabarcoding, adding important information 

to understand how Western Australian arthropod communities respond to 

environmental disturbances. These chapters provide evidence of how 

arthropods respond to changes in the environment in a region where this 

information has been challenging to uncover. Chapters 5 and 6 demonstrate 

a critical new development for iDNA applications. Using well studied 

systems, the research within these chapters aimed to validate and confirm 

the effectiveness of iDNA as a technique to monitor vertebrates. In Chapter 

5 I uncovered critical information regarding how iDNA signals move 

through ecosystems, how they are impacted by biomass and taxonomic 

group of vertebrates they are used to monitor. The gap in the research that 

Chapter 5 filled has been proposed by Schnell et al. (2015) as critical 

information required to make iDNA monitoring studies more effective in a 

conservation context. Understanding these limitations means that in Chapter 
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6 when this method was implemented in the field, the findings could give 

meaningful conservation outcomes for threatened mammalian species.  

Whilst the results from my thesis have shown that metabarcoding cannot be 

used as a magic monitoring tool that will fix all problems associated with 

current methods of terrestrial biomonitoring, this thesis provides the 

guidelines for how best it can be implemented to complement and elevate 

existing monitoring tools. There is still plenty of future work that needs to 

be undertaken before DNA metabarcoding can become a regular part of the 

biomonitoring toolkit. Still, I believe that the results presented here indicate 

the priorities and directions for future research.  
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7.5 Future directions 

More studies are now using DNA metabarcoding to uncover biodiversity 

than ever before. While completing this thesis, the field has already evolved, 

and there have been significant improvements to laboratory workflows, 

sequencing technologies, and bioinformatics pipelines. These 

improvements have meant that the reliability of DNA metabarcoding results 

has improved, errors have been reduced, and the costs associated with 

processing and sequencing samples have decreased. However, there is still 

a significant amount of research that needs to take place before we see 

metabarcoding being regularly deployed in monitoring programs. Here, I 

will describe some areas of future research that I consider to be important 

for improving the accuracy, utility, and effectiveness of metabarcoding 

studies using invertebrates.  

7.5.1 Standardisation and automation of methods 

The first critical area for future development will be making the information 

gained from DNA metabarcoding studies useful and informative for land 

managers. In biosecurity, for example, a large barrier to implementation of 

metabarcoding tools has been the lack of standardisation (Piper et al., 2019). 

This will be a difficult task to undertake in an emerging field where 

methodological development is required. For example, there is no consensus 

on the best way to sample the environment. Increasingly, studies are 

showing that different types of substrates are needed for detecting different 

aspects of biodiversity (Koziol et al., 2019; van der Heyde et al., 2020). 

Even with iDNA, the choice of invertebrate can impact what vertebrate 

diversity can be detected (Massey et al., 2021). Further, new discoveries, 

such as DNA from the air to detect vertebrates (Clare et al., 2022; 

Lynggaard et al., 2022), are currently emerging. Therefore, standardisation 

may be very difficult. Nevertheless, new methodologies need to be 

calibrated, and the benefits and limitations fully explored if they are to be 

of value in a management context.  
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With the development and refining of methodologies, automation may be 

the next frontier to explore. Already, automated robotics and liquid handling 

is becoming more common place in laboratory workflows. Utilising 

automated methods can improve the speed of obtaining results, reduce the 

risks of cross contamination and increases the reliability and comparability 

of results (Buchner et al., 2021). Recent research has also explored the 

implementation of machine learning, imagery-based monitoring techniques 

for species identification from mixed arthropod samples (Wührl et al., 

2022). Implementing machine learning with molecular tools to potentially 

tag images with DNA barcodes has great potential to build capabilities for 

monitoring bulk samples and expediting the discovery and monitoring of 

cryptic species. Future research may see the improvement of the portability 

of these tools, and implementation for automated field-based monitoring, or 

even field-based sequencing. This has great utility in biosecurity for 

invasive species control, for example an in-field detection of a major 

agricultural pest species (e.g., Cotton bollworm (Helicoverpa armigera) or 

Tobacco whitefly (Bemisia tabaci)) could improve the speed of 

management response to mitigate any potential outbreaks.  

7.5.2 Data accessibility 

Part of improving the implementation of DNA metabarcoding-based 

methods will be the accessibility of data. This includes sharing and 

publishing detailed methodologies and raw data that include geographic and 

climatic information for every dataset. This data needs to be easy for 

researchers to use, but also accessible for policy and decision makers to 

understand. Developing user-friendly platforms has been identified as a 

method to improve the bioinformatic literacy involved in making informed 

decisions about molecular monitoring methods and analysis of results 

(Ruppert et al., 2019). Metricising biodiversity data to create a health-score 

or indicator metric in the same way pollution metrics are calculated (Odiete, 

2020) may also be part of the future. Citizen science and community-based 

sampling and monitoring programs can benefit and build on these metrics 
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and data, adding to their value with tangible local impact. Storage of data is 

just as important, and stable storage of data will be essential for comparing 

seasonal and even multi-year variations. Temporal replication is extremely 

valuable in detecting the response of biodiversity to, for example, climatic 

shifts (Berry et al., 2019).  

7.5.3 Modelling and future prediction 

The availability of long-term temporal data will make it easier to develop 

models that can predict changes in biodiversity. However, this is contingent 

on our understanding the variables that impact biodiversity detection from 

metabarcoding. In Chapter 5, I explored the factors that could influence 

iDNA detections. However, there is a need to build on this research and to 

develop a mechanistic model that can identify the factors that underpin the 

likelihood that a species will be detected and that can be used predictively. 

This type of model would be essential to develop for any application of 

DNA metabarcoding where insects act as vectors for ecosystem 

biodiversity. Additionally, this has utility beyond invertebrates, and can be 

used to tackle whole-ecosystem level monitoring if calibrated with the most 

effective mix of eDNA substrates. To develop these models, considerations 

towards the biological, chemical, and physical factors that influence DNA 

detection in different environmental conditions is necessary. Mechanistic 

models to develop biodiversity predictions have been suggested as 

important in combatting the effects of climate change (Mokany & Ferrier, 

2011; Urban et al., 2016). However, there have been very few models 

developed that have been implemented with success across multiple groups 

of organisms, with predominant focus on just one or two groups (Leidinger 

& Cabral, 2017; Shipley et al., 2006). With the ability to use invertebrate 

DNA metabarcoding to examine multiple trophic groups all at once, there 

is scope in this space to develop modelling tools that predict holistic 

biodiversity changes in ecosystems.  
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7.5.4 PCR-free Metabarcoding 

A possible future direction is the potential to move away from PCR-based 

methods and develop new sequencing technologies that can overcome the 

issues associated with primer bias. As discussed previously, amplicon 

sequencing is heavily impacted by primer choice, PCR conditions, and 

reagents. These factors can make it challenging to use amplicon sequencing 

to effectively characterise biodiversity in the same way that traditional 

methods can (i.e., detect abundance) (Bohmann et al., 2021; Elbrecht & 

Leese, 2015). Therefore, the development of PCR-free sequencing methods 

could theoretically overcome some of these biases. One such method that is 

already readily implemented using current next-generation sequencing 

technologies is mitochondrial metagenomics (mitogenomics), where 

Illumina sequencing is conducted on the whole mitochondrial genomes of 

bulk samples (Crampton-Platt et al., 2016). This approach has been shown 

to be useful in estimating biomass for invertebrate species (Bista et al., 

2018). Furthermore, because whole genomes are being sequenced, 

evolutionary information can also be acquired. However, the efficacy of 

mitogenomics is dependent on the availability of appropriate reference 

genomes for mapping (Gómez-Rodríguez et al., 2015), which is also a 

limitation for metabarcoding studies. Mitogenomics is also considerably 

more costly than amplicon sequencing. Additionally, the sequencing depth 

and computer processing requirements to analyse this data are immense and 

can present a limitation for research groups without extensive funding or 

bioinformatic resources (Cowart et al., 2018). Therefore, it may be a 

question of improving the quantitative capabilities of metabarcoding to 

inform when mitogenomics may be a valuable investment. Further 

developments into populating reference databases and improving 

sequencing technologies to lower costs and increase the availability of 

bioinformatic resources will also be necessary to increase the accessibility 

of this technique.  
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7.5.5 Advancing experimental design for eDNA/iDNA studies 

Whilst it is important to design experiments around ecological questions and 

the limitations of the collection method, for many of the chapters within this 

thesis, I explored novel substrate types (i.e., bee nesting tubes, iDNA from 

carrion flies), as such making decisions around aspects of iDNA/eDNA 

experimental design challenging. In such exploratory studies, it is difficult 

to know a-priori whether the replication, controls, or spatial/temporal range 

is appropriate for the question(s) or powered for the statistical analysis. 

Furthermore, it is hard to go back once the data is collected to address these 

limitations. Within this thesis, there are instances in every chapter where 

experimental design could be improved to mitigate confounding variables 

and unknowns – many of which only became apparent as the data was 

analysed. It is easy to design eDNA/iDNA experiments that are logistically 

impossible or too expensive – the more considered approach is to maximise 

the cost/benefit so that budgets for biomonitoring can extend temporally and 

spatially. Therefore, moving forward, especially with novel substrates and 

eDNA, iterative study design that builds on previous work and improves 

data collection, from appropriate replicate number to parsing of data, is an 

important step towards standardising metabarcoding methods for terrestrial 

monitoring.  
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7.6 Thesis conclusion 

Since the first study applying metabarcoding techniques to invertebrates a 

decade ago (Yu et al., 2012), there have been considerable advances in the 

technology and the analysis of metabarcoding data from invertebrates. This 

thesis demonstrates the value invertebrates have in ecosystems and how this 

importance and interconnectedness can be leveraged to help monitor and 

protect existing biodiversity via the use of DNA metabarcoding. The 

overarching question of this thesis was, “Can invertebrate DNA 

metabarcoding be used for monitoring terrestrial ecosystem responses to 

change?” To answer this question, I reviewed current literature regarding 

bulk arthropod metabarcoding for monitoring terrestrial ecosystems 

(Chapter 2). Using this knowledge, I developed experimental studies that 

would employ invertebrate DNA metabarcoding in ecosystems subject to 

disturbance and change and monitor how the diversity and ecology of the 

invertebrates in this environment responded (Chapters 3 and 4). Lastly, I 

demonstrated that invertebrate metabarcoding could be used for more than 

just invertebrate monitoring and developed studies that used carrion fly 

iDNA to monitor vertebrates in changed environments (Chapters 5 and 6). 

These results show just how versatile metabarcoding of invertebrates is and 

that it has immense strength as a tool to monitor changing and disturbed 

terrestrial ecosystems. However, invertebrate metabarcoding is not without 

its limitations, and understanding these limitations is essential to acquiring 

robust, accurate, and informative results. The results from this body of work 

suggest new research directions and questions that need to be answered to 

make the use of metabarcoding in terrestrial environments more effective. 

While the future of monitoring will always lie in a combination of 

techniques, there is mounting evidence that demonstrates the utility of DNA 

metabarcoding and other molecular tools for the global monitoring of 

terrestrial ecosystems.  
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