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Abstract 

How mature forests in landscapes could influence the recovery of biodiversity in 

harvested areas is important for guiding landscape planning of ecologically 

sustainable forest management. DNA metabarcoding is a DNA-based species 

identification method with great potential for characterising these influences. This 

thesis tested the capacity for DNA metabarcoding to characterise the highly diverse 

Tasmanian wet forest beetle fauna compared to traditional morphological identification 

methods. I applied DNA metabarcoding in a landscape ecology study to better 

understand the main landscape drivers of beetle communities in late-successional 

regeneration forests. This thesis includes a review and three studies. 

Chapter 1 is a general introduction that provides background regarding biodiversity 

conservation in managed forests, highlights the potential and limitations of DNA 

metabarcoding for biodiversity monitoring, and identifies the research gaps in 

understanding the importance of retained mature forest at the landscape scale. This 

chapter also outlines the structure of this thesis. 

Chapter 2 provides a practical guide for entomological ecologists seeking to apply 

DNA metabarcoding in their own studies. I review approaches to field sampling 

invertebrates for DNA preservation, highlight important considerations for laboratory 

work, and suggest graphical user interface tools for bioinformatic analyses in a 

standard workflow for DNA metabarcoding. This manuscript is published in Ecological 

Entomology. 

Chapter 3 demonstrates that DNA metabarcoding can capture subtle beetle 

community composition differences, albeit with slight signal loss compared to 
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morphological identification. This was based on a comparison of beetle community 

composition using presence/absence data of beetles collected with pitfall traps at 12 

regeneration forest sites (~55-year-old) and 12 neighbouring unlogged mature forest 

sites. DNA metabarcoding of the cytochrome c oxidase subunit I gene (COI), but not 

the mitochondrial 16S ribosomal RNA gene (16S), identified similar number of zero-

radius operational taxonomic units (176 and 156 ZOTUs for COI and 16S, respectively) 

compared to the number of species identified by morphological identification (173), 

suggesting the suitability of mitochondrial COI for studying invertebrate biodiversity. 

This study also highlighted the incompleteness of DNA barcode reference databases 

for assigning species, with only 12.5% COI and 16% 16S ZOTUs being assigned to 

species, respectively. This manuscript is published in Restoration Ecology. 

Chapter 4 used the dataset from Chapter 3, but restricted analysis to the subset of 

ZOTUs identified to species level, to study the performance of DNA metabarcoding for 

estimating species biomass as a proxy for beetle abundances. The results showed a 

significant correlation between input species biomass and output high-throughput 

sequencing DNA read abundance for the 16S dataset but not COI dataset. The 

number of primer-template mismatches was higher in COI (0-7 bp) than in 16S (0-2 

bp), affecting the performance of quantitative DNA metabarcoding. However, the type 

and the total number of COI primer-template mismatches showed strong phylogenetic 

signal for estimating species biomass. Researchers seeking quantitative results from 

metabarcoding results should choose genes with few or no primer-template 

mismatches or improve the accuracy of species biomass estimation with phylogenetic 

corrections with markers like COI. This manuscript is in preparation for submission. 
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Chapter 5 investigated the relative importance of the proximity to (‘forest influence’) 

and the amount of (‘landscape context’) mature forests in the surrounding landscape 

for beetle biodiversity recovery in late-successional regeneration forests (40-58 years 

old). While the beetle community composition did not fully recover to conditions similar 

to those in mature forests, the landscape context was relatively more important in 

affecting the overall beetle composition than the forest influence. However, their 

importance was fairly low in late-successional regeneration forests compared to the 

spatial position of study locations. Maintaining a mix of regeneration age classes and 

mature forests in the landscape could help short- and long-term biodiversity 

conservation in managed forests. This manuscript is published in Forest Ecology and 

Management. 

Chapter 6 synthesizes the results of the preceding chapters and discusses the 

application of DNA metabarcoding to invertebrate biodiversity monitoring, and the 

implications of the field studies for forest managers. In addition, this chapter suggests 

some directions for future research. 

My thesis demonstrates that DNA metabarcoding provides a cost-effective tool for 

studying invertebrate biodiversity and probing subtle community composition changes. 

It highlights the importance of comprehensive DNA barcode reference databases from 

an applied perspective. Moreover, further research is required to enable species 

biomass or abundance to be accurately estimated with DNA metabarcoding. Both 

forest influence and landscape context impact beetle biodiversity recovery, although 

the factors including the fine-scale spatial position of sites and landscape configuration 

of mature forest in the landscape are important factors structuring beetle assemblages 
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in harvested areas. These findings provide insights relevant to landscape conservation 

planning in managed forests. 
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Chapter 1 

General introduction 

1.1 Ecologically sustainable forest management 

Forests influence humanity by affecting global and regional climates, providing 

ecological, economic, and social services, by harbouring biodiversity and providing 

ecosystem services (Bonan 2016; Davin and de Noblet-Ducoudré 2010). 

Nevertheless, the global forest area is continuing to decline through land clearing, 

even though the annual rate of net loss halved between 1990 and 2020 (FAO 2020; 

Keenan et al. 2015). For the majority of the world’s forests that are not in protected 

areas, there are tensions in the objectives of reconciling timber production and 

biodiversity conservation (Edwards et al. 2014a). Modern forest management 

agencies are urgently seeking ecologically sustainable practices which can resolve 

this conflict. Local biodiversity is expected to change due to forest management 

practices (Chaudhary et al. 2016). After decades of focus on the ecological impacts of 

site-level management practices, efforts to improve the ecological sustainability of 

production forest management are increasingly using landscape-scale approaches 

(Mori et al. 2017b). Meanwhile, effective and rapid approaches for large-scale 

biodiversity monitoring are needed and are expected to play a pivotal role in our 

understanding of biodiversity response to forest decline and changing climate. 

Measuring biodiversity is complex and different approaches are required for different 

elements (David 2005). Conventional methods of biodiversity monitoring involve 

trapping for mammals, visual and/or audio surveys for birds, and visual observations 
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for vascular plants. For many groups of invertebrates, the standard methodology has 

been field-based collection followed by microscope-based identification, sometimes 

requiring dissection of genitalia (Skelley 1993). Conventional biodiversity monitoring 

of invertebrates heavily relies on complex morphological identification to produce 

either a species presence-absence table or a species count matrix which can be 

readily used for downstream statistical analysis and modelling (Van Dyke and Lamb 

2020). This workflow has proven useful and practical in ecological studies and is still 

popular. However, it requires taxonomic expertise and time, especially for large-scale 

biodiversity monitoring (Ji et al. 2013). DNA metabarcoding, an approach combining 

DNA-based species identification and high-throughput sequencing (HTS), has scope 

to provide a cost-effective alternative for invertebrate biodiversity monitoring and 

research (Cristescu 2014; Liu et al. 2020b). 

This introduction to my thesis will highlight the application of DNA metabarcoding for 

species identification and biodiversity monitoring, and discuss how DNA 

metabarcoding can inform ecologically sustainable forest management. In addition, I 

will identify some research gaps in ecologically sustainable forest management related 

to biodiversity conservation. Specifically, I will outline the role of mature forests as 

source populations for biodiversity recovery in managed landscapes. I will then 

discuss the interactions between the proximity to (hereafter referred to as ‘forest 

influence’), and the amount of (hereafter referred to as ‘landscape context’), mature 

forests in terms of their potential influences on invertebrate recovery in late-

successional regeneration forests. 
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1.2 Biodiversity monitoring with DNA metabarcoding 

DNA metabarcoding describes the process by which multiple species can be 

simultaneously distinguished based on DNA sequences that are retrieved and 

sequenced from nuclear and/or organelle DNA (Liu et al. 2020b). It differs from its 

predecessor, DNA barcoding (Hebert et al. 2003), which deals with specimens 

individually (Liu et al. 2020b). Early proof-of-concept studies compared and validated 

the effectiveness and reliability of DNA metabarcoding to conventional morphological 

identification in designated invertebrate indicator taxa, such as beetles, moths, ants, 

and spiders (Ji et al. 2013; Yu et al. 2012). Due to its versatility and effectiveness, 

application of DNA metabarcoding has expanded rapidly, but only a few studies 

specifically relate to forest management, despite the significant biodiversity 

conservation values of these communities (Barsoum et al. 2019; Liu et al. 2020a; 

Watts et al. 2019). Meanwhile, DNA metabarcoding has now moved towards 

measurement and monitoring of community changes (Dopheide et al. 2019a; 

Fernandes et al. 2019; Thomsen and Sigsgaard 2019), and thus has excellent promise 

for advancing monitoring and conservation efforts. 

1.2.1 Using DNA metabarcoding to measure community changes 

Accurate examination of invertebrate community using DNA requires practical and 

cost-effective protocols that provide data of comparable quality to morphological 

species identification. Recently, the adoption of invertebrate DNA metabarcoding has 

facilitated the processing of bulk samples which often contain hundreds to thousands 

of specimens and thus it is more time and cost efficient for identifying species and 

recovering species composition in forest communities (Beng et al. 2016; Watts et al. 
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2019). However, DNA metabarcoding has reduced resolution in terms of absolute 

abundance when compared with traditional DNA barcoding which often handles one 

specimen at a time. Despite the advantages of DNA metabarcoding, studies have also 

recognized several issues that could lead to inaccurate species detection and 

complicate the recovery of species composition data from a sample (Braukmann et al. 

2019). For example, recent research has addressed some of these challenges relating 

to DNA extraction protocols (Dopheide et al. 2019b), PCR primer bias (Elbrecht et al. 

2019) and DNA polymerase bias (Nichols et al. 2018). Other potential biases involve 

variation in specimen biomass, tag switching, variation in sequencing platforms, and 

even PCR conditions. Therefore, hurdles are remaining in order to produce reliable 

species detection and sound ecological conclusions (Zinger et al. 2019). 

While a small number of studies conducted in forest ecosystems have shown the 

potential of DNA metabarcoding for assessing modest shifts in arthropod composition 

in the context of forest restoration programs (Barsoum et al. 2019; Fernandes et al. 

2019), metabarcoding has typically been used to assess variation along comparatively 

strong ecological gradients. For example, DNA metabarcoding is able to detect 

differences in arthropod communities between different forest types (Barsoum et al. 

2019), or between mixed-species and monoculture plantations (Wang et al. 2019). 

However, these studies do not necessarily demonstrate the robustness of DNA 

metabarcoding for capturing small community composition changes derived from 

subtle ecological gradients (Barsoum et al. 2019; Watts et al. 2019). While DNA 

metabarcoding is expected to aid biodiversity monitoring for ecologically sustainable 

forest management (Evans et al. 2016), the knowledge gaps regarding the capability 

of DNA metabarcoding for identifying hyper-diverse species assemblages and 

detecting fine-scale changes to invertebrate communities need to be resolved. 
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1.2.2 Estimating species biomass with DNA metabarcoding 

There is huge hope in DNA metabarcoding for estimating species biomass with the 

abundance of HTS reads (Piñol et al. 2019). In spite of the advantages in cost-

effectiveness, DNA metabarcoding still has some limitations in providing information 

comparable to species abundance data acquired with traditional morphological 

identification. For example, DNA metabarcoding usually uses marker-specific primers 

to produce a large number of copies via PCR amplification and is thus often subject to 

primer-template mismatches (Piñol et al. 2019). The abundance of HTS reads 

generated for different species would vary due to their different primer-template 

binding efficacy or PCR amplification efficiency. In addition, DNA polymerases are 

known to affect PCR amplification efficiency (Sze et al. 2019). Other known factors 

that could affect accurate estimating species biomass with DNA metabarcoding are 

variation in mitochondrial copy number (Kembel et al. 2012; Vasselon et al. 2018) and 

GC content (Stadhouders et al. 2010; Wintzingerode et al. 1997) of the species in a 

sample. 

1.3 Forest management and biodiversity conservation 

Forest managers and scientists are developing a range of management models and 

practices to reconcile increased wood demand with biodiversity conservation in 

production forest landscapes. One central idea in modern ‘ecologically sustainable’ 

forest management is that logging should be conducted in such a way that it allows 

forest-affiliated biodiversity to be sustained at a landscape level (Bonan 2016). 

Numerous approaches have been assessed for wildlife-friendly forest management, 

including selective logging (Asner et al. 2005; Gatti et al. 2015), emulation of natural 
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disturbances (Buddle et al. 2006; Franklin et al. 2002), and retention forestry (e.g., 

aggregated retention and dispersed retention; Baker and Read 2011; Gustafsson et 

al. 2012). The general idea is to maintain important elements of biodiversity and to 

facilitate later re-colonisation in disturbed areas (Mori et al. 2017b). Depending on the 

forest type, elements of primary or secondary forest are retained in the landscape to 

provide essential forest structures and forest biota in logging areas (Mori et al. 2017b). 

While having a high proportion of mature forest within managed landscapes may 

facilitate biodiversity outcomes, limited knowledge is available on whether this is 

sufficient to ensure persistence of species in landscapes, especially for dispersal-

limited species (Wardlaw et al. 2018). 

1.3.1 The importance of retained mature forests for facilitating 

recovery in harvested areas 

Retaining unharvested mature forests at the landscape scale is analogous to the 

concept of ‘land sharing’ (Meli et al. 2019; Phalan et al. 2011), where a mosaic of 

unharvested mature forests is integrated into managed forests to accommodate 

biodiversity conservation (Green et al. 2005; Meli et al. 2019). However, most research 

has focused on site-level rather than landscape-scale assessments (Edwards et al. 

2014c; Hosaka et al. 2014; Slade et al. 2011). A landscape-scale approach recognises 

that the cumulative impacts of disturbance across the landscape have impacts on 

biodiversity beyond site-level management. Forest practices that account for broader 

geographic scales significantly influence biodiversity patterns (Bhakti et al. 2018; 

Seibold et al. 2019), and thus highlight important considerations of biodiversity 

conservation for informing ecologically sustainable forest policy and management. 
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Characteristics of mature forest that determine species re-establishment success in 

harvested areas include not only qualities of retained patches, but also the spatial 

distribution of retained forest (Fountain-Jones et al. 2015; Mori et al. 2017b). For 

example, forest influence, which explicitly refers to edge effects of mature forests into 

nearby harvested areas, can facilitate biodiversity re-establishment in post-harvest 

succession by providing source populations for species that are eliminated during 

harvesting (Baker et al. 2007b; Fountain-Jones et al. 2015). However, research is 

required to determine how forest influence changes with distance and time. 

Baker et al. (2013) summarized the impact of forest influence on a range of different 

organisms, such as vascular plants, bryophytes and lichens, vertebrates, and 

invertebrates, and estimated that forest influence typically extended 10-200 m into 

harvested areas. However, few studies have addressed changes of forest influence 

with time. Although the distance that forest influence extends may increase with time 

since disturbed, the relative importance may dissipate as species assemblages of 

mature forest gradually recover along successional trajectory to mature forest 

(Fountain-Jones et al. 2015). One case study was from Fountain-Jones et al. (2015) 

which assessed succession of ground-dwelling beetles in a forest chronosequence, 

and estimated the extent of forest influence to be 13 m, 20 m, and 176 m into young 

(5-10 years old), intermediate-age (23-29 years old), and old (42-46 years old) 

secondary forests, respectively. This knowledge is relevant for forest managers 

looking to build landscape connectivity and protect biodiversity, but is mostly based on 

site-level studies, which only surveyed forest influence over relatively short distances 

for sites with mature forest immediately adjacent to harvested sites. Efforts to improve 

the understanding of forest influence need to take a landscape-scale perspective. 
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Biodiversity re-establishment in harvested areas depends on a number of landscape 

attributes, including but not limited to the abovementioned forest influence. For 

example, the relative importance of total quantity of mature forest in the surrounding 

landscape (landscape context) could also play an important role in facilitating 

biodiversity succession in harvested areas (Wardlaw et al. 2018). Both landscape 

context and forest influence are known to affect the capacity of mature forest species 

to recolonise regeneration forests (Fountain-Jones et al. 2015; Wardlaw et al. 2018), 

but in general, their interaction is poorly understood. Mechanisms of community 

succession are complex and vary according to various landscape configuration 

scenarios (Arroyo-Rodriguez et al. 2017). Major characteristics, including the total 

amount of retained mature forest, their proximity to harvested areas, and the shape 

and fragmentation of mature forest remnants, collectively distinguish a landscape-

level retention unit and impact their benefit for facilitating biodiversity re-establishment 

in harvested areas. A scientific understanding of interactions between forest influence 

and landscape context, and their effects on harvested areas, can thus assist ecologists 

and managers to develop forest practices that meet ecological, economic, and social 

goals. 

1.4 Thesis questions and study system 

To help address the research gaps described above, and to provide researchers with 

tools to address others, this thesis investigates the capability of DNA metabarcoding 

to characterise diverse beetle communities and detect subtle community composition 

changes between late-successional regeneration forests and unlogged mature forests 

compared to morphological species identification. In addition, this thesis also 

examines the potential of DNA metabarcoding for quantifying species biomass and 
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how PCR primer-template mismatches affect species biomass estimation. Finally, I 

apply DNA metabarcoding to assess beetle biodiversity, study the effects and 

interactions of forest influence and landscape context on biodiversity recovery, and 

also investigate the landscape drivers of beetle community composition in late-

successional regeneration forests. 

This thesis reports DNA metabarcoding of beetles in southern Tasmanian wet eucalypt 

forests. Forests cover almost half of Tasmania’s land area, and they are of significant 

environmental, social and economic value. In Tasmanian wet eucalypt forest, clear-

cut, burn and sow silviculture has been used as the main harvesting system since the 

1960s (Forestry Tasmania 1998). However, forest harvested repeatedly by this system 

may not be suitable for some forest-dependent species in the long term, and reduce 

site-level heterogeneity for maintaining biodiversity (Baker and Read 2011). Due to 

improved scientific understanding of the impacts of clearcutting on biodiversity, 

Tasmania recently started to test and apply retention forestry for its public forests 

(Scott et al. 2019). A comprehensive synthesis of biodiversity outcomes from a number 

of retention forestry types was conducted by Baker and Read (2011). Continuous 

monitoring data from birds, ground-active beetles, vascular plants, bryophytes, lichen 

and fungi suggested aggregated retention was the preferred harvesting system for 

biodiversity outcomes. Aggregated retention is an alternative to clearcutting for 

Tasmanian wet eucalypt forest that retains ~30% of area in forest aggregates in a 

harvesting stand and provides refugia for mature-forest species, meeting ecologically 

sustainability goals (Lindenmayer et al. 2012). In this thesis, I focus on landscape-

level retention in Tasmanian wet eucalypt forests, but since aggregated retention is a 

relatively recent approach, I conducted a retrospective study of the early clearcutting 
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sites to enable a long-term perspective of landscape-scale drivers of beetle community 

composition. 

1.5 Overview of chapters 

My thesis includes six chapters. Two of these chapters (Chapters 2 and 3) have been 

published as peer-reviewed articles. My contributions, and that of my co-authors, to 

each of the published or submitted articles are noted at the beginning of the relevant 

chapters. I was lead author in all cases, and developed and conducted the research 

under the guidance of my supervisors. The two published papers have been slightly 

modified for integration into this thesis. 

In Chapter 2, I review useful practices of DNA metabarcoding. Specifically, I discuss 

key steps of a standard DNA metabarcoding workflow: sampling methods, sample 

handling procedures, laboratory experimental considerations and bioinformatic 

analysis tools. I provide practical guidelines on DNA metabarcoding in a manner that 

can be assimilated by entomological ecologists. 

In Chapter 3, I test and compare DNA metabarcoding against morphological 

identification in characterising beetle community composition. In particular, I assess 

whether two commonly used mitochondrial DNA markers, the cytochrome c oxidase 

subunit I gene (COI) and 16S ribosomal RNA gene (16S), can be ued to identify highly 

diverse Tasmanian beetle species with comparable resolution to morphology-based 

identification. Further, I investigate their ability to detect beetle community composition 

differences caused by subtle ecological gradients. 

In Chapter 4, I study whether a dataset derived from PCR-based DNA metabarcoding 

can provide quantitative information for estimating species biomass as a proxy for 
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abundance as opposed to just species presence-absence. In particular, I re-examined 

the datasets from Chapter 3 to study the relationship between species biomass and 

the number of DNA sequences obtained via DNA metabarcoding. In addition, I 

examine how primer-template mismatches in two markers (COI and 16S) affect 

quantitative DNA metabarcoding and whether the biomass estimation varies 

phylogenetically. 

In Chapter 5, I apply a DNA metabarcoding approach to a landscape ecology study 

where I investigate the beetle biodiversity recovery in late-successional regeneration 

forests (~50-year-old). In particular, I study the influence of the amount and 

configuration of unharvested mature forest in the landscape on the re-establishment 

of beetle biodiversity in nearby logged areas. In addition, I examine the environmental 

and other geographic drivers of beetle community composition in late-successional 

regeneration forests. 

Finally, in Chapter 6, I synthesize my findings and discuss the implications of DNA 

metabarcoding for biodiversity monitoring. Also, I summarize the pros and cons of 

DNA metabarcoding in applications for forest management. Finally, I discuss my 

findings in relation to sustainable forest management and restoration evaluation, and 

suggest future research directions. 
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Chapter 2 

A practical guide to DNA metabarcoding 

for entomological ecologists 
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2.1 Summary 

1. DNA metabarcoding is a cost-effective species identification approach with great 

potential to assist entomological ecologists. This review presents a practical guide 

to help entomological ecologists design their own DNA metabarcoding studies and 

ensure that sound ecological conclusions can be obtained. 

2. The review considers approaches to field sampling, laboratory work, and 

bioinformatic analyses, with the aim of providing the background knowledge 

needed to make decisions at each step of a DNA metabarcoding workflow. 

3. Although most conventional sampling methods can be adapted to DNA 

metabarcoding, we highlight techniques that will ensure suitable DNA preservation 

during field sampling and laboratory storage. We also call for a greater 

understanding of the occurrence, transportation, and deposition of environmental 

DNA when applying DNA metabarcoding approaches for different ecosystems. 

4. Accurate species detection with DNA metabarcoding needs to consider biases 

introduced during DNA extraction and PCR amplification, cross-contamination 

resulting from inappropriate amplicon library preparation, and downstream 

bioinformatic analyses. Quantifying species abundance with DNA metabarcoding 

is in its infancy, yet recent studies demonstrate promise for estimating relative 

species abundance from DNA sequencing reads. 

5. Given bioinformatics is one of the biggest hurdles for researchers new to DNA 

metabarcoding, several useful graphical user interface programs are 

recommended for sequence data processing, and the application of emerging 

sequencing technologies is discussed. 
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2.2 Introduction 

DNA metabarcoding is a developing approach that identifies multiple species from a 

mixed sample (bulk DNA or eDNA) based on high-throughput sequencing (HTS) of a 

specific DNA marker. It differs from conventional DNA barcoding (usually based on 

Sanger DNA sequencing of individual specimens; Hebert et al. 2003) because the 

amount of DNA sequence data derived by high-throughput sequencing allows 

taxonomy to be rapidly assigned to many species present in a sample. DNA 

metabarcoding is rapidly emerging as a cost-effective approach for large-scale studies 

sampling environments where constraints of conventional morphology-based species 

identification is logistically or financially impractical. 

Invertebrates are among the most studied taxa in DNA metabarcoding studies. These 

include studying the responses of terrestrial biodiversity to land-use change (Schmidt 

et al. 2018; Wood et al. 2017), monitoring ecological dynamics of lake 

macroinvertebrates (Bista et al. 2018), and biodiversity assessment in marine 

arthropods (Fonseca et al. 2010; Sinniger et al. 2016). Shifting conventional field 

surveys of invertebrates to DNA metabarcoding is often feasible but is not yet widely 

applied. However, both bulk sample and eDNA studies provide substantial research 

opportunities: the former because of potential cost efficiencies and the latter because 

of its capacity to retrieve species DNA from samples of soil, water, sediments or other 

material, in the physical absence of the species itself. 

DNA metabarcoding workflows are intrinsically different from conventional 

invertebrate identification approaches in that they use DNA as a proxy for species 

detection. Understanding key characteristics of these workflows is essential to guide 
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decisions about methodology. First, DNA metabarcoding depends on sample 

collection and handling methods that ensure DNA preservation. Second, because 

routine DNA metabarcoding workflows consist of multiple laboratory steps (i.e., DNA 

extraction, PCR amplification, and DNA sequencing), sufficient technical knowledge 

and informed choice at each step are required for reliable species detection. Third, 

interpreting HTS data requires specialised bioinformatics skills. For entomologists 

without the skills or facilities to conduct genetic analyses in house, most aspects of the 

DNA metabarcoding workflow can be outsourced to commercial laboratories. 

This review is a practical guide for entomological ecologists wishing to design their 

own DNA metabarcoding studies. First, based on a literature review and experience, 

we discuss sampling methods, highlight their characteristics pertinent to DNA 

metabarcoding and provide guidance for conducting invertebrate collection from 

terrestrial, aquatic and sedimentary environments. Second, we discuss practical 

sample handling procedures and laboratory experimental considerations. We also 

consider recent research efforts in mitigating species detection biases. This section 

addresses important methodological issues that may be overlooked by entomological 

ecologist end-users. Third, we describe useful Graphical User Interface (GUI) 

programs for bioinformatic analysis that forego the need for command-line proficiency. 

Finally, we briefly discuss potential future applications of state-of-the-art HTS 

platforms/technologies that could expand the current capability of DNA metabarcoding 

approaches. 

A glossary of terms and definitions is available in Box 2.1. 
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Box 2.1. Glossary. 

Bioinformatics. Applying computational approaches for processing complex 

biological data. 

Bioinformatics pipeline. Set of data-processing elements connected in series, 

where the output of one element is the input for the next. 

Bulk sample DNA. The DNA mixture extracted from multiple specimens 

simultaneously. 

DNA barcode. A DNA marker routinely used for identifying species - e.g. the 

mitochondrial cytochrome c oxidase I (COI) gene is the standard DNA barcode for 

identifying animal species. 

DNA marker. Any gene or DNA fragment that is used to identify a species, individual 

or genotype. 

DNA metabarcoding. Methods that identify species from bulk sample DNA or 

environmental DNA via high-throughput sequencing of a DNA marker; taxonomic 

assignment is done by comparing operational taxonomic units (see below) to a 

reference sequence database. 

DNA taphonomy. The natural processes of preservation, transportation, and 

deposition of environmental DNA. 

Environmental DNA (eDNA). DNA extracted from environmental samples, such as 

soil, water, or sediment, without prior isolation of target organisms (Taberlet et al. 

2012). 



Chapter 2 – Guide to DNA metabarcoding 

17 

High-throughput sequencing (HTS). The simultaneous sequencing of millions of 

DNA fragments. 

Operational Taxonomic Unit (OTU). OTUs are often used as a proxy for taxonomic 

species in DNA metabarcoding studies when it is not possible to accurately 

determine species boundaries; they are typically constructed on the basis of DNA 

sequence similarity. 

PCR amplification. This is the use of PCR to create many copies of a target DNA 

fragment. The fragment is targeted using a pair of primers (forward and reverse) that 

bind to the DNA flanking fragment of interest. 

Sequencing depth. The number of DNA sequences recovered (typically per 

sample) during high-throughput sequencing. 

2.3 Sample collection for DNA metabarcoding studies 

DNA metabarcoding studies inevitably start with either field sampling, or assessment 

of the suitability of existing samples. These processes involve critical decisions to 

ensure that the samples will reliably answer the study questions. Careful consideration 

of sampling and curation procedures is needed to avoid DNA contamination and to 

ensure DNA preservation. 

2.3.1 Contamination 

Although reusing equipment can be acceptable for conventional entomological 

sampling, the sensitivity of HTS to detect trace amounts of DNA creates substantial 

risks of sample contamination through transferring DNA. The use of new equipment 
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for each sample is appropriate in some cases, but decontamination is the best solution 

for many studies. For example, during eDNA sampling a trowel or soil corer is often 

decontaminated and reused repeatedly (e.g., Ritter et al. 2018). 

Washing equipment between each sample is a common and practical way to minimise 

DNA contamination, and is particularly important for eDNA studies and less vital when 

processing bulk community samples. Protocols range from a simple wash with bleach, 

soapy water, distilled water or ethanol, to a stringent stepwise procedure consisting of 

washing with soapy water, rinsing with distilled water, rinsing with ethanol, and 

eliminating RNases and DNases (Erdozain et al. 2019). Nevertheless, soaking 

equipment in 10% bleach for at least 10 mins is a simple but effective method for DNA 

decontamination (Fernandez et al. 2018; Jeunen et al. 2018; Kemp and Smith 2005; 

Prince and Andrus 1992). Further, we recommend applying this method in the field 

together with a rinse treatment in ethanol or sterilised water for removing remaining 

bleach. Regardless of decontamination procedure, including a field negative control 

(e.g., a swab of the sampling tool) is strongly recommended for quantifying potential 

contamination (Dickie et al. 2018). Use of sterile plastic bags or vials is acceptable for 

sample transfer, and wearing sterile gloves during field sampling reduces the amount 

of human DNA introduced to samples. When possible, single-use sterilised equipment 

minimises the potential for cross-contamination (e.g. water filters, vials, tubes, bottles). 

If not purchased sterile and decontaminated, plasticware (e.g., tubes and bottles) can 

be decontaminated beforehand by UV exposure (30 mins), bleach washing, or 

autoclaving in the laboratory. 
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2.3.2 DNA preservation 

Preservation methods strongly impact the quality of DNA. Protocols that prevent DNA 

degradation during sampling and curation vary according to the source of the samples 

(e.g., terrestrial, freshwater, marine, and sediments), and whether bulk samples or 

eDNA are targeted. The choice of trapping/trappant in studies where invertebrates 

accumulate in the trap over long periods (e.g., pitfall trap studies) needs particular care 

to ensure preservation. Both the type of preservative and the conditions of 

transportation and storage are important. For trapping terrestrial invertebrates, most 

studies used >95% molecular grade ethanol as preservative (Fig. 2.1), although food-

grade propylene glycol is a good alternative due to its nontoxicity, lower flammability 

and low rates of evaporation (Ferro and Park 2013; Patrick et al. 2016). Certain other 

preservatives such as ethylene glycol, more dilute ethanol (<70%), and dimethyl 

sulfoxide are unsuitable for DNA preservation (Moreau et al. 2013; Vink et al. 2005), 

and formaldehyde must be avoided as it actively degrades DNA. Water samples were 

usually vacuum-pumped and filtered through a membrane to collect aquatic eDNA. 

Preserving the filter membrane in ethanol (Macher et al. 2018; Serrana et al. 2018; 

Spens et al. 2017) or Longmire’s buffer (Grey et al. 2018; Lacoursiere-Roussel et al. 

2018; Longmire et al. 1997), is effective. Temperature is a key factor for DNA 

preservation. Ambient or room temperature is only suitable for very short-term storage; 

most studies store samples below room temperature to reduce DNA degradation (Fig. 

2.1). Nevertheless, depending on ambient climatic conditions and choice of killing 

agent and preservative, traps such as pitfall traps and intercept traps can be operated 

for several days to weeks in the field before sample collection and processing 

(Barsoum et al. 2019; Dopheide et al. 2019a). We recommend creating cool conditions 

for temporary storage and transportation from the field using an ice box or dry ice. 



Chapter 2 – Guide to DNA metabarcoding 

20 

Most studies reported storage conditions of -20 °C or -80 °C after transporting samples 

to the laboratory. 

 

Figure 2.1. Relative frequencies of four stages of sampling practices from 84 empirical 

DNA metabarcoding studies published between 2015 and 2019; including ecosystem 

sampled and procedures of sample preservation, storage, and steps to minimise 

sample contamination. The thickness of the lines linking categories were weighted by 

the number of papers. ‘NA’ represents studies where the corresponding treatment was 

not reported or was not needed. For example, ‘NA’ in preservatives for aquatic 

samples means that no preservative was used. The diagram was created with 

SankeyMATIC (http://sankeymatic.com/build/). 
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2.3.3 Special considerations for sampling eDNA 

The widely used approach for retrieving eDNA from water samples involves filtration, 

ethanol precipitation, and centrifugation (Tsuji et al. 2019). As a result, sampling 

biodiversity is constrained by the volume of processed water due to limitations of filter 

membranes (e.g., pore size). These constraints may be responsible for observed 

heterogeneity of biodiversity among samples (Beentjes et al. 2019; Grey et al. 2018), 

and therefore a large number of replicate samples may be required for accurate 

species detection (Ficetola et al. 2014). For better estimation of biodiversity using 

filtration method, three to nine sampling replicates (~300 mL water per replicate) within 

each study site is recommended (Beentjes et al. 2019; Grey et al. 2018). Using ethanol 

precipitation is suitable for small volume water samples (e.g., <90 mL; Harper et al. 

2019) in areas where access to infrastructure for filtration is difficult. It also creates 

good consistency of water volume across samples. Although undenatured ethanol is 

preferred for precipitation (Creer et al. 2016), its use may be constrained logistically or 

financially. In addition, further research is needed to test and validate routine 

procedures (e.g., sampling protocol, sample volume and number of replicates) for 

eDNA studies as it has more uncertainties compared to DNA metabarcoding. 

Many eDNA studies have adopted quantitative procedures for field sampling, such as 

soil sampling with corers (Ritter et al. 2018; Zinger et al. 2018), filtering fixed volumes 

of water (Lacoursiere-Roussel et al. 2018; Macher et al. 2018), and using artificial 

substrate units for macroinvertebrate sampling (Cahill et al. 2018). Standardized and 

robust protocols that provide quantitative and reproducible results will increase the 

uptake of eDNA metabarcoding (Dickie et al. 2018). There have been only a few 

standardised sampling protocols for quantitative sampling, such as for soil 
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invertebrates (e.g., ISO 23611-Part 1-6), aquatic macroinvertebrates (Carew et al. 

2018), and marine sediments (Aylagas et al. 2016). The DNAqua-Net initiative has 

played an important role in establishing standard and routine protocols of eDNA for 

aquatic biomonitoring under the European framework (Leese et al. 2018). Future 

eDNA metabarcoding studies should also focus on developing standardized and 

quantitative sampling practices (Dickie et al. 2018). 

Sediment eDNA is a promising tool to probe community dynamics through time, 

providing the taphonomic processes of preservation, transportation and deposition of 

eDNA are taken into account (Balint et al. 2018). Periodically sampling the surface 

sediment layer is common for studies investigating contemporary communities, such 

as seasonal changes (Salonen et al. 2019), community succession after perturbation 

(Brannock et al. 2017; Xie et al. 2018), and general monitoring (Chariton et al. 2015; 

Lobo et al. 2017). However, sampling sediments raises the issue of whether the 

sample represents the present community or a previously existing community, and 

there is little agreement regarding the boundary separating present day and historical 

DNA in sediments (Thomsen and Willerslev 2015). Further research is needed to 

understand the source of DNA in sediments in terms of how and when they were 

preserved and from where they were transported. 

2.4 Minimising biases in the laboratory 

2.4.1 Useful sample handling procedures 

Invertebrates in bulk samples are typically highly diverse in species composition, 

relative abundance and biomass. Each of these sources of variation affects accurate 

estimation of community composition with DNA metabarcoding (Deiner et al. 2015; 
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Nichols et al. 2018; Piñol et al. 2019; Zinger et al. 2019). However, several methods 

for pre-processing samples can improve species detection (Fig. 2.2). Size sorting is 

often used because larger specimens tend to release more DNA and thus dominate 

the total sequence count in DNA metabarcoding studies (Deagle et al. 2018a). Thus, 

sorting macroinvertebrates into multiple (e.g., two or three) size classes and then 

pooling the digested tissue according to the number of specimens in each class can 

reduce sequencing distortion by large taxa and better detect smaller taxa (Elbrecht et 

al. 2017b). However, size sorting is time-consuming; thus the decision of whether to 

size-sort samples should depend on the complexity of samples, sequencing depth, 

and the necessity of recovering small and/or rare taxa. 

An alternative to size sorting whole specimens is to use appendages from insect 

specimens, such as pulling a leg from specimens; e.g., those as big or bigger than a 

honeybee (Ji et al. 2013), while the whole body is used if it is below the size threshold. 

Nevertheless, Creedy et al. (2019) showed that taxonomic composition complexity, 

rather than size differences between taxa, is the main factor affecting accurate 

recovery of community composition in DNA metabarcoding studies. Removing 

appendages from larger specimens is also useful when it is desired to retain 

specimens, e.g. for inclusion in arthropod collections. 
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Figure 2.2. Considerations and techniques for each of the key steps in DNA 

metabarcoding. 

2.4.2 Selecting molecular laboratory methods 

Biases in DNA metabarcoding species detection can also be introduced during DNA 

extraction and PCR-amplification (Fig. 2.2). A certain degree of bias is unavoidable 

but can be reduced using appropriate molecular laboratory methods. 
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Generally, homogenization of bulk samples is commonly used as it provides more 

reliable species detection. However, studies have shown that large-sized 

specimens/species tend to contribute more tissue and bias the proportion of reads per 

specimen (Bista et al. 2018; Elbrecht et al. 2017b). Alternatively, extraction of 

preservative, such as ethanol, has been suggested to reduce the time of processing 

and handling, but this method often produces inconsistent results compared to 

homogenization of bulk samples (Marquina et al. 2019). 

DNA extraction is most commonly performed with commercial DNA extraction kits 

recovered incongruous community composition from eDNA when testing four DNA 

extraction protocols and different soil volumes, and suggested that studies should 

maintain a single DNA extraction method and employ large soil volume for invertebrate 

taxa (Dopheide et al. 2019b). For water eDNA samples, the use of filtration and 

QIAGEN DNeasy Blood & Tissue kit is recommended by Deiner et al. (2015) for 

eukaryote biodiversity surveys, because this combination showed good detection 

rates for both lotic and rare species (see also Tsuji et al. 2019). Although the QIAGEN 

DNeasy Blood & Tissue kit is widely used for terrestrial bulk invertebrates, the 

PowerPlant Kit performs better for benthic macroinvertebrates than two other tested 

kits, because it removes PCR inhibitors (Majaneva et al. 2018). Recently, a modular 

universal DNA extraction toolkit has provided an adaptable and inexpensive method 

that can replace widely used commercial kits for different sample types, such as tissue, 

soil and water samples (Sellers et al. 2018). 

The success of DNA metabarcoding relies on DNA marker selection, requiring careful 

consideration of both the DNA marker with respect to its ability to distinguish taxa and 

the availability of reference sequences for assigning taxonomy (Deagle et al. 2014). 
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Ideally, DNA metabarcoding markers should have sufficiently conserved flanking 

primer-binding sites to minimize taxonomic bias during PCR amplification, while the 

intervening sequence is sufficiently variable for species identification. There is also a 

trade-off related to the sequence length of the marker: longer DNA fragments should 

provide better taxonomic resolution, while shorter fragments (e.g., 100 base pairs or 

less) are more likely to be sequenced, especially in eDNA. PCR primer sequences 

determine the DNA fragment amplified, and to varying extents the taxa to be targeted 

by PCR amplification (Fig. 2.3). While choosing evolutionarily conserved primer-

binding sites increases the taxonomic coverage of the DNA marker, degenerate bases 

can be used to increase coverage for taxa where the primer-binding sites are not 

conserved (Fig. 2.3), which generally improves taxon recovery (Clarke et al. 2017; 

Elbrecht and Leese 2017; Ji et al. 2013). The primer database 

(http://boldsystems.org/index.php/Public_Primer_PrimerSearch) in the Barcode of 

Life Database (BOLD) system (Ratnasingham and Hebert 2007) provides a 

searchable collection of published primers. Researchers may determine candidate 

primers by searching the database with studied taxa, but in silico and in vivo 

evaluations are also encouraged for validation, especially for less studied taxonomic 

groups. 

The mitochondrial cytochrome c oxidase I (COI) gene is a useful DNA marker for many 

entomological studies. Its relatively high mutation rate ensures the ability to distinguish 

animal taxa, and several sufficiently conserved regions provide a range of potentially 

suitable primer-binding sites (Elbrecht and Leese 2017; Elbrecht et al. 2017a; 

Rennstam Rubbmark et al. 2018). However, the co-amplification of nuclear 

mitochondrial pseudogenes (NUMTs) could result in overestimation of the number of 

true species in DNA metabarcoding studies (Song et al. 2008; Wang et al. 2018). 
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NUMTs can be identified based on in-frame stop codons, insertions or deletions, but 

are otherwise challenging to detect (Song et al. 2008). Given COI is protein-coding, it 

also allows errors resulting from PCR amplification or HTS sequencing to be removed 

bioinformatically (Andujar et al. 2018). Furthermore, COI is much better represented 

in sequence databases than other markers (Box 2.2). However, it is more challenging 

to identify NUMTs that do not have any in-frame stop codons, insertions or deletions. 
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Figure 2.3. Schematic diagram of methodological procedures involved in PCR-based 

DNA metabarcoding studies.
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The mitochondrial 16S and 12S ribosomal RNA genes have been used as alternative 

animal markers (Clarke et al. 2014; Marquina et al. 2018), but overall, we recommend 

using primers based on the COI barcode (Elbrecht et al. 2019; Elbrecht et al. 2016; 

Zhang et al. 2018a). The use of multiple or alternative markers does not necessarily 

improve species detection (Elbrecht et al. 2019). 

Several other factors related to PCR amplification can impact the accuracy of DNA 

metabarcoding. Using PCR replicates can reduce false negative detections (Alberdi 

et al. 2018b; Dopheide et al. 2019b), and 5-10 replicates is particularly effective to 

recover rare taxa from a given sample (Ficetola et al. 2014). Furthermore, if each PCR 

amplicon replicate is separately dual-tagged (two unique tags; one at each end of 

fragment; see Fig. 2.3) for each sample (Zepeda-Mendoza et al. 2016), potential 

biases and errors introduced from cross-contamination (Minich et al. 2019) and tag-

jumping events (the incorrect assignment of sequences back to samples based on the 

erroneous production of DNA tag combination identifiers) can be detected (Schnell et 

al. 2015). Last, use of high-fidelity DNA polymerases is recommended to reduce PCR 

error rates (Nichols et al. 2018; Pan et al. 2014; Sze and Schloss 2019). 

Box 2.2 Reference sequence databases for taxonomic assignment. 

Reference sequence databases are generated by sequencing targeted DNA 

markers (e.g., COI) from curated morphological specimens. Although output DNA 

sequences in DNA metabarcoding can be bioinformatically curated and assigned to 

OTUs (operational taxonomic units), their information value is greatly enhanced if 

they can be matched to DNA sequences associated with physical reference 

collections. Approaches for assigning OTUs with taxonomic information is beyond 
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the scope of this chapter but is assessed in Hleap et al. (2020). Notably, OTU 

curation methods based on sequence similarity (e.g., 97%), whilst widely used, are 

recognized to be arbitrary in that some correct biological sequences are clumped 

(Porter and Hajibabaei 2018). This is because sequence variation within and among 

species are likely to vary across taxa. A better strategy is to incorporate single-

nucleotide differences into OTU curation that likely retains all Amplicon Sequence 

Variants (ASVs, Callahan et al. 2017). However, the process of assigning taxonomic 

information is basically the same. Currently, the DADA2 pipeline (Callahan et al. 

2016) and UNOISE algorithm (Edgar 2016) can produce such higher-resolution 

analogues of the traditional OTUs. The most widely used DNA sequence database, 

the Barcode of Life Data (BOLD) system, archives specimen classification, 

collection metadata, and images (Ratnasingham and Hebert 2007). The GenBank 

database is also often used. However, it is worth noting that DNA metabarcoding 

can characterize biodiversity that is not represented in current reference sequence 

databases (Dopheide et al. 2019a). 

Concerns about the limited taxonomic and geographical coverage of sequence 

databases for DNA metabarcoding studies are regularly raised. For example, 

Dopheide et al. (2019a) found no representative sequence in the GenBank database 

for more than 900 invertebrate OTUs in one study. This is in line with our own 

experience in Tasmania, where most insect species are not represented in 

reference sequence databases. Vouchered museum specimens are useful 

resources for building local databases of reference sequences and this should be 

considered concurrently with DNA metabarcoding study design. 
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Extracting DNA from old museum specimens with non-destructive methods is often 

feasible, such as for 70% ethanol preserved spiders (Miller et al. 2013) and pinned 

insect specimens depending on how they were initially collected (Gilbert et al. 2007; 

Thomsen et al. 2009), although performance varies among taxa (Carew et al. 2018). 

DNA preservation in museum specimens is dependent on taxon and storage 

conditions, but DNA extraction is generally difficult for specimens older than 50 

years (Jinbo et al. 2011). However, very short DNA fragments (e.g., 77-204 base 

pairs) have been extracted from 100-200 year-old dry insect specimens (Thomsen 

et al. 2009).  

While DNA metabarcoding may be constrained by the availability of reference data, 

the laboratory methods that facilitates DNA metabarcoding can also expedite 

construction of DNA sequence reference databases. For example, Liu et al. (2017)’s 

HIFI-Barcode pipeline used individually indexed primers during PCR and HTS such 

that DNA sequences for multiple specimens could be bioinformatically assigned 

back to their source. A similar procedure is Wang et al. (2018)’s reverse verification 

workflow, which allows later identification with source specimens for OTUs without 

taxonomic assignment. The first workflow is advantageous for previously classified 

specimens, while the latter is suitable for unclassified specimens. However, the 

efficiency of the reverse verification workflow is outstanding when relatively few taxa 

in the samples are absent from current reference sequence databases. While in-

house reference sequence databases are common, recent initiatives aim to increase 

the taxonomic coverage of universal databases (Hobern and Hebert 2019; Weigand 

et al. 2019). However, even when in-house reference sequence databases are 



Chapter 2 – Guide to DNA metabarcoding 

32 

lacking, OTUs can be assigned to higher taxonomic levels such as order or family, 

if not to genus or species. 

2.4.3 Quantifying species abundance or biomass 

DNA metabarcoding is mostly used to detect presence of species in samples rather 

than their relative abundance, although sequence frequency is sometimes used as a 

proxy of species abundance (Aizpurua et al. 2018; Deagle et al. 2018b). Several 

studies have demonstrated positive relationships between input species biomass and 

output sequencing reads. For example, Bista et al. (2018) detected a strong (R2 = 0.83) 

positive correlation between biomass input and HTS read abundance for the beetle 

Gyrinus marinus. However, only a weak correlation was detected for other arthropod 

species, and a recent meta-analysis found limited quantitative ability of DNA 

metabarcoding across 22 studies (Lamb et al. 2018). 

Our understanding of the factors affecting the performance of quantitative DNA 

metabarcoding is still limited, but some issues have been addressed. Piñol et al. (2019) 

found that primers with less template-primer mismatches were better for quantitative 

DNA metabarcoding, especially for species of higher relative abundance in a sample. 

Similarly, there have been attempts to create calibrations to correct biases (e.g., 

primer and polymerase biases). Krehenwinkel et al. (2017) demonstrated significant 

correlation (R2 = 0.82) between the proportion of input DNA and recovered HTS reads 

with taxon-specific correction factors derived from ten mock arthropod communities. 

The correction factors can be established by fitting a regression line with mock 

communities to calibrate the relationship between DNA reads and abundance or 

biomass, and these calibrations are potentially similar between closely related taxa, 
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enabling broader application (Krehenwinkel et al. 2017). A strategy using PCR-free 

sequencing of mitochondrial DNA demonstrated high accuracy (R2 = 0.95) of 

abundance estimation from arthropod samples (Ji et al. 2019). In that study, many 

fixed amount internal-standard DNA mixtures were sequenced along with test samples 

so that species occurrences and abundances could be calibrated with the sequencing 

reads derived from internal-standard DNA. When aiming to obtain accurate 

abundance data with DNA metabarcoding, mitogenome copy number variation should 

be considered as an additional bias when using mitochondrial markers (Bell et al. 2018; 

Lanzén et al. 2017). For DNA metabarcoding studies, frequency of occurrence among 

replicate samples is also commonly used as a proxy for species abundance (Aizpurua 

et al. 2018; Deagle et al. 2018b). 

2.5 Embracing state-of-the-art high-throughput DNA 

sequencing 

Currently, the Illumina MiSeq is the most popular HTS platform for DNA 

metabarcoding studies, mainly because MiSeq provides reasonable sequencing depth 

and low sequencing error rates with affordable cost. To date, no comprehensive 

benchmarking of sequencing platforms has been established for DNA metabarcoding 

studies. However, Braukmann et al. (2019) demonstrated similar performance of three 

platforms (MiSeq, Ion Torrent PGM, and Ion Torrent S5) for species recovery, although 

MiSeq is generally recommended due to its lower error rate and well-established 

bioinformatic procedures. 

There is no consensus on the sequencing depth needed to recover all taxa in a given 

sample. A sequencing depth of 60,000 ± 55,000 reads per amplicon per sample is 
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reported by many studies (Singer et al. 2019). Increasing sequencing depth can 

increase the detection rate of low-abundance taxa to some extent (Braukmann et al. 

2019), but it is still subject to sequencing instrument limitations. Due to improvements 

in sequencing technology, the Illumina NovaSeq consistently detected more metazoan 

taxa from seawater samples than MiSeq with an equivalent sequencing depth (Singer 

et al. 2019), although it is more expensive on a per run basis. We also note here that 

MiSeq sequencing and bioinformatics can be outsourced to commercial companies or 

dedicated laboratories at reasonable (and decreasing) cost (Brandon-Mong et al. 2015; 

Hernandez-Triana et al. 2017; Kerley et al. 2018). Overall, we recommend researchers 

start with the MiSeq platform as it is suitable for most DNA metabarcoding studies with 

respect to sequencing accuracy, output and cost. 

Advances in high-throughput sequencing technologies are creating new opportunities 

for DNA metabarcoding studies. Although long-read sequencing (e.g., Nanopore 

MinION) is not used for eDNA studies targeting short DNA fragments, it has great 

scope for scaling up DNA metabarcoding to phylogenetic inferences for fresh bulk 

samples (Srivathsan et al. 2019). Sequencing long amplicons (e.g., 4,000 base pairs) 

provides an opportunity to accurately quantify the phylogenetic diversity of a sample, 

rather than just species diversity (Krehenwinkel et al. 2019). However, Nanopore 

sequencing is currently limited by high error rate compared to Illumina sequencing, 

which can complicate the bioinformatics analysis. We envision the future possibility for 

on-site monitoring with miniature and affordable equipment (e.g., Bento portable 

laboratory for DNA extraction and library preparation; Gilbert 2017; and miniPCR 

device; Krehenwinkel et al. 2019; Pomerantz et al. 2018) available for routine DNA 

metabarcoding. 
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2.6 Graphical User Interface (GUI) bioinformatics programs 

Regardless of sequencing platform, bioinformatic analyses can be daunting. For DNA 

metabarcoding, bioinformatics typically involves a pipeline that converts HTS data into 

an OTU table for downstream analysis comparing diversity and community 

composition through space or time. Detailed methodological procedures and 

bioinformatics processes have been discussed in previous reviews (Bik et al. 2012; 

Coissac et al. 2012; see Section 4.3, Box 2 and 3 in Deiner et al. 2017; also see Figure 

2 in Piper et al. 2019). We recommend beginners consult bioinformatic experts 

whenever possible to avoid mistakes throughout their data analyses. Although there 

are several advantages of advanced command-line-based methods to bioinformatics, 

this can be daunting for entomologists new to such approaches. Therefore, we also 

consider user-friendly GUI programs (Table 2.1) for ecological entomologists who 

might not be confident with command-line programs. Alternatively, the bioinformatics 

can be outsourced to a commercial provider. 

Table 2.1. Some suggested Graphical User Interface bioinformatics programs for 

processing HTS data in DNA metabarcoding studies. 

Platforms/software Description Features 

mBRAVE (Multiplex Barcode 

Research And Visualization 

Environment) 

http://mbrave.net/ 

Cloud-based platform supporting 

the storage, validation, analysis, 

and publication of highly 

multiplexed projects based on 

high-throughput sequencing 

(HTS) instruments. 

Allows end-users to follow a 

default analytical parameter 

settings or configure a specific 

pipeline. It now has a module 

for merging paired-end reads 

but only for Illumina 

sequencers. It will incorporate 
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sequencing reads from other 

platforms (e.g., Nanopore 

sequencers) in the future. 

Galaxy 

https://usegalaxy.org/; Afgan et 

al. (2018) 

Open source, web-based platform 

for data intensive biomedical 

research. 

Interface contains modular 

tools that can be easily 

deployed into an individual 

workflow by users without 

programming experience. 

QIIME2Studio (q2studio) 

https://docs.qiime2.org/2019.4/in

terfaces/q2studio/; Bolyen et al. 

(2018) 

Functional prototype of a GUI 

version for QIIME 2. 

Bioinformatics tools are 

adapted to plugins in q2studio. 

Users can configure available 

parameters for each plugin. 

SLIM 

https://trtcrd.github.io/SLIM/; 

Dufresne et al. (2019) 

Web-based app that simplifies the 

creation and deployment of a 

processing pipeline. 

Provides an integrative toolkit 

that allow step-by-step data 

processing.  

FROGS (Find, Rapidly, Otus 

with Galaxy Solution) 

http://frogs.toulouse.inra.fr/; 

Escudié et al. (2018) 

Galaxy-supported pipeline that 

facilitates analysis of large DNA 

amplicon sequencing datasets. 

Supports HTS paired 

sequence merging, cleaning, 

dereplication, and downstream 

statistical result visualization. 

A generic bioinformatics workflow for DNA metabarcoding using Illumina HTS 

platforms consists of five core steps (i.e., demultiplexing samples, merging pair-end 

reads, quality filtering, OTU curation, and taxonomic assignment), which can require 

several separate bioinformatics programs. Flexible and powerful GUI programs break 

down the hurdle of bioinformatics expertise and allows users to quickly design their 

own metabarcoding pipeline. Typically, GUI programs simplify the deployment of a 

processing pipeline into modular tools where users can customize parameters to fit 
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their own data. Online tutorials and example datasets are usually provided along with 

GUI programs to enable non-specialists to gain hands-on experience and develop 

bioinformatics skills for their own analyses. While beginners may be intimidated by the 

complexity of bioinformatic analyses, we recommend non-specialists start with these 

resources to analyse their data. 

2.7 Future research and challenges 

The use of DNA metabarcoding as a sensitive and efficient method for species 

detection has been enthusiastically embraced by molecular ecologists, and has 

developed to a stage where non-molecular ecologists can, and should, take advantage 

of its benefits. DNA metabarcoding provides unparalleled opportunities for 

understanding complex ecological networks and their response to environmental 

change (Houadria et al. 2018; Thierry et al. 2019). Although metabarcoding may not 

successfully identify all species in a sample, and the ecological inferences may not 

perfectly match those based on morphological specimen identification, information 

recovered by DNA metabarcoding can provide equivalent ecological inferences 

(Barsoum et al. 2019; Ji et al. 2013). However, there are still challenges to the 

application of DNA metabarcoding. The knowledge of DNA taphonomy across 

ecosystems is so limited that sampling eDNA to investigate local invertebrate 

communities remains in early stages of development. Further research is needed to 

understand the potential of sedimentary DNA metabarcoding for analysing ancient 

samples. Epp et al. (2012) observed low amplification of beetles from sediment, while 

Thomsen et al. (2009) had 20% detection success from 14 ancient beetle chitin 

remains. It is noted that DNA metabarcoding is also advantageous for its compatibility 

of non-invasive protocols (i.e., without destroying target specimens). Diverse 
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arthropod species (n >135) were uncovered from the environmental DNA of sampled 

flowers (Thomsen and Sigsgaard 2019), while metabarcoding of extracted DNA from 

sample fixative has proven successful (e.g., denatured 96% ethanol; Zizka et al. 2019). 

As DNA metabarcoding approaches are rapidly evolving, new applications for (e)DNA 

metabarcoding will likely be developed with further research and advances in 

technology. 

DNA metabarcoding has great potential for monitoring insect pests in agriculture 

(Evans et al. 2017; Morales-Hojas 2017), and will be greatly aided by expanding 

reference sequence databases for conclusive detection of pest species (Piper et al. 

2019). In addition, DNA metabarcoding has been tested as an effective alternative for 

vector and arbovirus surveillance, which is an issue that concerns public health 

(Schneider et al. 2016). For example, early detection of mosquito vectors using water 

sample eDNA presented a comparable or higher detection probability to traditional 

surveys (Boerlijst et al. 2019; Schneider et al. 2016). There have also been some 

attempts using DNA metabarcoding to conduct population genetics studies (Elbrecht 

et al. 2018; Marshall and Stepien 2019). However, metabarcoding-based genotyping 

shows at least as many experimental biases as DNA metabarcoding for species 

identification, and is prone to the recovery of erroneous haplotypes (Elbrecht et al. 

2018). On the technical front, a future improvement would be to perform independent 

replicates (Ficetola et al. 2014), increase sequencing depth for higher detection rate 

(Braukmann et al. 2019; Singer et al. 2019), develop PCR-free strategies (e.g., 

genome-skimming; Bista et al. 2018), and use single-cell sequencing for 

approximating unique individuals (Adams et al. 2019). For instance, debris cells in 

environmental samples could be collected by flow cytometry and microfluidic 
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technology, and followed by DNA extraction and sequencing for screening individual-

level genetic variation (Adams et al. 2019; Dopheide et al. 2019b). 

While most ecological entomologists are still confident and comfortable with 

conventional biodiversity surveys, DNA metabarcoding is already a practical tool to 

assist environmental management. DNA metabarcoding can rapidly characterise the 

species present in a sample, and, combined with the capacity to analyse hundreds of 

samples on a single HTS run, can increase the number of samples analysed whilst 

reducing the time needed to do so, and the associated cost (Hebert et al. 2018). We 

are now in an era of biodiversity crisis, and using DNA metabarcoding to rapidly 

analyse more samples will help inform better management. Currently, the main 

limitations of DNA metabarcoding for invertebrate identification include challenges 

around abundance estimation, incompleteness of barcode reference sequences and 

unsuitability of some pinned reference collections for producing these references, and 

destructive sampling methods. However, the rapid rate of progress and declining costs 

mean that DNA metabarcoding is likely to become a standard tool in the future (Deiner 

et al. 2017). An example of an emerging initiative in aquatic ecosystems is DNAqua-

Net which is a permanent Working Group as part of the European Standards 

Committee (Leese et al. 2018). This group of researchers, managers, politicians and 

other stakeholders jointly develops routine application for biodiversity assessment and 

provides standard protocols for all steps from sampling until analysis using genomic 

tools such as DNA metabarcoding. 
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3.1 Summary  

DNA metabarcoding is an emerging approach for monitoring biodiversity, but 

uncertainties remain about its capacity to detect subtle differences in invertebrate 

community composition comparable to those achievable based on conventional 

morphological identification. In this study, DNA metabarcoding and morphology-based 

approaches were compared as tools for investigating whether logging history impacted 

beetle communities in Tasmanian wet eucalypt forests. We compared twelve unlogged 

mature forest sites with twelve neighbouring regeneration sites that had been logged 

~55 years previously. The number of species identified based on morphology (173) 

was close to the number of zero-radius operational taxonomic units (ZOTUs) identified 

by DNA metabarcoding of cytochrome c oxidase subunit I (COI, 176) and 16S 

ribosomal RNA (16S, 156) markers. Subtle but significant differences in beetle species 

composition between regeneration and unlogged mature forests were captured by 

both morphology-based and COI DNA metabarcoding approaches, but not by 16S 

DNA metabarcoding. Our results support the suitability of mitochondrial COI for 

studying invertebrate biodiversity. A slight loss of signal compared to the morphology-

based approach may be resolved by developing more comprehensive DNA reference 

databases. While confirming forest recovery of 48-58 years did not fully restore mature 

forest beetle communities, we suggest that DNA metabarcoding can be used for 

monitoring biodiversity and probing subtle differences in community composition.
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3.2 Introduction 

The conservation of the immense biodiversity present in forests is a major goal of 

ecologically sustainable forestry worldwide (Bonan 2016; Lindenmayer et al. 2012). 

Secondary forests, including those recovering from harvesting, have the potential to 

restore and support biodiversity (Álvarez-Yépiz 2020; Ciccarese et al. 2012). However, 

evaluating and optimising current forest management practices requires adequate 

monitoring of biodiversity in secondary forests (Wortley et al. 2013). Beetles represent 

logical indicator species for such studies, due to their sensitivity to environmental 

disturbance (Baker et al. 2016a; Baker et al. 2006). Their high species richness, 

abundance and trophic diversity also generally encapsulate the variation of insect 

communities (Fountain-Jones et al. 2017). However, conventional morphological 

approaches to beetle identification using microscopes and reference collections 

require specialised taxonomic expertise and plenty of time (Hopp et al. 2010; Ji et al. 

2013; Yu et al. 2012). 

An emerging approach to expedite biodiversity monitoring is DNA metabarcoding (Liu 

et al. 2020b). DNA metabarcoding identifies multiple organisms from bulk sample DNA 

via high-throughput sequencing (HTS) of a standard DNA marker (Ji et al. 2013). This 

technique has attracted huge attention as it potentially offers a fast and inexpensive 

method of species identification. DNA metabarcoding has demonstrated utility for 

identifying species and assessing biodiversity across a broad range of taxa and 

ecosystems, and quantifying biodiversity patterns under different land-uses (Beng et 

al. 2016; Dopheide et al. 2019a; Fernandes et al. 2018; Fernandes et al. 2019). 

However, there have been few attempts to apply DNA metabarcoding in forest 

ecosystems. For example, Watts et al. (2019) demonstrated differences in the 
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community composition and structure of invertebrates between the forest edge and 

interior. Similarly, Barsoum et al. (2019) demonstrated that three forest types 

supported different arthropod communities. The ecological gradients in these studies 

were usually strong, and therefore were more likely to create detectable impacts on 

invertebrate communities than more subtle gradients. However, evaluation of forest 

restoration success also needs to examine subtle ecological gradients, especially in 

late-successional stages, which are still likely to have significant impacts on 

invertebrate communities (Fernandes et al. 2019; Gatica-Saavedra et al. 2017). We 

use the term ‘subtle’ throughout this paper to describe slight differences both in 

communities and ecological gradients between restoration forests and reference sites. 

Processes of ecological succession mean that beetle biodiversity in regenerating 

forests may be restored towards conditions found in mature forests (Fountain-Jones 

et al. 2017). Clear-cutting is expected to result in similar beetle communities as those 

in sites recovering from natural wildfires (Baker et al. 2004), and to follow a 

successional trajectory with changing species composition with time since disturbance 

(Fountain-Jones et al. 2015). However, forest succession involves a range of complex 

and often slow biotic and abiotic transitions (Pulsford et al. 2016). For restoration of 

previously harvested sites, it is important to know whether species assemblages have 

recovered compared to reference unlogged sites. Audino et al. (2014) found that 18 

years was insufficient for the restoration of dung beetle biodiversity in tropical forests, 

with regenerating forests supporting lower functional diversity and a lower abundance 

of specialist species than mature forest. A similar study showed that 35-50 years of 

restoration was required to recover to a stable and functional condition supporting 

mature forest beetle species (Hopp et al. 2010). Finally, only subtle (yet significant) 

differences in the beetle community were found between unlogged mature forests and 
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adjacent late-successional regeneration forests (~45 years old) in Tasmania, Australia 

(Fountain-Jones et al. 2015). Suitable techniques for biodiversity monitoring and 

evaluation of restoration success require capacity to detect such subtle community 

differences (Fernandes et al. 2019). 

While classification of beetles to species provides the greatest opportunity to detect 

subtle community differences, it typically requires specialised taxonomic expertise and 

is time consuming; for example, it may require dissecting genitalia for examination with 

slide microscopy (Skelley 1993). While using morphology to identify specimens to 

genus or higher taxonomic levels is easier, it risks masking community turnover 

evident at species-level (Bush et al. 2019; Watts et al. 2019). In contrast, DNA 

metabarcoding permits taxonomic resolution at a level more or less equivalent to 

species, being able to identify traditional operational taxonomic units (OTUs) or higher-

resolution zero-radius OTUs (ZOTUs; Edgar 2016). However, OTUs or ZOTUs from 

DNA metabarcoding may not show exact relationships with morphologically-identified 

species due to current methodology biases of DNA metabarcoding and incomplete 

DNA reference sequence databases. There is, therefore, a need to test the resolution 

of DNA metabarcoding in scenarios where subtle differences in communities are likely 

between restoration areas and their reference sites. 

The aim of this study was to test the utility of DNA metabarcoding for assessing 

biodiversity and detecting significant but subtle community differences. This study was 

set in managed wet eucalypt forests in Tasmania where patches and corridors of 

mature forest were retained in harvested landscapes. We probed the ecological 

gradients between regeneration forests that were clear-cut 48-58 years previously and 

unlogged mature forests using DNA metabarcoding and morphology-based 
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approaches. First, we compared DNA metabarcoding against morphology-based 

identification in characterising beetle community composition. Second, we compared 

the effectiveness of DNA metabarcoding and morphology-based identification in 

detecting the long-term impacts of logging on beetle community composition. We 

further assessed the utility of two commonly used mitochondrial DNA markers: 

cytochrome c oxidase subunit I (COI) and the 16S ribosomal RNA gene (16S). 

3.3 Methods 

3.3.1 Study area and site selection 

Our study was conducted in wet Eucalyptus forests in the Florentine Valley (300-600 

m above sea level) in Tasmania (Fig. 3.1). The study area ranges in latitude from 

42.44°S to 42.72°S and in longitude from 146.38°E to 146.67°E. It included a mosaic 

of mature forests and areas that were harvested with clear-cutting during the 1960s 

and 1970s. The unlogged mature forest generally had not been disturbed by wildfires 

for at least 70 years and had an understory stratum comprising a mix of sclerophyllous 

and rainforest tree species (van Galen et al. 2018). The regeneration forest was 

established from clear-cut harvesting followed by regeneration burning and sowing of 

local provenances of Eucalyptus species (Forestry Tasmania 1998), and is dominated 

by Eucalyptus regnans with some E. obliqua and E. delegatensis. 
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Figure 3.1 Study sites across the Florentine Valley of Tasmania, Australia. 

We sampled beetle communities from 24 sites, including 12 regeneration sites that 

had been clear-cut 48-58 years previously and 12 unlogged mature forest sites (Fig. 

3.1). The sites were well-distributed through the study area, and regeneration and 

neighbouring unlogged mature sites were mostly within 2 km of each other. In order 
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to eliminate edge effects and to ensure accessibility, site locations were 50-200 m from 

the nearest road. 

3.3.2 Sample collection 

Seven pitfall traps were deployed at each site to collect ground-active beetles (168 

traps in total). The seven traps were located approximately 4 m apart in a circular 

arrangement. The traps were standardized by sitting 425 mL plastic cups (external 

diameter = 80 mm, height = 115 mm) containing 100 mL of 100% food-grade 

propylene glycol into polyvinyl chloride pipe sleeves (external diameter = 85 mm, 

height = 150 mm) which were inserted into the soil beforehand. Propylene glycol is an 

effective preservative for preventing DNA degradation and thus for DNA 

metabarcoding studies (Robinson et al. 2020). Studies showed equivalent or better 

DNA quality extracted from arthropods trapped with propylene glycol compared to that 

with ethanol (Ferro and Park 2013; Nakamura et al. 2020; Patrick et al. 2016; Vink et 

al. 2005). To facilitate invertebrate collection, the top of the cups was level with the 

soil surface. To protect each trap from rainfall and disturbance by birds and mammals, 

a 180 mm diameter plastic plate was suspended approximately 40 mm above each 

trap and a round plastic mesh fence (diameter = 250 mm, height = 250 mm, mesh size 

= 50 x 55 mm) was fixed with two steel pins around each trap. Areas where water 

could accumulate were avoided. As newly deployed traps can disturb invertebrate 

communities (Schirmel et al. 2010), cups were kept closed for at least two weeks after 

establishment. Traps were opened for a 30-day period between April and May 2018. 

After collection, all beetles were removed, transferred to 95% ethanol, and pooled 

within sites. All specimens were stored at -20°C until DNA extraction. 
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3.3.3 Morphological identification of beetles 

Beetle specimens from our samples were identified by the first author by reference to 

a collection of well-documented voucher specimens (Tasmanian Forest Insect 

Collection (TFIC) at the Tasmanian Museum and Art Gallery). Because a high 

proportion of Tasmanian Coleoptera has not yet been formally described, some 

morphospecies have been allocated unique TFIC identifiers. These are hereafter 

referred to as species. The identifications were validated independently by an expert 

Coleopterist (Lynne Forster). 

3.3.4 DNA extraction, PCR amplification and high-throughput 

sequencing 

To remove ethanol, all specimens from each site were dried at 37°C for 5 h, in separate 

sterile petri dishes to avoid physical cross-contamination. DNA was extracted 

separately for each bulk site sample (24 extractions). To reduce variance in DNA 

content contributed by each individual, the whole specimen was used for beetles <5 

mm in length, and one leg for larger beetles. Each bulk beetle sample was then 

homogenized in a sterile tube containing one steel bead at 30 Hz for 1 min using a 

TissueLyser (QIAGEN). DNA was extracted with the DNeasy Blood & Tissue Kit 

(QIAGEN) following the manufacturer’s instructions. Extracted DNA was quantified on 

a Fragment Analyzer Automated CE System using the High Sensitivity NGS Fragment 

Analysis Kit (Advanced Analytical Technologies). 

We amplified a 157 bp region of the COI gene (Zeale et al. 2011) and a 124-165 bp 

region of 16S rRNA gene (Clarke et al. 2014). The Zeale primer set has known biases 

in some insect orders (Alberdi et al. 2020; Fernandes et al. 2019). Their suitability for 



Chapter 3 – DNA metabarcoding captures forest gradients 

50 

our study was validated by performing an in silico PCR using ecoPCR with COI 

sequences from beetle families (Boyer et al. 2016), i.e., representatives from studied 

beetle families were amplified allowing two mismatches per primer except for the last 

three base pairs. Amplicon sequencing libraries were created using two rounds of PCR 

as per Clarke et al. (2017). The first PCR round amplified the target locus and added 

sample-specific 7 bp multiplex identifiers (MIDs) and Illumina sequencing primers, 

while the second added additional 8 bp MIDs and Illumina sequencing adapters to 

reduce the impact of cross-contamination. PCR primers and MIDs used in this study 

are provide in Appendix A (Table A.1). The first round PCR reaction mixtures 

contained 1 x KAPA HiFi HotStart Ready Mix (KAPA Biosystems), with each primer at 

a final concentration of 0.3 μM, and 20 ng DNA extract in a final volume of 25 μL. 

Three replicate PCR reactions were performed for each DNA sample to maximise 

species detection. The same PCR profile was used for the COI and 16S markers: 95°C 

for 3 min, followed by 35 cycles of 98°C for 20 s, 60°C for 30 s and 72°C for 30 s, and 

a final extension at 72°C for 5 min. Each replicate PCR product was cleaned using 

Agencourt AMPure XP beads (Beckman Coulter) and fragment size distribution was 

assessed on the Fragment Analyzer. Replicate PCR products were pooled by sample 

after the first round. The same conditions were adopted for the second PCR using 2 

μL pooled PCR product as the template with an annealing temperature of 56°C and 

only eight cycles. Negative controls were included for both PCR rounds. PCR products 

from both rounds were separated by electrophoresis and verified on 2% agarose gels. 

Samples were cleaned and quantified as above, then normalized, pooled in equimolar 

concentrations, and sequenced on a MiSeq (Illumina, San Diego, CA, USA) with 20% 

PhiX spike-in using MiSeq Reagent Micro Kit v2 (2 X 150 bp). 
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3.3.5 Bioinformatics 

Raw sequence reads were demultiplexed by sample based on 8 bp MIDs on the MiSeq. 

Fastq reads were merged using the -fastq_mergepairs command in USEARCH 

v11.0.667 (Edgar 2013). The 7 bp sample-specific MIDs and marker-specific primers 

were trimmed with CUTADAPT v1.18 (Martin 2011). We also scrutinized the reads 

that have unused MID combinations for tag-jumping events and potential cross-

contamination using DAMe (Zepeda-Mendoza et al. 2016). Reads that contained any 

mismatches in the sample-specific MIDs and marker-specific primers were discarded. 

Given COI is a protein-coding gene, we expected no insertions or deletions, and thus 

only kept reads exactly 157 bp. To accommodate 16S amplicon length variation, 

merged reads between 124-165 bp were kept. Retained reads were quality filtered (-

fastq_filter) with maximum expected errors (-fastq_maxee) of 1.0, then dereplicated (-

fastx_uniques) with a minimum sequence abundance threshold of 2 (-minuniquesize 

2) using USEARCH. We used the UNOISE algorithm (Edgar 2016) to cluster unique 

reads into zero-radius operational taxonomic units (ZOTUs). Potential chimeras were 

also discarded during this step. Using the invertebrate mitochondrial codon table, any 

COI ZOTU sequences containing in-frame stop codons were removed. A ZOTU-by-

sample table was generated by mapping filtered reads from each sample to ZOTUs 

using the -otutab command in USEARCH with 100% sequence identity (-id 1.00).  

We performed taxonomic assignment with BLASTN using an e-value cut-off of 1e-4 

for both gene markers (Altschul et al. 1990). We also tried different e-values (e.g., 1e-

3 or 1e-6) but taxonomic assignment remained the same. Beetle COI and 16S 

reference sequences were downloaded from the Barcode of Life Database (BOLD; 

Ratnasingham and Hebert 2007) and NCBI (Sayers et al. 2018). Due to limited 
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reference sequences for Tasmanian beetles, we used Sanger sequencing to generate 

a local reference library representing 60 and 54 species for COI and 16S markers, 

respectively from pilot sampling along a forest chronosequence (see Appendix A2). 

Each ZOTU was classified using the lowest common ancestor (LCA) algorithm in 

MEGAN v6.14.2 (Huson et al. 2016) based on 50 BLASTN hits against the combined 

local and BOLD/NCBI reference sequence databases. The same LCA parameters 

were used for the two markers (Min. support = 1, Min. score = 200, Top percent = 5), 

except that Min. score = 150 for 16S. ZOTUs assigned to non-beetle taxa were 

removed. 

An inflated number of COI ZOTUs was identified based on taxonomic assignment, i.e., 

multiple ZOTUs were assigned to the same species; this phenomenon creates a 

potential bias in biodiversity metrics such as species richness (Alberdi et al. 2018a; 

Pauvert et al. 2019; Wang et al. 2019). Therefore, we curated COI ZOTUs based on 

sequence similarity and co-occurrence using the LULU algorithm in the LULU R 

package v0.1.0 (Froslev et al. 2017; R Core Team 2020). In addition, three sequence 

similarity thresholds (minimum_match = 95, 90 and 84) were used, along with data 

without LULU curation, to investigate whether the inferred beetle community 

composition is sensitive to LULU parameter settings (Alberdi et al. 2018a). Taxonomic 

assignment for 16S ZOTUs was highly constrained by the limited reference sequences, 

so LULU was not used to avoid further downscaling the number of 16S ZOTUs. 

Rarefying samples to the same sequencing depth lowers the false discovery rate, 

especially when the library sizes are very uneven (up to/more than 10-fold difference 

in our study) (Weiss et al. 2017). We rarefied the sample-by-ZOTU tables using the 

‘rrarefy’ function in the vegan R package (Oksanen et al. 2015). Finally, cells with less 
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than five reads in the sample-by-ZOTU table were discarded, as these are more likely 

to be PCR or sequencing errors (Wang et al. 2019; Zepeda-Mendoza et al. 2016). 

3.3.6 Community analysis 

All community analyses were carried out using R v3.6.3 (R Core Team 2020). Two-

sample paired t-tests were performed to detect difference in number of species and 

specimens between regeneration and mature sites across all families. We also tested 

whether morphologically identified specimen counts were correlated with HTS read 

abundance at family level. The number of morphologically identified species and DNA 

metabarcoding ZOTUs for each family were compared. 

We examined the inferred overall community compositions from datasets with and 

without applying the LULU algorithm by plotting non-metric multidimensional scaling 

(NMDS) ordinations based on presence/absence, using Jaccard dissimilarity matrices, 

and log-transformed abundance (number of HTS reads), using Bray-Curtis 

dissimilarity matrices. NMDS ordinations were performed with the ‘metaMDS’ function 

in the vegan R package. Procrustes tests, with 9999 permutations, were performed 

with the function ‘protest’ to compare community composition based on morphological 

and DNA metabarcoding approaches. To characterise the effects of forest type 

(regeneration versus unlogged mature forests) on species composition, NMDS 

ordinations were created using the morphology and DNA metabarcoding datasets. We 

compared the variance in beetle communities explained by forest type with each 

dataset using permutational analysis of variance (PERMANOVA) with the ‘adonis’ 

function. Specifically, we paired all sites and performed constrained permutations 

within strata. 
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3.4 Results 

3.4.1 Morphological identification of beetle community composition 

A total of 1,905 beetle specimens were collected from regeneration (943) and mature 

(962) forest sites. Morphological identification revealed that they belonged to 25 

families and 173 species (Appendix A, Table A.3). The five most species-diverse 

families were Staphylinidae (80 species), Curculionidae (23), Leiodidae (15), 

Carabidae (14) and Chrysomelidae (5), which collectively represented 79% of the total 

species. The five most abundant families were Staphylinidae (922 specimens), 

Curculionidae (232), Carabidae (220), Latridiidae (168) and Leiodidae (161), which 

comprised 89% of the total specimens. There were 51 singleton species, and 

seventeen families were each represented by fewer than 10 specimens. 

No significant differences were observed between regeneration and mature forest 

sites in species richness (t = -0.35, P = 0.73; df = 11) or specimen abundance (t = -

0.05, P = 0.95) based on morphological identification. However, seven families 

(Anthribidae, Attelabidae, Brentidae, Lucanidae, Phloeostichidae, Scarabaeidae and 

Zopheridae) were only found in regeneration forest sites, although only Brentidae was 

present at more than one regeneration forest site. Three families (Byrrhidae, 

Derodontidae and Silvanidae) were only found in mature forest sites (Appendix A, 

Table A.3). 

3.4.2 ZOTU identification using DNA metabarcoding 

The MiSeq run generated 3.35 million reads for COI (mean ± SD = 75,945 ± 45,464 

per sample) and 16S (mean ± SD = 67,166 ± 37,151) markers. Raw HTS data 
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generated for this study is accessible on Sequence Read Archive (SRA accession: 

PRJNA612410). Only 1910 and 1342 tag-jumping reads (reads that have unused MID 

combinations), which is ~0.1% of the total sequences, were found for COI and 16S 

datasets, respectively. Therefore, cross-contamination between samples was minimal. 

The percentage of reads that were removed at each bioinformatic step is shown in Fig. 

A.4 (Appendix A). A COI library from one regeneration site produced less than 1,000 

reads and was excluded from analysis. ZOTU curation with the UNOISE algorithm 

produced 375 and 484 ZOTUs for COI and 16S markers, respectively. Using the 

combined reference sequence database for taxonomic classification, 301 and 156 

ZOTUs were assigned to beetles for COI (without LULU curation) and 16S, 

respectively. We obtained 134, 176 and 197 COI ZOTUs using the 84, 90 and 95% 

sequence similarity thresholds (minimum_match), respectively, for the LULU curation 

step. ZOTU tables for COI and 16S markers, and respective DNA sequences for all 

ZOTUs are provided in Table A.5, A.6 and Appendix A.7. 

Overall, Staphylinidae had the highest ZOTU richness and relative abundance for both 

DNA metabarcoding markers, although more staphylinid ZOTUs were detected with 

the COI marker than with the 16S marker (68 versus 58; Fig. 3.2). The next most 

diverse families were Curculionidae, Leiodidae and Carabidae, which were 

consistently detected with both DNA metabarcoding and morphology-based 

approaches. Although identified via the morphology-based approach, six families 

(Anthribidae, Hydrophilidae, Melandryidea, Scirtidae, Tenebrionidae and Zopheridae) 

were not detected using the 16S marker, while two families (Brentidae and Lucanidae) 

were not detected using the COI marker. Besides, there were also seven more families 

identified with morphology but not detected with either DNA marker, and four of them 

were each represented by single species (Fig. 3.2). 
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Figure 3.2 Species or ZOTU richness (A) and the relative abundance (B) of beetle 

families using DNA metabarcoding or morphology-based identification. HTS read 

numbers from DNA metabarcoding markers (COI and 16S) and specimen counts from 

morphology-based identification were used to calculate the relative abundance by 

beetle family. Beetle families detected by DNA metabarcoding (six and one for COI 

and 16S, respectively) but not by morphology-based identification were grouped and 

referred to as ‘others’. 

Due to limited reference databases, only 22 and 25 species were identified by COI 

and 16S ZOTUs, respectively, with ≥ 99% sequence identify. Individual beetle species 

presence/absence was similar between morphological and DNA metabarcoding 

approaches across the seven dominant families, except multiple false negatives 

(species detected in a sample with morphology but not DNA metabarcoding) for the 

staphylinid Euconnus clarus, the curculionid Roptoperus tasmaniensis, and the 
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carabid Sloaneana tasmaniae with COI, and again the carabid Sloaneana tasmaniae 

and curculionid Decilaus striatus with 16S (Fig. 3.3). There were some additional false 

negative species using COI, but these were fewer for 16S (Fig. 3.3). While there were 

only two false positive detections for COI (Choleva TFIC sp01 and Orchesia 

alphabetica), seven false positive detections were found for five species with 16S (Fig. 

3). Thirteen species had identical detections with 16S and morphology across all study 

sites, while there was concurrence for ten species for COI. 
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Figure 3.3 Comparison of presence/absence detections from DNA metabarcoding 

relative to morphological identification. The comparison is restricted to species with !

99% sequence identity to the DNA reference database. True presences recovered by 

DNA metabarcoding are indicated by symbol ‘•’ (light blue), false positives are 

indicated by symbol ‘Ê’ (dark green), and false negatives are indicated by symbol ‘Ñ’ 

(yellow). 
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3.4.3 Beetle community composition in regeneration and mature 

forests 

PERMANOVA indicated that forest type had subtle but significant effects on beetle 

community composition based on Jaccard dissimilarities derived from morphology-

based (R2 = 0.060, P = 0.011) and COI metabarcoding (R2 = 0.056, P = 0.015; Fig. 

3.4) presence/absence data. A lower, and non-significant level of variation was 

explained by forest type with 16S metabarcoding (R2 = 0.044, P = 0.143; Fig. 3.4). 

While no effect of forest type on beetle composition was detected from the COI 

metabarcoding dataset without using the LULU algorithm, significant effects were 

always detected with the COI datasets processed using LULU regardless of parameter 

settings, producing similar NMDS ordinations and explaining similar variance 

(Appendix A, Table A.8, Fig. A.9). Comparison of Jaccard distance matrices from COI 

and 16S metabarcoding datasets and the morphological dataset revealed highly 

significant correlations in community composition (Appendix A, Table A.8). Here, we 

considered the COI metabarcoding dataset using LULU algorithm setting of 

minimum_match = 90 as the best result based on the Procrustes tests (r = 0.881, 

Appendix A, Table A.8), and used this setting for final analyses. 
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Figure 3.4 Non-metric multidimensional scaling (NMDS) ordinations using binary 

Jaccard dissimilarity of beetle communities from regeneration and mature forests, 

based on morphology-based and DNA metabarcoding (COI and 16S markers) 

approaches. The percentage variance explained by forest type (R2 values) and 

statistical significance were calculated with PERMANOVA. 

Abundance datasets for morphology and both metabarcoding markers were 

significantly correlated based on Procrustes tests (Appendix A, Table A.10). Analysis 

based on log-transformed abundance data showed similar percentages of variation in 

community composition explained by forest type for the three datasets, although only 

the variation in the morphology dataset was statistically significant (Appendix A, Fig. 

A.11). Given the estimation of species abundance or biomass from the number of HTS 

reads is still not practically reliable (Wang et al. 2019), we only discuss results from 

presence/absence datasets. 
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3.5 Discussion 

3.5.1 DNA metabarcoding captures subtle forest gradients 

If DNA metabarcoding is to be used in studies of species turnover and biodiversity, it 

needs to accurately quantify community composition relative to conventional 

morphological approaches (Bush et al. 2019; Calderón-Sanou et al. 2020). In this 

study, we showed that conventional morphological approach and DNA metabarcoding 

with the COI marker, but not the 16S marker, can capture comparable subtle but 

significant differences in beetle communities between regeneration forests and 

unlogged mature forests. 

3.5.2 COI DNA metabarcoding 

While the curated number of COI ZOTUs varied according to different LULU algorithm 

parameter settings, the significant but subtle effects of forest type on beetle species 

composition were always successfully captured. The number of raw ZOTUs (301) was 

nearly twice the number of morphological species in our study. Our chosen LULU 

parameters were based on those that yielded a beetle community composition most 

similar to the morphological dataset based on Procrustes test results (176 COI ZOTUs 

versus 173 species). The parameter settings will be adopted for future studies of 

Tasmanian Coleoptera. The lack of a significant result for the non-curated COI dataset 

indicates the importance of adapting bioinformatics parameters for reliable species 

diversity estimation (Brandt et al. 2020). While we note that estimating species 

richness is very sensitive to bioinformatics strategy (Calderón-Sanou et al. 2020; 

Froslev et al. 2017), the similar community structure resolved with our LULU-curated 
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datasets demonstrates a robust metric in spite of current limitations in DNA 

metabarcoding (Brandt et al. 2020; Mächler et al. 2020). 

The slightly lower percentage of variance explained with the COI marker compared to 

morphology is likely due to not detecting all species at all sites where they were 

present, since our analysis of the subset species with ≥99% sequence similarity to the 

reference sequences revealed some false detections with this marker. While the COI 

primer set we used (ZBJ-Art; Zeale et al. 2011) was justified based on in silico PCR, 

and has been commonly employed by others (Carew et al. 2017; Fernandes et al. 

2019; van der Heyde et al. 2020), new highly degenerate primer sets are advocated 

as they mitigate taxonomic bias due to primer-binding mismatches (Elbrecht et al. 

2019; Vamos et al. 2017). Using degenerate primers could reduce the number of false 

negatives for future DNA metabarcoding studies. Seven beetle families represented 

false negatives with the COI primers in our study, but they were mostly represented 

by rare species. While our study successfully recovered the subtle gradients between 

paired regeneration and unlogged mature forests, it is recommended that future 

studies test the performance of highly degenerate COI primers for reducing taxonomic 

bias. 

3.5.3 16S DNA metabarcoding 

Morphological and 16S metabarcoding datasets were significantly correlated, but the 

latter did not detect significant differences in beetle communities based on forest type. 

Although 16S shares the common issue of incomplete reference databases, the 

situation is worse than for the COI marker, which is advocated as the standard animal 

barcoding marker (Andujar et al. 2018). This is demonstrated by the fact that we 

retained 156 16S ZOTUs after taxonomic assignment, 20 fewer than for COI 
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metabarcoding. A limitation of our study is that we only produced a limited local 

reference database for practical reasons. It is likely that the performance of the 16S 

marker for detecting subtle community differences is dampened by the exclusion of 

unassigned ZOTUs due to incomplete reference databases. Additionally, we did not 

apply the LULU algorithm to further filter erroneous 16S ZOTUs post clustering, as this 

reduced the 16S dataset from 156 to 92 ZOTUs. However, the high correlation of 

distance matrices also suggests the 16S marker has potential if the above issues can 

be resolved. While there is some debate with respect to marker choice (Clarke et al. 

2014; Deagle et al. 2014), the COI marker appears preferable for identifying beetle 

species and detecting community differences. 

3.5.4 DNA metabarcoding as a practical ecological management tool 

Our study demonstrates the capability of DNA metabarcoding to detect community 

structure and subtle differences in community composition. We also demonstrate the 

capacity of DNA metabarcoding to detect individual beetle species when they are 

present in barcoded reference databases. To our knowledge, this is the first study to 

apply DNA metabarcoding to investigate arthropod community turnover in very late-

successional regeneration forests (~55 years). The performance of this approach may 

be generalized to other systems involving land-use change. Ecological restoration is 

now a key tool to mitigate, if not to stop, biodiversity decline, and 2021-2030 has been 

declared the United Nations Decade of Ecosystem Restoration (Rodríguez-Uña et al. 

2020; UN 2019). Although we have only focused on beetle communities, DNA 

metabarcoding can affordably be scaled up to measure more indicator taxa (e.g., all 

invertebrates) and to implement time-series surveys (van der Heyde et al. 2020). 
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Our results highlight that the usefulness of DNA metabarcoding for ecological 

management and biodiversity monitoring could be enhanced by more comprehensive 

reference databases, especially when species information is needed to support 

decision making (Burger et al. 2003; Spence et al. 2008). The small proportion of 

ZOTUs that could be assigned to species in our study (12.5% for COI and 18% for 

16S) was mostly dictated by the limited local reference database. Current online 

databases are dominated by those curated in BOLD and NCBI, and documentation of 

invertebrate DNA barcodes to date is geographically biased. For example, Dopheide 

et al. (2019a) reported only four out of 121 beetle OTUs from a forested island in New 

Zealand had reliable matches in reference databases. Future studies of beetle fauna 

in places where their diversity is high and yet underrepresented (e.g., Tasmania; 

Grove et al. 2017) will benefit from more comprehensive reference databases. 

However, Procrustes tests indicated high correlation of datasets from DNA 

metabarcoding and morphological identification in spite of the fact that we could not 

attribute 80% of ZOTUs to known species, and therefore our results were reliable in 

the absence of more detailed reference databases. 

Using DNA metabarcoding to assess biodiversity for ecological management is 

promising. On the one hand, DNA metabarcoding can outperform morphological 

identification in that OTUs or ZOTUs can still be determined in studies where limited 

taxonomic expertise is available. For example, the differentiation of invertebrate 

communities between forest edge and forest interior was observed with DNA-based 

OTUs but not morphological identification in a study where taxa could not be identified 

to species-level (Watts et al. 2019). On the other hand, probing the subtle differences 

of community composition opens an avenue to complement the understanding of 

mechanisms underlying biodiversity turnover in communities and to guide adaptive 
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management strategies (Barsoum et al. 2019). Most ecological assessments of forest 

restoration are conducted within 10 years of implementation, as it is critical to ensure 

the early stages of biodiversity recolonization are following desired trajectories 

(Gatica-Saavedra et al. 2017; González et al. 2013). However, long-term successional 

trajectories may not be predicted from short-term conditions, which highlights the 

importance of monitoring outcomes in the long term (Cortina et al. 2011).  

In summary, our work shows that DNA metabarcoding can provide an urgently needed 

cost-effective ecological monitoring tool. DNA metabarcoding is advantageous as a 

practical tool for restoration programs where rigorous evaluation is necessary, but 

taxonomic identification approaches are not cost-effective. 
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4.1 Summary 

Estimating species biomass or abundance from the number of high-throughput 

sequencing reads is an aspirational goal for DNA metabarcoding, yet studies have 

suggested varied and sometimes poor performance depending on the marker gene 

and taxonomic group. The number of primer-template mismatches is known to impact 

the relationship between input biomass and sequencing read numbers. While some 

past studies have used mock samples to test quantitative PCR-based DNA 

metabarcoding, mock samples often do not reflect the complexity of real-world 

samples. In this study, we compared two commonly used beetle metabarcoding genes, 

mitochondrial cytochrome c oxidase subunit I (COI) and 16S ribosomal RNA (16S), 

sharing a similar fragment length but different numbers of primer-template mismatches. 

We re-analysed the high-throughput sequencing (HTS) data derived from biomass-

quantified field-collected samples to test how the primer-template mismatches 

impacted the relationship between species biomass and HTS read numbers. Our 

results showed significant correlation between species biomass and sequence 

abundance for 16S (0-2 bp mismatches) but not COI, which showed more primer-

template mismatches (0-7 bp mismatches). Models incorporating the effects of 

mismatch position or mismatch number in COI improved the quantitative estimation of 

species biomass. Also, mismatch type and mismatch number showed strong 

phylogenetic signal for COI. Researchers seeking quantitative results from 

metabarcoding studies should choose marker genes with few or no primer-template 

mismatches for the taxonomic group of interest. Alternatively, a phylogenetic 

correction could improve the accuracy of species biomass estimation with markers like 

COI. 
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4.2 Introduction 

Conventionally, community composition is measured by sampling organisms and 

identifying them using phenotypic features. However, for hyper-diverse taxa, such as 

arthropods, this approach can be constrained by the availability of time and taxonomic 

expertise (Ji et al. 2013; Yu et al. 2012). A shift towards DNA metabarcoding could 

alleviate these constraints and expedite biodiversity surveys (Liu et al. 2020b). A key 

unresolved issue in DNA metabarcoding is how to quantify the abundance of taxa 

within samples. Arthropods have been widely used as indicator taxa for studying 

responses of biodiversity to land-use changes (Baker et al. 2016a; Gerlach et al. 2013; 

Schmidt et al. 2018). While identifying species presence has proved successful with 

DNA metabarcoding (Braukmann et al. 2019; Liu et al. 2020a; Yu et al. 2012), 

quantification of species abundance by these methods have been less successful, in 

spite of extensive interest (Bista et al. 2018; Lamb et al. 2018; Nichols et al. 2018; 

Schenk et al. 2019). While species abundance offers critical information for 

biodiversity modelling, there is still no consensus on whether DNA metabarcoding can 

produce quantitative information (Deagle et al. 2018b). One option for extracting 

information on quantitative community composition is to use sequence abundance 

(number of HTS reads per species) as a proxy for relative species abundance (Bista 

et al. 2018; Di Muri et al. 2020). This proxy assumes that extracted DNA in a given 

sample is proportionally amplified and sequenced, reflecting original community 

composition and species biomass. While some studies found significant positive 

correlations between species biomass and sequence abundance with mock 

invertebrate samples (e.g., Bista et al. 2018; Krehenwinkel et al. 2017; Schenk et al. 

2019), other studies did not (see Table 1 in Piñol et al. 2019). In particular, the need 
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for intermediate PCR steps to enrich a target DNA marker is a known source of bias 

(Nichols et al. 2018; Piñol et al. 2019). 

An important source of bias in PCR-based quantitative metabarcoding is the imperfect 

matching of oligonucleotide primers to primer binding sites (Deagle et al. 2014). While 

PCR amplification is less efficient in presence of primer-template mismatches, primers 

that have fewer primer-template mismatches often show better amplification efficiency 

and a stronger correlation between input species biomass and output sequence 

abundance (Elbrecht et al. 2016; Piñol et al. 2019). While binding site polymorphisms 

among species can be accommodated with degenerate primers (mixtures of primers 

that differ subtly in sequence), primer-template mismatches might be unavoidable in 

phylogenetically diverse samples, where DNA metabarcoding is particularly valuable 

relative to morphological species identification (Braukmann et al. 2019). Additionally, 

the type and position of primer-template mismatches are likely to impact amplification 

efficacy differently (Elbrecht et al. 2017a; Stadhouders et al. 2010). For example, 

mismatches at the 3’ end are more detrimental than 5’ end mismatches (Boyle et al. 

2009; Bru et al. 2008). 

Quantification correction factors have been proposed to address sources of bias in 

DNA metabarcoding for accurate estimation of species biomass. For example, order-

specific correction factors were developed with mock arthropod samples and the 

correlations between corrected sequence abundance and input DNA increased from 

very weak to very strong (R2 increased from 0.09 up to 0.82) (Krehenwinkel et al. 

2017). A similar approach of generating correction factors was also conducted with a 

barcoded library for seal prey and then validated in real-world prey samples (Thomas 

et al. 2016). While correction factors can account for multiple sources of bias, they are 
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also useful to address a single source of bias (e.g., gene copy number; Kembel et al. 

2012; Vasselon et al. 2018). 

An under-utilised source of correction factors comes from the curated OTU sequences 

themselves. These sequences can be used to construct a phylogeny of the taxa 

represented in the study, which may be useful in developing models for correcting 

taxonomic effects, especially if primer-template mismatches and model deviation 

exhibit phylogenetic signal (i.e., closely related taxa have similar primer-template 

mismatches and deviation from an overall relationship of sequence abundance ~ 

species biomass). Some sources of bias, such as gene copy number, show strong 

phylogenetic signal across species, suggesting that correcting phylogenetic biases 

could allow accurate species biomass estimation (Kembel et al. 2012). To some extent, 

primer-template mismatches manifest the evolutionary accumulation of mutations 

across species, thus it is reasonable to expect that the effects of primer-template 

mismatches might also exhibit phylogenetic signal in quantifying sequence abundance 

with DNA metabarcoding. Testing whether there is such signal could pave the way for 

the use of correction factors that account for these phylogenetic signals. 

In this study, we investigated the impacts of primer-template mismatches and 

phylogenetic signal on quantitative DNA metabarcoding using two mitochondrial gene 

markers, the cytochrome c oxidase subunit I (COI) and 16S ribosomal RNA genes 

(16S), that have similar fragment lengths (157 bp for COI and 124-165 bp for 16S) but 

different numbers of primer-template mismatches. Our aims were to examine how 

variation in the number of primer-template mismatches between these markers impact 

estimation of species biomass in PCR-based DNA metabarcoding, and also the extent 

of phylogenetic signal in (1) primer-template mismatches and (2) deviation from an 
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overall relationship of sequence abundance ~ species biomass. The presence of such 

phylogenetic signals would open the door for applying a correction for phylogeny to 

use sequence abundance as a proxy for species biomass. We used DNA 

metabarcoding data derived from real-world beetle samples from a study assessing 

recovery of beetle communities following logging (Liu et al. 2020a), as analyses of 

mock samples are typically based on unrealistically simple samples, which may 

reduce the applicability of their inferences. 

4.3 Methods 

We re-analysed the high-throughput sequencing datasets in Liu et al. (2020a), in which 

primer sets for COI (ZBJ-ArtF1c/ZBJ-ArtR2c; Zeale et al. 2011) and 16S (modified 

Ins16S_1short set; forward: 5'-AGACGAGAAGACCCTATAGA-3'; reverse: 5'-

TACGCTGTTATCCCTAAGGTA-3'; Clarke et al. 2014) were used to amplify a similar 

fragment length (157 bp for COI and 124-165 bp for 16S) from field-collected beetle 

samples. The samples were collected using pitfall-trapping from 12 regeneration 

forests and 12 neighbouring mature forests, consisting of 173 morphologically 

identified beetle species. Individual specimens were weighed after drying at 37 °C for 

5 hr. The bioinformatic pipeline was the same as that of Liu et al. (2020a) unless 

otherwise stated. For this study, we only included zero-radius operational taxonomic 

units (ZOTUs) that had ≥99% sequence identity to a species in GenBank (Sayers et 

al. 2018), the Barcode of Life Data System (BOLD; Ratnasingham and Hebert 2007) 

or our local reference database, from which the number of primer-template 

mismatches were also calculated. In addition, we only analysed the subset of species 

that were also morphologically identified in the same sample, to enable a comparison 

of biomass and sequence abundance. 
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The position of primer-template mismatches refers to the relative place where a 

mismatch occurs in an oligonucleotide primer, and mismatches near the 3’ end of 

primer-template binding region would have greater impact on PCR amplification 

efficiency than at the 5’ end (Piñol et al. 2015; Stadhouders et al. 2010). Likewise, the 

type of primer-template mismatches refers to how single mismatch instigate and some 

varieties (e.g., A-A, G-A and C-C) more severely impact PCR amplification efficiency 

than others (A-C and T-G; Stadhouders et al. 2010). Considering only the total number 

of primer-template mismatches is likely to oversimplify models estimating species 

biomass with sequence abundance (Elbrecht et al. 2017a). Therefore, the effects of 

different types and positions of each primer-template mismatch were accounted for by 

weighting with different scores in our study as per Elbrecht et al. (2017a). 

All statistical analyses were performed using R v3.6.3 (R Core Team 2020). Linear 

regression models were used to determine the relationship between sequence 

abundance (i.e., number of HTS reads, response variable) and species biomass and 

primer-template mismatches (predictor variables; Table 4.1). For each marker, 

alternative models with different combinations of species biomass and mismatches as 

continuous fixed effects were fitted using the ‘lm’ function in R. The models were 

compared using AICc (Aikake’s Information Criterion corrected for small sample sizes) 

and a cut-off of 2 in ΔAICc was used to determine whether a model was a significantly 

better fit (Arnold 2010). The residuals in the model log10(sequence abundance) ~ 

log10(species biomass) represented the deviation of sequence abundance from that 

predicted from species biomass alone, which were considered as a proxy measure of 

the effect of primer-template mismatch.
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Table 4.1 Variables used in modelling how sequence abundance relates to species 

biomass and primer-template mismatches. 

Variables Term Explanation 

Dependent 

variable 

Sequence abundance Average sum of high-throughput 

sequencing reads for a species in a 

sample 

Independent 

variables 

Species biomass Average weight of multiple specimens for 

a species in a sample 

Mismatch number  Sum of primer-template mismatches 

Mismatch position Relative place where a mismatch occurs 

between an oligonucleotide primer and 

its DNA binding region  

Mismatch type Varieties that single primer-template 

mismatch instigates 

Deviation of 

sequence abundance 

Residual in the linear model 

log10(sequence abundance) ~ 

log10(species biomass) 

In order to examine the phylogenetic effect of primer-template mismatches, we 

constructed a reference phylogenetic tree with DNA sequences of partial COI and 16S 

genes. Two species from the order Neuroptera (Apochrysa matsumurae, GenBank 

Accession: NC_015095 and Ascaloptynx appendiculatus, GenBank Accession: 

NC_011277) were selected as outgroups based on Misof et al. (2014). A maximum 
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likelihood tree was built under the GTR +  G + I nucleotide substitution model with 

raxmlGUI version 2.0 (Edler et al. 2019; Stamatakis 2014). We used the ‘contMap’ 

function in the phytools R package (Revell 2012) to create and visualise ancestral 

state reconstruction under Brownian motion evolution of quantitative traits. For each 

marker, we applied this technique to the number of primer-template mismatches and 

the residuals of the sequence abundance ~ species biomass relationship. 

To test for phylogenetic signal in the residual variation, phylogenetic generalized least-

squares (PGLS) regressions were also performed in the caper R package (Orme et al. 

2013). Phylogenetic signal (Pagel’s λ) (Pagel 1997, 1999) was calculated for 

log10(species biomass), log10(sequence abundance), number of mismatches and the 

residuals described above, using the ‘phylosig’ function in phytools. High values of λ 

(approaching 1) indicate that closely related species have very similar trait values, and 

λ = 0 indicates that trait values are randomly distributed with regard to the phylogeny. 

4.4 Results 

From 173 species identified in Liu et al. (2020a), 22 and 25 species had ≥ 99% 

sequence identity match of ZOTUs for COI and 16S markers, respectively. The total 

number of mismatches in the forward and reverse COI primer ranged from 0-7 across 

these species, whereas there were 0-2 mismatches for the 16S primer pair (Fig. 4.1). 

The average number of primer-template mismatches for COI was greater (3 ± 2) than 

that for 16S (0.2 ± 0.5). 
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Fig. 4.1 Boxplot of number of template-primer mismatches for ZBJ-ArtF1c/ZBJ-ArtR2c 

(COI) and modified Ins16S_1short primer pairs for 22 and 25 Coleoptera species, 

respectively. 

For COI, the model incorporating the effect of primer-template mismatch positions on 

sequence abundance (Model 1), where mismatches at the 3’ end of a primer affect 

PCR amplification efficiency more severely than at the 5’ end, had the lowest ΔAICc 

(ΔAICc = 0; Table 2). While sequence abundance was not significantly predicted by 

species biomass alone for COI (Model 6, P = 0.065; Table 4.2 and Fig. 4.2), adding 

mismatch number (Model 2, ΔAICc = 0.34, R2 = 0.27; Table 4.2) or mismatch position 

(Model 4, ΔAICc = 1.61, R2 = 0.28; Table 4.2) improved the quality of the model. 

Sequence abundance also had a significant relationship with mismatch number 

(Model 3, P = 0.026; Table 4.2) but not the mismatch type (Model 5, P = 0.067; Table 

4.2). Other alternative models (Models 7 and 8) also had low quality based on ΔAICc. 
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For the 16S marker, mismatch positions and types were not considered as they were 

likely trivial due to the low number of primer-template mismatches for 16S compared 

to COI. Sequence abundance was significantly predicted by species biomass alone 

(Model 1, P < 0.001; Table 4.2) or by species biomass and mismatch number (Model 

2, P < 0.001; Table 4.2), with the former having the lowest AICc. Adding the mismatch 

number slightly improved the quality of the model (R2 = 0.57 vs. 0.55, ΔAICc = 0.94). 
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Table 4.2 Alternative models examining how sequence abundance relates to species 

biomass and/or primer-template mismatches for COI and 16S datasets. The best 

model as determined with lowest AICc value is highlighted in bold. 

Marker Model Adjusted 

R2 

P ΔAICc 

COI 

#1, log10(sequence abundance) ~ mismatch position 0.16 0.039* 0.00 

#2, log10(sequence abundance) ~ log10(species biomass) + 

mismatch number  
0.27 0.019* 0.34 

#3, log10(sequence abundance) ~ mismatch number 0.19 0.026* 0.71 

#4, log10(sequence abundance) ~ log10(species biomass) + 

mismatch position 
0.28 0.017* 1.61 

#5, log10(sequence abundance) ~ mismatch type 0.12 0.067 2.43 

#6, log10(sequence abundance) ~ log10(species biomass) 0.12 0.065 2.57 

#7, log10(sequence abundance) ~ log10(species biomass) + 

mismatch type 
0.20 0.049* 2.63 

#8, log10(sequence abundance) ~ log10(species biomass) + 

mismatch number + mismatch type + mismatch position 
0.24 0.072 6.11 

16S 

#1, log10(sequence abundance) ~ log10(species biomass) 0.55 *** 0.00 

#2, log10(sequence abundance) ~ log10(species biomass) + 

mismatch number 
0.57 *** 0.94 

#3, log10(sequence abundance) ~ mismatch number -0.02 0.489 23.59 

Significance codes: ***: P ⩽ 0.001; *: 0.01 < P ⩽ 0.05. 



Chapter 4 – Quantitative DNA metabarcoding 

79 

Fig. 4.2 Linear regression models testing the relationship between sequence 

abundance and beetle species biomass in COI and 16S datasets. Both the species 

biomass and sequence abundance were log-transformed for analysis. These were the 

simplest of the alternative models tested in Table 4.2. 

The phylogenetic generalized least-square models showed the same relationships 

between response and predictor variables as the linear models. Specifically, the 

number of primer-template mismatches or the mismatch position alone significantly 

predicted sequence abundance for COI (Models 3 and 4, P < 0.05; Appendix B, Table 

B.1), whereas there was no such relationship for 16S. The total number of mismatches 

and the mismatch position both showed strong and significant phylogenetic signals for 

COI (λ = 0.70 and 0.79, P < 0.001; Table 4.3), but not 16S. However, none of the 

log10(sequence abundance), log10(species biomass) or residuals from the model of 

log10(sequence abundance) ~ log10(species biomass) showed phylogenetic signal for 
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either marker. While there was no statistically significant phylogenetic signal in the 

residuals from the COI model log10(sequence abundance) ~ log10(species biomass), 

visualisation of ancestral state reconstruction suggests strong phylogenetic signal in 

the relationship with the number of primer-template mismatches for COI (Fig. 4.3A). 

For example, the Carabidae COI clade had less primer-template mismatches and 

higher sequence abundances than predicted with species biomass, while 

Staphylinidae, Nitidulidae and Curculinoidae had lower sequence abundance and 

more primer-template mismatches (Fig. 4.3A). However, there were a few disparities 

where the Carabids Pentagonica vittipennis and Percosoma carenoides, and the 

Staphylinid Econnus clarus showed opposite patterns. In comparison, ancestral state 

reconstructions of residuals from the 16S model log10(sequence abundance) ~ 

log10(species biomass) bear little resemblance to the pattern of primer-template 

mismatches, nor does it exhibit phylogenetic signal (Fig. 4.3B). For instance, both 

Carabidae and Staphylinidae had very low (mostly zero) primer-template mismatches 

for 16S, yet the Carabidae had mostly negative residuals while the Staphylinidae had 

mostly positive residuals from the model log10(sequence abundance) ~ log10(species 

biomass). 
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Table 4.3 Phylogenetic signal tests of predictor variables in explaining sequence 

abundance using ‘phylosig’ function in the phytools package. A higher Pagel’s λ 

suggests stronger phylogenetic signal (more similar traits in more closely related taxa). 

‘Residuals’ refers to those derived from the model of log10(sequence abundance) ~ 

log10(biomass). 

Marker Variable λ P 

COI mismatch type 0.79 0.00 

 mismatch number  0.70 0.00 

 log10(sequence abundance) 0.09 0.56 

 residuals 0.08 0.62 

 mismatch position 0.05 0.70 

 log10(biomass) 0.00 1.00 

16S log10(biomass) 0.19 1.00 
 

residuals 0.14 0.44 
 

log10(sequence abundance) 0.11 0.63 

 mismatch number 0.00 1.00 
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Fig. 4.3 Correspondence between the deviation of sequence abundance and the 

number of primer-template mismatches on phylogenetic trees for the COI and 16S 

datasets. The deviation of sequence abundance was the residual in the linear model 

log10(sequence abundance) ~ log10(species biomass). The deviation of sequence 

abundance and the number of primer-template mismatches on the branches were 

reconstructed and mapped using phylogenetic trait analysis with the ‘contMap’ 

function in phytools. Values are indicated by colour and the value bar for number of 

primer-template mismatches was horizontally flipped for optimal visualization. 

4.5 Discussion 

Quantifying species’ biomass and/or abundances is a goal for DNA metabarcoding, 

yet previous studies on the relationship between species biomass and sequence 

abundance had mixed results (Bista et al. 2018; Krehenwinkel et al. 2017; Lamb et al. 

2018; Schenk et al. 2019). Our real-world application of DNA metabarcoding showed 

that differences between markers in efficacy of quantitatively estimating species 

biomass can be largely explained by the effects of primer-template mismatches. The 

significant correlation between sequence abundance and species biomass found in 

the 16S dataset implies that 16S may be a good candidate marker for estimating 

species abundance in PCR-based DNA metabarcoding studies. Furthermore, the 

modelling supports the hypothesis that markers with fewer primer-template 

mismatches may enable more reliable sequence abundance estimation (Elbrecht et 

al. 2016; Piñol et al. 2019). However, selection of markers often represents a 

compromise of objectives. While our study demonstrated 16S is advantageous for 

estimating species biomass, taxonomic resolution may be lower due to poor reference 

sequence databases (Clarke et al. 2014; Liu et al. 2020a). Furthermore, our study in 
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Chapter 3 found that, in this same study system, 16S had less power than COI to 

detect subtle ecological gradients (Liu et al. 2020a). 

Our study also shows the potential of phylogenetic approaches to improve biomass 

quantification for COI. In our COI dataset, the total number of mismatches exhibited 

significant phylogenetic signal and was correlated with the residuals from the 

log10(sequence abundance) ~ log10(species biomass) model. This raises the 

possibility of phylogenetically corrected biomass estimation for markers like COI with 

more primer-template mismatches, such as the use of correction factors to account 

for phylogeny. However, at least one deviation from phylogenetic signal was observed 

in our COI dataset, where the number of primer-template mismatches was relatively 

high for Econnus clarus, yet the sequence abundance was not underrepresented. Our 

relatively small sample size may explain the lack of significant phylogenetic signal for 

the residuals. Factors other than primer-template mismatches also likely contribute to 

variation in the relationship between sequence abundance and species biomass, such 

as mitochondrial DNA copy number, amplicon GC content, and even the type and 

position of mismatches (e.g., A→C, A→G, A→T) (Stadhouders et al. 2010; 

Wintzingerode et al. 1997). 

Our models considering the effects of mismatch position showed equivalent 

correlation compared to that with the total number of primer-template mismatches, but 

the former represented more realistic scenarios for COI. Modelling only the total 

number of primer-template mismatches is likely to oversimplify the effects on 

amplification efficacy (Piñol et al. 2019). We are aware of only one previous study 

considering both the total number of mismatches and the five 3’-end positions of both 

primers (Piñol et al. 2019), and results of their simulation study showed that both 
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scenarios produced similar quantification information. We considered the effects of 

type and position of mismatches in our study. The number and type of mismatch 

showed strong phylogenetic signal, but the position of mismatch did not. This might 

be explained by the type of mismatch mainly manifesting the evolutionary footprint of 

mutations but not necessarily differing much in terms of primer-template binding 

efficiency. However, the position of mismatches could be a more reliable feature for 

reflecting primer-template binding efficiency than the type of mismatches, where the 

extreme detrimental scenario would be to have mismatches in the 3’ end of primers 

(Stadhouders et al. 2010). While there is no overall improved quantitative information 

with respect to the inclusion of both the type and position of mismatches, we suggest 

examining both of them in studies attempting a quantitative estimation of species 

biomass. Our studied species were only a subset of reliably identified beetle species 

from a MiSeq run and might be subject to the interplay of other species within samples. 

Studying samples of known species (but not mock samples) is a useful approach for 

more comprehensive understanding. 

Lastly, we only used one primer pair for COI and 16S, respectively. While more primers 

should be tested, and across a broader taxonomic range, we anticipate similar 

patterns for COI and 16S, as primers for COI will consistently incur primer-template 

mismatches across more variable codon positions (i.e., third codon), while 16S 

primers are typically designed in conserved ribosomal RNA coding regions (Deagle et 

al. 2014). Multiple mismatches are not uncommon in primers yet COI primers with high 

degeneracy have become popular for arthropod metabarcoding (Elbrecht et al. 2019). 

Likewise, it is particularly valuable to investigate in vivo whether degenerate COI 

primers could also improve biomass quantification given their reliability for species 

identification (Piñol et al. 2019). When appropriate primers are selected, biomass 
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quantification for a subset of, if not all of, the species in a sample could be useful for 

ecological studies if it can be extended to other species based on phylogeny. 
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5.1 Summary 

Landscape conservation planning in managed forests requires information on the 

relative importance of different aspects of mature forests. Regeneration forest sites 

with greater access to source populations for re-establishment of biodiversity are 

expected to have greater similarity in species composition to unharvested mature 

areas, i.e., when sites are in close proximity to mature forest (forest influence), and/or 

have a high percentage of mature forest in the surrounding landscape (landscape 

context). We investigated how recovery of ground-active beetle biodiversity in the mid-

late successional stage (40–58 years) of previously harvested regeneration forests is 

affected by forest influence, landscape context, and other characteristics of the 

surrounding landscape. We used DNA metabarcoding to characterise beetle 

communities in 12 mature forest sites and 64 regeneration forest sites. Generalized 

dissimilarity modelling (GDM), constrained redundancy analysis, and ordinations 

evaluated the contribution of predictors (i.e., bioclimate, landscape configuration, 

regeneration age, spatial position and topography) to beetle composition. Beetle 

composition was significantly different between different forest ages and landscape 

context classes. GDM of all predictors explained 34.1% of total variance in beetle 

community turnover. While the geographic locations of sites accounted for most 

(75.1%) of composite ecological gradients, the beetle community is subtly influenced 

by the effects of landscape context (1.8%), forest influence (1.2%) and other variables 

relating to landscape configuration (collectively 5.2%). Long-term conservation of local 

biodiversity in managed forests requires maintaining a certain amount of mature forest, 

but their importance as beetle source populations declines as the regeneration forests 

mature. 
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5.2 Introduction 

Forests are critically important because they provide ecological, economic, and social 

services, and maintain habitat for a high proportion of terrestrial biodiversity (Bonan 

2016; Davin and de Noblet-Ducoudré 2010). One key issue in managing these forests 

is how to balance economic use (e.g., harvesting) against the ecological benefits of 

forests. Sustainably managing forests to halt biodiversity loss is among the 

Sustainable Development Goals of the United Nations (Goal 15; UN 2015). However, 

global forest area declined by 4% between 1990 and 2020 (FAO 2020). Furthermore, 

demand for wood products continues to increase, which is creating tension between 

needs for timber production and biodiversity conservation (Edwards et al. 2014). 

Sustainable forest management seeks to maintain biodiversity and ecosystem 

services (Bonilla-Bedoya et al. 2017; Mori et al. 2017a) while enabling economic 

exploitation of timber and non-timber forest products. The landscape configuration of 

unmanaged mature forest and previously harvested secondary forest of various ages 

is important to ensure sufficient habitat for species metapopulation dynamics and 

persistence (Fedrowitz et al. 2012). Although there is some knowledge on the key 

drivers of biodiversity recovery for plants over long post-harvest timeframes (Deng et 

al. 2018; Hérault and Piponiot 2018; Hu et al. 2018), relatively little is known about 

other groups such as beetles. 

Although the role of retaining mature forests (forests with little or no human 

disturbance) for life-boating species habitat is well recognised (Gibson et al. 2011), 

they also play an important role in facilitating biodiversity re-establishment in 

previously disturbed areas (Fountain-Jones et al. 2015; Tabor et al. 2007). 

Assessment of biodiversity recovery in forests subjected to past timber harvesting can 
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provide a useful measure of the recovery and resilience of forest biodiversity (Bicknell 

et al. 2014; Work et al. 2010). Recent studies have shown the benefits of retaining 

mature forest in managed landscapes for biodiversity retention and re-establishment 

(Baker et al. 2018; Wardlaw et al. 2018). Beetles are excellent indicators for 

investigating biodiversity responses to forest management due to their high species 

richness (Grove 2002), wide variation in dispersal ability (Gómez-Rodríguez and 

Baselga 2018), rich trophic diversity (Fountain-Jones et al. 2017), and sensitivity to 

forest disturbance (Baker et al. 2009). For example, previous work showed that 

proximity to nearby mature forests had positive edge effects (hereafter referred to as 

‘forest influence’; FI) on recovery of beetle communities in harvested areas, extending 

for distances of ~13, 20 and 176 m into regeneration forests of three age classes (~7, 

27 and 45 years post-harvest), respectively (Fountain-Jones et al. 2015). The amount 

and configuration of mature forests in the surrounding landscape can also 

simultaneously affect local biodiversity (Mori et al. 2017b). A study of landscape-scale 

disturbance showed that recovery of beetle communities in silvicultural regeneration 

(25–50 years old) was positively associated with the total quantity of mature forests in 

the landscape (hereafter referred to as ‘landscape context’; LC) (Wardlaw et al. 2018). 

While both minimum distance to mature forest and the amount of mature forest within 

the landscape can facilitate the re-colonization of harvested areas by mature forest 

species, they may differ in mechanism and efficacy. Furthermore, their positive effects 

may attenuate through time, as mature forest species become established within 

regenerating stands. 

Previous biodiversity research in managed forests typically either only looked at 

specific ecological gradients of mature forest effects, such as forest influence 

(Fountain-Jones et al. 2015), forest connectedness (Mori et al. 2017), or landscape 
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disturbance (Wardlaw et al. 2018), or were limited to the local stand-scale of harvested 

or mature sites (Baker et al. 2015; Baker et al. 2016). Knowledge about the 

contribution of mature forests, from a landscape-scale perspective, is fundamental to 

guiding strategic approaches to landscape planning so that forest management can 

consider the conservation requirements of species from both local and landscape-

scale perspectives (Sánchez-de-Jesús et al. 2016; Honkaniemi et al. 2020). We need 

to examine landscape-scale impacts of land management practices if we are to better 

inform monitoring programs and refine management and reservation practices in an 

adaptive management framework (Lindenmayer et al. 2012). More importantly, the 

effects of mature forests on harvested areas are more likely a combination of 

interacting characteristics, including forest influence, landscape context and other 

characteristics related to landscape configuration (Janssen et al. 2009; Wells et al. 

2011). Forest influence over short distances would facilitate both dispersal of 

individuals from source populations and microclimatic amelioration, while over longer 

distances mature forests may largely facilitate dispersal of mature forest species 

(Baker et al. 2014). 

The importance of mature forest configuration in managed landscapes is related to the 

concept of land-sharing that is applied to land-use reservation in the agricultural 

context (Meli et al. 2019; Phalan et al. 2011). Land-sharing in the context of production 

forests would involve integrating wood production with biodiversity conservation on the 

same land area (Edwards et al. 2014). While mature forest patches can function in a 

local scale, understanding the effects of landscape configuration characteristics of 

mature forests provides broader insights into biodiversity recovery. Biodiversity might 

respond to various aspects of the landscape configuration of mature forests. For 

example, while bat assemblages were positively associated with forest cover in 
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Mexican rainforest, they were negatively affected by edge density, which reflects the 

length of all forest borders within the landscape (Arroyo-Rodríguez et al. 2016). 

Another study showed that increased patch contiguity of retained forests affected the 

richness and abundance of eight studied taxonomic groups (amphibians, birds, 

bryophytes, fungi, invertebrates, lichens, mammals and plants) in young forests (0–12 

years old) (Mori et al. 2017b). However, evaluating how multiple aspects of mature 

forests landscape configuration influence the effectiveness of biodiversity recovery in 

harvested areas is lacking, especially in late-stage regeneration forests. 

This study aims to determine whether forest influence and landscape context affect 

beetle community composition in late successional production forests. We also 

assessed the impacts of environmental and other geographic factors on beetle 

composition changes. We used DNA metabarcoding to identify ground-active beetle 

species and to characterise community composition changes over forest succession. 

For beetles, DNA metabarcoding is faster than conventional morphological 

identification, and has equivalent capacity to detect the effects of disturbance and habit 

differences on arthropods (Barsoum et al. 2019; Wang et al. 2019) including beetle 

communities (Watts et al. 2019; Liu et al. 2020). We hypothesized that both forest 

influence and landscape context are critical factors that drive successional change in 

beetle communities. We also predicted that for sites nearby mature forest, forest 

influence would be the primary driver leading to maturity of beetle assemblages, while 

landscape context would become more important for sites with little forest influence. 
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5.3 Methods 

5.3.1 Study area and field sites 

This study was conducted in the forests of the Florentine Valley in Tasmania (Fig. 5.1), 

which are dominated by wet eucalypt forest, with an overstorey of Eucalyptus regnans 

and occasional E. obliqua and E. delegatensis. The landscape has a history of 

intensive timber harvesting (Elliott et al. 2008). The regeneration forests in this study 

all followed what was until recently the standard harvesting and regeneration 

technique in tall, wet eucalypt forest: clear-cutting, burning and sowing with eucalypt 

seed (Forestry Tasmania 1998) on a rotation of 40-80 years. This practice is still 

applied in some areas, although retention forestry practices in which patches of mature 

forest are retained within the harvested area are now used in high conservation value 

sites (Baker et al. 2017a; Scott et al. 2019). 
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Fig. 5.1 Study area showing regeneration and mature forest sites. The insert shows 

the distribution of regeneration forest sites (black dots) according to the distance to (in 

meters), and proportion of (%, percentage), mature forest within a 1 km radius buffer. 

Note that the sites were stratified into classes (grid squares). 
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Field sites were selected using GIS layers with polygons for forest harvesting history 

and with road and river lines using QGIS v.2.18.17 (QGIS 2016). Stratified random 

sampling was used to select four regeneration forest sites from each of 16 classes, 

representing each 125 m and 10% interval of forest influence and landscape context, 

respectively (64 sites in total; Fig. 5.1). The age range of regeneration forest sites was 

40-58 years old (mean 50 years old). Twelve representative unlogged mature forest 

sites were manually selected to be well-distributed among the regeneration sites as 

controls. 

Re-colonisation of sites by beetles following timber harvesting would have been a 

gradual process, impacted by landscape configuration over the recovery timeframe 

(Fountain-Jones et al. 2015; Wardlaw et al. 2018). For example, if high levels of mature 

forest were present for 50 years and harvested recently, the current mature forest 

configuration would not represent the past capacity of nearby mature forests to have 

acted as source populations (Taylor et al. 2003). To account for the potential impacts 

of harvesting different areas over time, our site selection ensured that we sampled 

landscapes that were relatively consistent over time. Our study landscape in the 

Florentine Valley was selected after preliminary GIS analyses revealed that there was 

little recent disturbance that would confound study findings. GIS datasets from two 

different years (2017 and 1996) were analysed and we selected sites that had 

undergone minimal landscape changes (mature forest reduction in a 1 km radius 

buffer ranging from 0.0-3.8%, mean 0.18%). Detailed methods of selecting field sites 

are provided in Appendix C.1. 
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5.3.2 Beetle sampling 

We collected beetles using pitfall trapping, which is accepted as an effective method 

of surveying the ground-active beetle community for ecological studies (Baker et al. 

2007b; Fountain-Jones et al. 2015; Leonard et al. 2018). Seven pitfall traps were 

randomly deployed approximately 4 m apart from each other in a circular arrangement 

in each of the 76 sites. The traps were standardized as in Liu et al. (2020a). Briefly, 

traps were deployed by sitting 425 mL plastic cups containing 100 mL 100% food-

grade propylene glycol into PVC pipes which were inserted into the soil beforehand. 

To protect each trap from rainfall and disturbance by birds and mammals, a plastic 

plate was suspended above each trap, and a round plastic mesh fence was fixed with 

two steel pins around each trap. For logistical reasons, sites from different stratification 

classes were mixed and allocated into four collecting sessions. The sessions 

comprised 30 days and were conducted between March and May 2018. Overall, the 

timing of collection was not biased to certain stratification classes. After traps were 

collected from the field, all beetles were removed, transferred to 96% ethanol and 

pooled for traps within sites. Since only three traps were lost due to flooding or animal 

disturbance, we decided to use all seven traps at each site by adopting these missing 

traps as background noise. 

5.3.3 Amplicon preparation and high-throughput sequencing 

We used DNA metabarcoding to identify beetles to zero-radius operational taxonomic 

units (ZOTUs; see below). Chapter 3 demonstrated that DNA metabarcoding provides 

comparable resolution to morphological identification for detecting subtle ecological 

gradients. The methods employed followed the approach used in Chapter 3 comparing 

species identification based on DNA metabarcoding and external morphology, using 
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12 regeneration and 12 unlogged mature forest sites. The optimal protocols identified 

in Chapter 3 were applied herein to the remaining 52 regeneration sites. DNA 

extraction was conducted with the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, 

Germany) following manufacturer’s instructions and followed by quantification on a 

Fragment Analyzer Automated CE System using the High Sensitivity NGS Fragment 

Analysis Kit (Advanced Analytical Technologies). 

We amplified a 157 base pair (bp) fragment of the mitochondrial cytochrome c oxidase 

subunit I gene (COI) (Zeale et al. 2011). Although Sanger sequencing of a 650 bp 

fragment of COI gene is conventionally used in DNA barcoding (Hebert et al. 2003), 

shorter fragment lengths are preferred for DNA metabarcoding with Next Generation 

Sequencing (NGS) platforms, and the 157 bp fragment of COI gene is widely adopted 

for invertebrate studies (Clarke et al. 2014; Thomsen and Sigsgaard 2019; van der 

Heyde et al. 2020). Despite the potential reduction in taxonomic resolution inherent in 

using a shorter marker, we previously identified comparable numbers of Tasmanian 

beetle species with both morphological (173 species) and DNA metabarcoding (176 

ZOTUs) approaches in Chapter 3. Amplicon preparation was performed with two 

rounds of PCR. The first round amplified target fragments and added sample-specific 

7 bp multiplex identifiers (MIDs), while the second round added additional 8 bp MIDs 

and Illumina adapters to detect tag jumping and cross-contamination during amplicon 

preparation (Schnell et al. 2015; Zepeda-Mendoza et al. 2016). MIDs and primers 

used in this study are listed in Appendix C (Table C.2). All PCR mixtures contained 1 

X KAPA HiFi HotStart Ready Mix (KAPA Biosystems, Wilmington, MA, USA), with 

each primer at a final concentration of 0.3 μM, and 20 ng DNA extract in a final volume 

of 25 μL. Three replicate PCRs were performed for each sample in the first round to 

maximise species detection. Both rounds of PCR started with initial denaturation at 
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95°C for 3 min, followed by 35 cycles of 98°C for 20 s, 60°C for 30 s and 72°C for 30 

s, and a final extension at 72°C for 5 min, except the second PCR used an annealing 

temperature 56°C and only eight cycles. PCR products of both rounds were cleaned 

using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA) and fragment 

size distribution was assessed again on the Fragment Analyzer. Replicate PCR 

products from the first round were pooled and 1 μL undiluted PCR product was used 

in the second round PCR. Negative controls were included during both PCR rounds 

and subsequent sequencing. All 52 PCR products were quantified as above, then 

normalized, pooled in equimolar concentrations, and sequenced on a MiSeq (Illumina, 

San Diego, CA, USA) with 20% PhiX spike-in using MiSeq Reagent Micro Kit v2 (2 X 

150 bp) at the Ramaciotti Centre for Genomics (UNSW Sydney, Australia). 

5.3.4 Bioinformatic analysis 

Raw high-throughput sequencing (HTS) reads were assigned to respective samples 

based on 8 bp MIDs on the Miseq. Paired-end reads were merged with USEARCH (-

fastq_mergepairs) (Edgar 2013), followed by removal of additional 7 bp sample-

specific MIDs and primers with CUTADAPT v1.18 (Martin 2011). Reads that had any 

mismatches in sample-specific MIDs and primers were discarded, and only merged 

sequences that had exactly 157 bp were retained as no insertions or deletions were 

expected in COI. Retained sequences were then quality-filtered (-fastq_maxee 1.0) 

and dereplicated (-minuniquesize 2) in USEARCH. We used the UNOISE algorithm to 

determine ZOTUs, as ZOTUs consider and retain single nucleotide variation in 

amplicon sequences (Edgar 2016). Potential chimeric sequences were also removed 

during this step. Finally, we used the -otutab command in USEARCH to produce a 



Chapter 5 – Landscape drivers of beetle composition 

99 

ZOTU-by-sample table by mapping filtered sequences to ZOTUs with 100% sequence 

identity (-id 1.0). 

Curation of ZOTUs can be improved with the LULU algorithm based on ZOTU 

sequence similarity and co-occurrence across samples (Froslev et al. 2017). 

Therefore, we used the R package LULU to further curate ZOTUs with a threshold of 

90% sequence similarities (minimum_match = 90) (Liu et al. 2020a). ZOTUs were then 

examined with the invertebrate mitochondrial codon table and those containing in-

frame stop codons were discarded. Further, a common filtering step was used to 

remove ZOTUs that had few total reads across all samples (cut-off = 75; Appendix C, 

Fig. C.3) and were likely to be artefactual (Wang et al. 2019). Taxonomic assignment 

of ZOTUs was performed with BLASTN using an e-value cut-off of 1e-4 against 

Coleoptera COI reference sequences (Altschul et al. 1990). Each ZOTU was then 

classified using the Lowest Common Ancestor (LCA) algorithm in MEGAN v6.14.2 

based on 50 top BLASTN hits (Min. support = 1, Min. score = 200, Top percent = 5) 

(Huson et al. 2016). ZOTUs not assigned to beetle taxa were removed. 

5.3.5 Explanatory variables for study sites 

We assembled explanatory variables for study sites across five main categories: 

bioclimate, landscape configuration, regeneration age, spatial position and topography 

(Table S2). For each site, 19 bioclimatic variables were obtained from the WorldClim2 

database with a 30-second resolution, approximately 700 m east-west and 1 km north-

south (Fick and Hijmans 2017). These bioclimatic variables generally reflect annual 

trend, seasonality, and mean diurnal variation. 
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To quantify the landscape configuration indices of mature forests surrounding studied 

sites (1 km radius buffer), a distribution map representing the mature forests 

occurrence for the year 2017 was converted to 10 m pixel raster format using QGIS. 

Forest influence was calculated as the distance from a sampling location to the nearest 

mature forest, and landscape context as the percentage of mature forests within a 1 

km radius buffer. Other indices of patch and shape type were calculated with the 

‘ClassStat’ function in the R package SDMTools (VanDerWal et al. 2019). We chose 

configuration indices of patch and shape type (class-level) because we were primarily 

interested in the effects of landscape heterogeneity of unharvested mature forests on 

beetle biodiversity recovery. The fractal dimension indicates the shape complexity of 

forest coverage; large and small indexes indicate high and low patch shape complexity, 

respectively (Mori et al. 2017b). The perimeter-to-area ratio represents the degree of 

complexity of planar shapes. 

Spatial position variation was quantified using the Principal Coordinates of Neighbour 

Matrices (PCNM) based on site coordinates (using centred GDA96 eastings and 

northings) with the ‘pcnm’ function in the R package vegan (Borcard and Legendre 

2002; Oksanen et al. 2015). Forty-two PCNMs (PCNM1-PCNM42) were used for 

modelling of beetle composition to assess potential spatial structuring. Lower order 

PCNM vectors represent variation at coarse spatial scales while higher order PCNM 

vectors represent variation at fine spatial scales (Borcard et al. 2004). 

Four topographic variables were derived from the GEODATA 9 Second Digital 

Elevation Model of Australia (Geoscience Australia, http://www.ga.gov.au/): elevation, 

easting, northing, slope and topographic position index (TPI). The raster and extract 
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functions in the R package raster were used to quantify these variables (Hijmans 2020). 

A full list of explanatory variables can be found in Appendix C (Table C.4). 

5.3.6 Statistical analysis 

Since we used DNA metabarcoding to process beetle samples, we did not count 

specimens at all sites. Although estimating species abundance with DNA 

metabarcoding is still challenging, the community composition recovered with 

presence/absence data using DNA metabarcoding is robustly comparable to that 

obtained with morphological identification. In Chapter 3, ordinations and the 6% 

variance attributed to forest history were comparable for presence/absence and 

abundance datasets based on the morphology data. Chapter 3 also showed that 

presence/absence metabarcoding data adequately captured subtle ecological 

differences in beetle composition. In addition, we used ‘iNEXT’ and ‘ggiNEXT’ 

functions in the R package iNEXT (Chao et al. 2014; Hsieh et al. 2016) to interpolate 

and extrapolate species diversity for 24 samples based on abundance data from 

morphological identification (12 mature and 12 regeneration sites; Chapter 3). The 

results showed our collection had adequate sample coverage and sampling effort to 

represent local beetle biodiversity (Fig. C.5). 

To visualise beetle community composition in relation to forest age, forest influence 

and landscape context, we produced a non-metric multidimensional scaling (NMDS) 

ordination using the ‘metaMDS’ function in vegan, based on binary Jaccard 

dissimilarity. Four regeneration forest classes were used to define the site groups that 

have different levels (i.e., high or low) of forest influence and landscape context. 

Distance-based redundancy analyses (dbRDA) were used to test and visualize the 

differences between regeneration forest classes and unlogged mature forest. These 



Chapter 5 – Landscape drivers of beetle composition 

102 

were performed with the ‘capscale’ function in vegan by constraining forest age and 

forest classes, respectively. The significance of constraining variables was tested 

using the ‘anova’ function with 9,999 permutations. 

In addition to dbRDA, generalized dissimilarity modelling (GDM) was used to 

investigate the relative importance of the full suite of 76 bioclimatic, landscape 

configuration, spatial position topographic variables and regeneration age. GDM can 

accommodate non-linear (but monotonic) statistical relationships in community 

turnover along environmental/spatial gradients (Ferrier et al. 2007). GDM analyses 

were performed with the R package GDM (Fitzpatrick et al. 2020). All the analyses 

were performed in R v3.6.3 (R Core Team 2020). 

5.4 Results 

A total of 12.2 million paired-end reads were obtained for the 76 amplicon libraries. A 

total of 225 ZOTUs were retained across 25 beetle families. Due to limitations of local 

DNA barcode references, 58 ZOTUs were assigned with species names, while others 

were only assigned to higher taxonomic levels such as family or genus. The 

occurrence of each ZOTU ranged from 1 to 46 across all the 76 studied sites. There 

were 14.3 ± 4.7 species per site (range: 7 to 23) in mature forests, and in regeneration 

forests there were 13.5 ± 5.7 species per site (range: 3 to 28). A detailed description 

of ZOTU numbers per site is provided in Fig. C.6, Table C.7 and C.8 (Appendix C). 

The DNA sequences for 225 ZOTUs are provided in Appendix C.9. 
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5.4.1 Differences in community composition between mature and 

regeneration forests 

Unconstrained NMDS ordination indicated substantial overlap in beetle community 

composition between the mature and regeneration forests (Fig. C.9, Appendix C). 

Regeneration forest sites were classified into four classes to represent their different 

levels (i.e., high or low) of forest influence and landscape context. Significant 

differences between mature and regeneration forests were evident when analysis was 

constrained by forest age (F1,74 = 1.54, P < 0.01; Fig. C.10, Appendix C). The beetle 

community composition in the oldest regeneration forests (51-58 years old) were most 

similar to those in mature forests compared to younger regeneration ages (40-50 years 

old) (Fig. C.11, Appendix C). Significant separation of mature forests and four classes 

of regeneration forests relating to forest influence and landscape context was 

observed when analysis was constrained by forest class (F4,71 = 1.17, P < 0.05, Table 

5.1; Fig. 5.2). The ordination remained robust when excluding all ZOTUs occurring 

only at single sites (Fig. C.12, Appendix C). Importantly, the classes of regeneration 

forests having higher landscape context (LC: 20-40%) exhibited more overlap with the 

mature forest sites than those with less landscape context (0-20%). There was no 

evidence from the ordination for sites with greater forest influence (FI: 0-250 m) being 

closer in composition to mature forests than sites with low forest influence (FI: 250-

500 m) regardless of the landscape context. These patterns were also observed when 

forest influence was divided into smaller 125 m distance classes (Fig. C.13, Appendix 

C). Thus, these results are contrary to our hypothesis of an interaction between forest 

influence and landscape context. 
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Fig. 5.2 Distance-based redundancy analysis with binary Jaccard dissimilarity 

constrained by forest class, showing beetle composition differences in mature forests 

and four classes of regeneration forests. Coloured centroid ellipses (95% confidence 

interval) represent the groupings of different forest classes using the ordiellipse 

function (Oksanen et al. 2015). LC: 20-40% represents high landscape context, and 

FI: 0-250 m represents high forest influence in regeneration forests. 

5.4.2 Generalized dissimilarity modelling 

The GDM explained 34.1% of overall beetle community compositional dissimilarity. 

The five variable categories (i.e., spatial position, topographic, landscape 

configuration, bioclimatic and regeneration age) accounted for 75.1, 8.4, 8.2, 7.5% 
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and 0.8% of compositional dissimilarity, respectively. The ten most important 

predictors of overall beetle community composition included a mix of spatial position, 

topographic and climatic variables (Fig. 5.3). The PCNM vectors with the strongest 

relationships with beetle community composition (PCNM37 and PCNM42) 

represented variation at relatively fine spatial scales (Fig. 5.4C and 5.4D). Topographic 

position index (4.4%), precipitation of the driest month (4.2%) and elevation (3.3%) 

were also amongst the ten most important predictors. The shapes of all the fitted 

functions (fitted I-splines) for predictors associated with beetle beta diversity were 

consistently non-linear (e.g., Fig. 5.4A-B and 5.4E-J), suggesting the complex nature 

of the rate of beetle compositional turnover along their gradients. Some predictors 

reached a plateau when a certain threshold was surpassed, while other predictors 

showed non-asymptotic behaviours. The relative importance of forest influence (1.2%) 

and landscape context (1.8%) indicated these variables had relatively low overall 

explanatory power as drivers of beetle assemblage composition. Nevertheless, they 

were the top-rated landscape configuration indices examined; the other seven indices 

collectively explained 5.2% of the relative importance in beetle community 

compositional dissimilarity (Fig. 5.3). The I-spline for forest influence reached a 

plateau indicating no further compositional change in beetles beyond the distance of 

~200 m (Fig. 5.4J). The compositional dissimilarity increased relative quickly for values 

of landscape context above ~25% (Fig. 5.4I). 
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Fig. 5.3 Relative importance of explanatory variables for beetle community 

composition in regeneration forests based on generalized dissimilarity modelling. The 

overall explained variance (R2) is 34.1%. Colour-coding indicates the category of 

variable: spatial variables are in grey, including PCNMs (Principal Coordinates of 

Neighbour Matrices); topographic variables are in purple; bioclimatic variables are in 

yellow; landscape configuration indices are in blue; regeneration age is in green. 
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Fig. 5.4 I-spline plots of top two variables for four categories explaining turnover in 

beetle community composition across the landscape; i.e., spatial (A, B), topographic 

(E, F), bioclimatic (G, H) and landscape configuration (I, J). The maximum height of 

each spline indicates the magnitude of beetle compositional dissimilarity along that 

gradient, while the spline’s shape indicates how the rate varies with position along that 

gradient. Spatial pattern plots of beetle composition variation in PCNM37 (C) and 

PCNM42 (D) are displayed according to site locations. Cell size and colour are scaled 

relative to scores. 

5.5 Discussion 

Our results showed beetle communities in ~50 year-old regeneration forests were still 

different from unharvested mature forests in the landscape. The spatial, topographic 

and microclimatic factors were more important than the amount and configuration of 
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mature forest in the surrounding landscape for impacting beetle composition in 

regeneration forests of this age class. 

5.5.1 Forest age 

Our study showed that beetle community composition in regeneration forests 40-58 

years following clearcutting were still significantly different from those in unharvested 

mature forests. However, there was a high degree of overlap of mature and 

regeneration sites in unconstrained NMDS ordination, suggesting beetle communities 

are close to recovering from harvesting by ~50 years, in addition to a trend of greater 

similarity of these sites to mature forests with increasing time since harvest. Our study 

sites represented the oldest available locations that were subjected to clearcutting in 

Tasmania, providing unique insights into the long-term recovery required for species 

assemblages following clearcutting (see also Fountain-Jones et al. 2015). Further 

research will be required to determine the time interval required for assemblages to 

fully recover to mature forest composition. There are few examples of comparable 

research, but Bitencourt and da Silva (2016) found that dung beetle diversity in 

Brazilian evergreen forests 60 years since disturbance had not recovered to that in 

reference sites, suggesting long recovery timeframes may be expected elsewhere. 

5.5.2 Forest influence and landscape context 

A central aim of this study was to test the importance of forest influence and landscape 

context for recovery of beetle communities post-harvest. While positive effects of 

forest influence and landscape context on community recovery have been 

demonstrated individually for mid-successional forests (Fountain-Jones et al. 2015; 

Wardlaw et al. 2018), our study tested the relative importance and possible 
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interactions among these factors for older forests. Although both forest influence and 

landscape context contributed slightly to the recovery of beetle communities in our 

study, the GDM results suggest that these variables explain a very low proportion of 

the overall dissimilarity of beetle communities across the study sites. The GDM I-spline 

for forest influence reached a plateau at ~200 m, suggesting strongest effects of forest 

influence over shorter distances. This is consistent with estimates of forest influence 

for a range of biota including beetles being mostly limited to less than 200 m (see Fig. 

3 in Baker et al. 2013; Baker et al. 2016b; Fountain-Jones et al. 2015). The GDM I-

spline for landscape context showed an increase above ~25%, indicating that high 

proportions of unharvested mature forest in the landscape still have a slight impact on 

the recovery of beetle communities in late successional regeneration forests. Our 

hypothesis of an interaction between forest influence and landscape context was not 

supported, since there was no evidence for forest influence having relatively greater 

impact on beetle communities in landscapes with little landscape context, nor evidence 

that landscape context was relatively less important for sites with high forest influence 

from close proximity to nearby unharvested mature forest. 

Although the effect magnitudes of forest influence were less than those of landscape 

context in our study of late successional regeneration forests, forest influence may be 

more important in younger regeneration forests (Caruso et al. 2011). Forest influence 

is expected to drive the re-establishment of beetle communities in the early stages of 

regeneration as the difference between young harvested and unharvested forests are 

strong (Baker 2006). This is also shown by research demonstrating that the benefit of 

microclimate amelioration from nearby mature forests peaked in ~27 year-old forest 

but decreased in somewhat older regeneration forests (~45 year-old) (Baker et al. 

2014). Therefore, forest influence may be relatively more important for gradual initial 
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recolonization of sites by mature forest affiliated beetles (especially flightless beetles), 

when species are largely killed during clearcutting (Fountain-Jones et al. 2017; 

González-Chaves et al. 2020). For this reason, modern retention forestry approaches 

that retain unharvested habitat within sites are particularly beneficial for facilitating 

forest influence compared to clearcutting (Baker et al. 2016a; Whyte and Halpern 

2019), although retention of larger intact patches outside harvest units would minimize 

the deleterious impacts of edge effects (Baker et al. 2007b; Spence et al. 1996). 

5.5.3 Explanatory power of spatial, topographic, climatic and mature 

forest configuration variables 

Although we focussed on forest influence and landscape context, beetle community 

composition in late successional regeneration forests was mainly shaped by spatial 

position of study sites relative to one another. In particular, the relatively fine-scale 

PCNM variables relating to spatial location of study sites had the greatest relative 

importance for the composition of beetle communities. This is consistent with 

observations that local-scale processes can be critical for assemblage maintenance 

in areas of suitable microhabitats (Basile et al. 2020; Garda et al. 2013; Paillet et al. 

2018), although contrasts with findings that precipitation and coarse-scale PCNMs 

were more important than local-scale variables in explaining vegetation dynamics in 

older regeneration forests (Baker et al. 2019). Our results are likely related to beetle 

dispersal capacity since a high proportion of ground-active beetles are flightless 

(Grove et al. 2017), and interactions with niche breadth and spatial scale regulate 

beetle species composition (Weiss et al. 2016; Zhang et al. 2018b). Aspects of niche 

related to availability of coarse woody debris, vegetation and abiotic conditions could 

be important for these fine-scale spatial patterns (Giardina 2019; Gibb et al. 2006b; 
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Ziegler et al. 2017). A limitation of our DNA metabarcoding approach was not being 

able to assign species names to all ZOTUs due to limited reference sequences, which 

in turn prevent analysis of functional traits and feeding guilds of beetle species. 

However, a similar study conducted in Tasmanian wet eucalypt forest found that the 

recovery of beetle communities was faster in early- and mid-successional stage (~7 

and ~27 year old) for winged species, but the trend was not observed in late-

successional forests (~45 year old), i.e., fewer species with wings and smaller leg 

length were found in older than in younger forests (Fountain-Jones et al. 2017). Future 

research supported by a more comprehensive reference barcode database would 

allow for more species assignments and a better exploration of beetle functional traits 

and causal mechanisms behind the recovery patterns. 

Some environmental attributes (e.g., soil moisture, leaf litter cover and the C:N ratio) 

that were related to small scale heterogeneity have been identified as important 

potential drivers for beetle successions (Antvogel and Bonn 2001; Fountain-Jones et 

al. 2015), but were not quantified in this study. Previous studies of ground-active 

beetles in managed landscapes in Tasmania and elsewhere have found that there is 

high site-to-site turnover in assemblage composition, and that site effects are usually 

stronger than other ecological gradients like edge and riparian effects (Baker et al. 

2007a; Baker et al. 2007b; Bitencourt and da Silva 2016; da Silva et al. 2018). In light 

of the importance of fine-scale spatial position on beetle community composition, 

maintaining the spatial structural heterogeneity of regeneration forests with a range of 

age classes and reserved mature forests in a landscape is valuable for conserving 

beetle biodiversity in managed forests (Baker et al. 2016a; Hill et al. 2017; Tinya et al. 

2019). 
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Consistent with the idea of niche characteristics contributing to spatial patterns of 

beetle communities, topographic position index (TPI), the precipitation of driest month 

and elevation had high relative importance. These are important factors for regulating 

biodiversity at local scales (Baker et al. 2019; Moeslund et al. 2013). Precipitation of 

driest month was identified as an important climatic factor that drives beetle community 

composition. Relatively strong compositional dissimilarity was observed across the 

lower precipitation range (45-52 mm), consistent with documented climate sensitivity 

of flightless ground-dwelling beetle species (Liberal et al. 2011; Staunton et al. 2014). 

Similarly, in our study, the I-spline for elevation indicated changing beetle 

assemblages across the entire elevation gradient from 400 to 800 m, suggesting 

elevation changes have a strong effect on the compositional dissimilarity of beetle 

communities. Elevation is considered a surrogate of environmental variation, that also 

determines patterns of plant diversity, which can additionally influence beetle 

community composition (Černý et al. 2013; Lee and Chun 2016). Overall, the 

compositional dissimilarity of the beetle community was well explained by spatial 

position, topographic and climatic variables in our study, suggesting the conservation 

of beetle biodiversity requires consideration of local-scale habitat heterogeneity when 

designing reserve networks in production forest landscapes. 

5.6 Conclusions and recommendations to forest managers 

Unharvested mature forest in landscapes subjected to timber harvesting not only 

provide functional canopy cover, but also sustain important structural elements and 

habitat conditions that enable populations of mature forest species to persist in 

landscapes (Baker et al. 2017a; Gradowski et al. 2008; Hämäläinen et al. 2016). 

Mature forests in landscapes are important for providing source populations for 
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gradual recolonisation and succession over the timeframe following clearcutting 

(Fountain-Jones et al. 2015; Wardlaw et al. 2018), and our study demonstrates that 

the impacts of mature forest configuration are still evident 40-58 years after harvest. 

Meanwhile, our results reveal the importance of regeneration forests that encompass 

the range of successional ages, elevation, topography and other important fine-scale 

factors as habitat to support speciose beetle assemblages (da Silva et al. 2018; Work 

et al. 2010). Given their high compositional similarity to mature forests, late-

successional regeneration sites should also play a role as source populations for 

newly disturbed areas in their own right, highlighting the importance of having a mix of 

age classes (Fountain-Jones et al. 2017; Olden et al. 2014). 

The regeneration forest sites in our study were primary forest that had been clearcut 

for the first time approximately 50 years ago. In some cases, this age-class of forest 

is currently being harvested for a second time. It is possible that recovery trajectories 

in second rotation sites may differ from those in the first rotation, with fewer within-site 

biological legacies such as old-growth trees and large coarse woody debris (Edwards 

et al. 2014b; Wardlaw et al. 2009; Woodcock et al. 2011; Yee et al. 2006). Future 

research should investigate whether recovery towards mature forest assemblage 

structure would be prolonged in forests following multiple harvest rotations (Edwards 

et al. 2011; Michalski and Peres 2013). Research would also need to investigate other 

taxonomic groups. For example, rates of recovery of forest vegetation and bird 

assemblages may be slower than for the ground-active beetles in our study (Balmer 

2016; Hingston et al. 2014; Olden et al. 2014). 
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Chapter 6 

General discussion and synthesis 

6.1 General discussion 

The overall aims of this thesis were two-fold. First, I assessed the ability of DNA 

metabarcoding for identifying the presence, abundance and composition of diverse 

beetle species compared to morphological identification, and whether metabarcoding 

is suitable for detecting changes in beetle community composition caused by subtle 

ecological gradients. Second, I used DNA metabarcoding to assess beetle biodiversity 

and then used that information to study the landscape drivers of beetle composition in 

late-successional regeneration forests (~50 year-old), including how the configuration 

of proximate unharvested mature forest influences biodiversity recovery. 

From an applied perspective, this thesis demonstrated a new tool to survey and 

monitor beetle biodiversity and informs forest managers regarding the role of mature 

forests at the landscape-scale for facilitating biodiversity conservation and landscape 

planning. This discussion chapter will synthesize the applications of DNA 

metabarcoding, invertebrate biodiversity monitoring, and implications for forest 

managers. Finally, I will suggest some directions for future research. 

6.1.1 Importance of reference database for DNA metabarcoding 

DNA metabarcoding is able to identify invertebrate species, but its indirect manner of 

using operational taxonomic units (OTUs) or analogues (e.g., zero-radius OTUs; 

ZOTUs) requires DNA barcode reference databases (i.e. barcodes of conventionally 
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identified specimens of taxa present, or expected to be present, in the study) for 

taxonomic assignment. Without such references, OTUs can only be attributed to 

higher taxonomic levels (e.g., genus or family). While 176 COI and 156 16S ZOTUs 

were obtained with DNA metabarcoding in my study (Chapter 3), only 12.5% of the 

COI and 18% of the 16S ZOTUs were identified to species with DNA barcode 

references, suggesting a large gap in the reference database for the Tasmanian beetle 

fauna. This phenomenon is a common issue due to the extraordinary diversity of 

species such as beetles, combined with limited budget allocations for taxonomy and 

construction of reference DNA barcodes (Dopheide et al. 2019a; Porter and 

Hajibabaei 2018; Weigand et al. 2019), although mine was only the second study 

using DNA for the Tasmanian ground-active beetle fauna (see Fountain-Jones et al. 

2017), so future studies can gradually build upon this basis. 

For studies where the invertebrate fauna is far from well-documented, I recommend 

building a local reference collection of DNA barcodes for taxa of interest. In my study, 

I constructed a local reference collection of DNA barcodes with fresh specimens and 

museum specimens to complement the online databases BOLD and GenBank (see 

Appendix A.2). It is also noted that for studies that require a complete list of taxonomic 

information for species, more comprehensive reference databases will be needed. 

With the development of high-throughput sequencing technologies and more 

affordable cost, building reference DNA barcodes is becoming more rapid and cost-

effective. Recent attempts have achieved massive generation of single specimen 

barcodes with MinION sequencing (Srivathsan et al. 2019) and the single molecule 

real-time sequencing SEQUEL platform (Hebert et al. 2018). 
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Given the well-known distribution of abundance among species, with high numbers of 

relatively rare species in samples (Matthews and Whittaker 2015), it is unrealistic to 

expect that barcoded reference collections will be complete for all species 

encountered in most cases. For management decisions where taxonomic information 

is critical, such as pest or invasive species surveillance programmes (Piper et al. 2019), 

only the availability and reliability of species information will guarantee correct species 

detection and subsequent management. Fortunately, new initiatives (e.g., BIOSCAN; 

Hobern and Hebert 2019) are leading to rapid improvements in DNA-based 

biodiversity discovery and identification of species. 

6.1.2 DNA metabarcoding captures robust community composition 

DNA metabarcoding provides insights in invertebrate biodiversity monitoring via the 

identification of OTUs/ZOTUs that are approximately equivalent to species even when 

only an incomplete reference database is available (Ji et al. 2013; Yu et al. 2012). 

While previous DNA metabarcoding studies have detected compositional changes in 

invertebrate communities driven by strong ecological gradients (Barsoum et al. 2019; 

Watts et al. 2019), my investigation in Chapter 3 demonstrated that the ability of DNA 

metabarcoding to capture subtle beetle community composition differences (in this 

case between late-successional regeneration forests and neighbouring unlogged 

mature forests) was nearly as strong as that of conventional morphological 

identification. My study also noted that COI was more suitable than 16S for studying 

beetle community compositions, but both exhibited slight signal loss compared to 

morphological identification. Therefore, I suggest future studies using recently 

developed degenerate COI primers that minimize PCR amplification bias (Elbrecht et 



Chapter 6 – General discussion and synthesis 

118 

al. 2019) and constructing local DNA barcode references to complement online 

databases (Chapter 3). 

6.1.3 Marker selection: COI or 16S? 

One novelty of my study is that while confirming that COI is a suitable marker for 

studying invertebrate biodiversity with DNA metabarcoding, I demonstrated the 

capability of COI to capture beetle composition changes caused by subtle ecological 

gradients. In accordance with other studies, the COI marker showed better 

performance in identifying beetle species and recovering beetle composition than 16S 

(Elbrecht et al. 2016; Tournayre et al. 2020). This is mainly due to the greater 

availability of DNA barcode references and the benefits of protein-coding genes in 

bioinformatic processing (e.g., no length variation, removal of sequences that have 

indels) (Andujar et al. 2018). Additionally, there were slightly more ZOTUs assigned 

to species with 16S than with COI in my study and they were mostly dictated by local 

DNA barcode references. As mentioned above, the reference database of DNA 

barcodes is essential for species-level identification, but few species were databased 

for Tasmanian beetle fauna. The scenario might not be the same for other geographic 

regions, but it is important to check the availability of DNA barcode references for local 

invertebrate fauna and/or build a reference database alongside future metabarcoding 

studies. It would be recommended that COI should be used for species identification 

if studied taxa are mostly represented by available DNA barcode references. One 

potential problem with use of COI is that general primers may fail to detect species of 

some clades (i.e., have high rates of false negatives) (Elbrecht et al. 2016). However, 

this problem may be overcome by the use of degenerate COI primers, which can 
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achieve the broad taxonomic coverage that can be obtained from the more highly 

conserved 16S primers (Elbrecht et al. 2016). 

6.1.4 Estimating species biomass 

DNA sequence abundance showed some promise for the quantification of biomass 

during DNA metabarcoding (Chapter 4). While previous studies, mostly with mock 

communities, were able to establish positive correlation between species biomass and 

the number of sequencing reads (Bista et al. 2018; Schenk et al. 2019), my study 

tested quantitative DNA metabarcoding with real-world samples comprising highly 

diverse beetle species. Usually, samples that are used for ecological studies consist 

of a range of taxonomic groups, either with multiple arthropod orders or single large 

order, and thus often represent phylogenetic diversity to some extent. The selection 

of DNA marker appears to have implications for quantitative DNA metabarcoding 

(Piñol et al. 2019). In concordance with some studies (Elbrecht et al. 2016), DNA 

metabarcoding of 16S provided more reliable estimation of species biomass than COI 

(Chapter 4). 

At first appearance these results suggest that 16S would be more appropriate than 

COI for estimating species biomass when a local reference database is available. 

However, my study further showed that while the overall higher number of primer-

template mismatches in COI strongly affected species biomass estimate, there was 

also a phylogenetic bias in the relationship between sequence abundance and species 

biomass. Therefore, it is possible for future research to develop correction factors to 

account for such phylogenetic bias. Given the greater power for COI to detect subtle 

ecological gradients shown in Chapter 3, successful adjustment for COI could allow 

better overall results in ecological studies using quantitative metabarcoding than 16S. 
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This highlights that estimating species biomass with DNA metabarcoding is still 

immature and thus needs further optimisation and refinement. 

There has been some development of HTS-based alternatives (i.e., PCR-free 

metagenomics) to DNA metabarcoding for estimating species biomass, such as 

shotgun metagenomics (Garrido-Sanz et al. 2020), mitogenome skimming (Bista et al. 

2018), and mitogenome enrichment (Liu et al. 2015; Zhou et al. 2013). The main 

difference of these approaches to DNA metabarcoding is that they don’t involve PCR 

amplification and thus are free of primer-template mismatches. Moreover, these 

approaches often have showed better performance in estimating species biomass with 

the abundance of HTS reads. For example, 11 of 13 tested invertebrate species had 

significant relationship between biomass and shotgun HTS reads while only 4-8 

species showed such relationship with DNA metabarcoding (i.e., amplicon sequencing) 

(Bista et al. 2018). Another study using shotgun metagenomics showed high fidelity in 

estimating relative species abundance and the correlation between species biomass 

and HTS reads could reach 0.97 (Garrido-Sanz et al. 2020). Nevertheless, PCR-free 

metagenomics approaches are not free of limitations. Currently, there have been few 

attempts of using shotgun metagenomics for estimating species biomass and this 

approach requires reference genomes of studied or closely-related species. While 

there are ca. 14 times more mitogenomes than whole genomes in the NCBI database, 

the variation in mitochondrial copy number is a factor for accurately quantifying 

species with mitogenome skimming or mitogenome enrichment, and mitogenome 

skimming only utilise a small proportion of shotgun reads. On the one hand, 

metagenomics performs better than DNA metabarcoding, but the latter could be 

improved by using correction factors for more reliable estimation of species biomass 

(Krehenwinkel et al. 2017). On the other hand, future research should address issues 
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pertinent to respective approaches, such as availability of reference genomes for 

metagenomics, low sequencing coverage for mitogenome skimming without 

enrichment, and existing factors affecting quantitative DNA metabarcoding. 

6.1.5 Workflow considerations for DNA metabarcoding 

In my study, the recovered number of beetle ZOTUs (i.e., alpha diversity) was 

sensitive to bioinformatic strategies, as also found by studies on plants, fungi, and 

other metazoans (Brandt et al. 2020; Calderón-Sanou et al. 2020; Mächler et al. 2020). 

Curating DNA sequences into ZOTUs tends to inflate the overall number of species, 

although it is advantageous for distinguishing single nucleotide variation in amplicons. 

This is related to the complexity of curating DNA sequences while distinguishing 

artefactual identifications from true ones (Zinger et al. 2019). In order to best compare 

ZOTUs identified by DNA metabarcoding to a species list obtained with morphological 

identification I pooled three replicates of each sample to maximise the number of 

species detected. The recovery discrepancies of species richness between DNA 

metabarcoding and morphological identification not only implied the aforementioned 

issue of incomplete reference databases, but also suggested the potential of DNA 

metabarcoding for detecting cryptic species that might challenge morphological 

identification (Elbrecht and Leese 2015), or in some cases may have related to 

scenarios where trace DNA was present in guts of predators via other means. The 

ideal practice for bioinformatic analysis would be to carefully use stringent approaches 

pertinent to the data, such as use of rarefication and LULU curation algorithm. In 

addition, more conservative strategies than I used may improve the reliability for 

estimating species richness (Calderón-Sanou et al. 2020). For example, performing a 

minimum number of PCR replicates (e.g., three) and keeping only OTUs/ZOTUs that 
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are present in the majority of replicates (e.g., 2/3) is recommended (Alberdi et al. 

2018b; Piper et al. 2019; Zepeda-Mendoza et al.2016). 

One key consideration for the DNA metabarcoding workflow is the trade-off between 

the labour involved in handling specimens and the financial costs of DNA analysis. 

Prior to DNA metabarcoding, I picked out beetles from the pitfall trap samples. Sample 

preparation also involved including only one leg for larger beetle species to minimize 

effects of specimen size differences on DNA-based detections. While such size sorting 

is useful for recovering more species so that DNA from large beetles does not 

overwhelm the samples, it is very time consuming. Increasing sequencing depth is an 

alternative approach for better taxon recovery (Elbrecht et al. 2020; Elbrecht et al. 

2017b). Thus, DNA metabarcoding would ideally be used with the least labour involved 

for delivering biodiversity monitoring objectives within the constraints imposed by 

sequencing costs. However, high-throughput sequencing is becoming less expensive, 

creating greater opportunities for directly processing samples with increased 

sequencing depth rather than specimen sorting or subsampling (Pereira-da-

Conceicoa et al. 2020). This principle of benefits from increasing sequencing effort 

also has more general significance. While my study only looked a single order of 

arthropods, the Coleoptera, DNA metabarcoding similar to that used in this thesis can 

also be extended to broader taxa, such as all arthropods. 

While DNA metabarcoding has shown great promise for invertebrate biodiversity 

monitoring. Challenges currently remain, although active research in this field may 

lead to rapid advances in the future. I outline the pros and cons in Table 6.1 and the 

aspects discussed above should be carefully considered for future studies. 
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Table 6.1 Pros and cons of using DNA metabarcoding for invertebrate biodiversity 

monitoring against traditional morphological identification methods. 

Application scenarios Pros Cons 

To identify species Little taxonomic 

expertise involved 

Benefits from comprehensive 

DNA barcode reference 

databases; Possible false 

positives and false negatives 

To assess community 

composition 

More-or-less equivalent 

to morphological 

identification but cheaper 

May be susceptible to cross-

contamination; Currently best 

suited to presence/absence 

identification or relative read 

abundance estimation 

To estimate species 

biomass or abundance 

Requires little taxonomic 

expertise and is cheaper 

Subject to biases occurred during 

Multiple steps; Currently not very 

accurate but with considerable 

scope for improvement 

To study multiple higher 

taxa 

Affordable to scale up 

and to multiple 

invertebrate taxa 

Increased cost with respect to 

high-throughput sequencing 

To be used by new users Readily available 

learning resources 

Requires molecular genetics skills 

and bioinformatic skills 

6.1.6 Implications for forest management 

My study showed that even forests ~50 years after harvesting still had significantly 

different community composition from that in mature forests. Most previous studies of 
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such systems have examined biodiversity in younger forests (0-35 years; Gatica-

Saavedra et al. 2017) and showed they generally had not recovered to comparable 

conditions of that in undisturbed areas. Some of the small number of studies that 

investigated older regeneration forests (~60 year-old; Bitencourt and da Silva 2016; 

~40 year-old; Fountain-Jone et al. 2015; Lennox et al. 2018; ~45 year-old; Yu et al. 

2006) also observed significant different community composition but one study 

showed the species composition of litter inhabiting beetles in secondary forests 

recovered to conditions that were similar to old-growth forests (30-50 year-old; Hopp 

et al. 2010). 

It is likely that the recovery of forest beetle biodiversity following clearcutting requires 

an extended period (>100 years) to reach states equivalent to pre-disturbance (Jeffries 

et al. 2006; Liebsch et al. 2008). Although there has been little research in beetle 

biodiversity recovery over such long timeframes, studies in other insect taxa showed 

trajectories of recovering in species richness, species density and even community 

structure (e.g., moths recovery in a chronosequence of 2-313 years; Jeffries et al. 

2006). However, communities may have very different community composition yet 

similar species richness (Baker 2006), indicating that species richness may be 

unreliable for forest conservation biology applications. While forest succession has 

strong influences on insect biodiversity, the abiotic conditions (da Silva and Cassenote 

2019), species composition (Horák 2011), and forest structure (Lassau et al. 2005) in 

different successional stages can differ significantly. For example, some 

environmental elements suitable for ground-active beetles may only be seen in late- 

to very late-successional forests, such as coarse woody debris, deep leaf litter, and 

moss-beds (Ernst and Buddle 2015; Pyszko et al. 2020). While previous research in 

this system showed abiotic variables, such as leaf litter depth and soil C:N ratio, 
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influenced beetle community composition (Fountain-Jones et al. 2015), my study 

focused on the landscape drivers which combined explained 34.1% of the overall 

beetle community composition. Plant species composition, although not surveyed for 

my research, is also found to be a strong predictor of arthropod assemblage 

composition (Horák 2011; Schaffers et al. 2008). Therefore, it would be useful for 

future research to compare the relative importance of landscape variables, biotic (e.g., 

particular plant species or ecological communities) and abiotic factors (e.g., 

microhabitats). 

Another possible explanation for the significant differences in beetle community 

composition between late-successional regeneration and unharvested mature forests 

is that local composition can never recover to its original condition after crossing a 

certain threshold of disturbance (Boesing et al. 2018; Summerville and Crist 2002), 

but rather establish alternative stable states (Beisner et al. 2003). Although this seems 

discouraging to biodiversity conservationists and forest managers, it is not necessarily 

detrimental for conserving beetle species and maintaining functional populations at a 

landscape scale. It is not known whether this is the case in Tasmania since we 

surveyed the oldest available regeneration forests. However, past research compared 

ground-active beetles in forests recovering from either wildfire or clearcutting ~33 

years previously and found no detectable differences in species composition. That 

work indicated that beetle communities are likely to be recovering from clearcutting 

towards original conditions, but that succession is not yet complete. In Tasmania, 

where timber harvesting occurs on rotations of approximately 45-90 years, local 

biodiversity may not fully re-establish before the next harvest, highlighting the need for 

protection of intact areas of unharvested mature forest within the landscape. While a 

mosaic of different age-classes is important for biodiversity in managed forests (Schall 
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et al. 2018), my results suggested that succession of recovering logged forests would 

sustain diverse assemblages of biodiversity. This is of significant implications to forest 

managers in that maintaining a mix of forest ages in a landscape could maintain a 

heterogeneity of local biodiversity in managed forests. Local biodiversity could be 

sustained and conserved both over the short- and long-term while allowing wood 

product extraction without completely eliminating source populations that are more 

affiliated to certain forest ages. 

Local-scale geospatial effects play important roles in shaping beetle community 

composition in late-successional regeneration forests. While assessment of 

biodiversity recovery in early successional regeneration forests can measure the 

impacts of timber harvesting management practices (Gatica-Saavedra et al. 2017), my 

study demonstrated the importance of such assessment in late-successional 

regeneration forests for understanding the recovery trajectory and adapting 

management frameworks for the long term. Maintaining the spatial heterogeneity of 

both regeneration and unharvested forests ensures the long-term maintenance of local 

beetle biodiversity in the landscape. In addition, the establishment of ground-active 

beetles is largely influenced by species’ dispersal abilities and microhabitat availability 

(Fountain-Jones et al. 2017; Gibb et al. 2006a; Micó et al. 2020). Therefore, their 

recovery would be facilitated by forest succession and the availability of source 

populations provided by nearby unharvested mature forest in the landscape, and by 

retention of important habitat elements such as large coarse woody debris within 

harvested areas (Wardlaw et al. 2009). 
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6.2 Future research 

6.2.1 Towards a comprehensive database of DNA barcodes 

According to the Barcode of Life Data (BOLD) system, 316,148 out of 1,338,134 

known animal species have a DNA barcode available to the public (Barcode of Life 

Data System version 4, www.boldsystems.org; Roskov et al. 2020). While the BOLD 

system maintains the most DNA barcode references, there is still a big gap for enabling 

a comprehensive database for biodiversity research with DNA metabarcoding. 

Although Sanger sequencing has been considered the gold standard to generate DNA 

barcodes since the era of DNA barcoding (Hebert et al. 2003), recent high-throughput 

sequencing (HTS) technologies have also opened avenues for cost-effective 

construction of DNA barcode references. Pooling indexed PCR products of individual 

species followed with HTS and DNA barcode assembly offers a cheaper alternative to 

the standard Sanger approach with less than 10% of the cost for generating mass 

volume of reliable DNA barcodes (Liu et al. 2017). A similar approach to producing 

DNA barcodes with HTS has also been successful attempted with saproxylic beetles 

in natural history collections (Sire et al. 2019). These approaches are particularly 

useful for studies where local DNA barcode references are needed but not readily 

available. In addition, the specimens deposited in natural history collections could also 

produce reliable DNA barcodes using non-destructive methods while still maintaining 

their physical features (Carew et al. 2017; Carew et al. 2018), though success rate 

may be lower for very old collections and depends on the past curation procedures 

(Sire et al. 2019). Last but not the least, a comprehensive database of DNA barcodes 

hinges on the efforts of filling the gaps in undescribed species and limited identification 

expertise. 
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6.2.2 Drawing robust conclusions with DNA metabarcoding 

With ongoing improvement, DNA metabarcoding has become a promising technique 

to document biodiversity at low cost. While using degenerate PCR primers targeting 

the standard animal DNA barcode (COI) enables broad taxonomic coverage, future 

studies should look into protocols that do not require labour-intensive size or 

taxonomic sorting. In addition, there may be some discrepancies in species 

identification due to different features pertinent to DNA metabarcoding and 

morphological identification. It is thus important for future research to address these 

discrepancies with more comprehensive DNA barcode references, in-depth HTS and 

more sophisticated bioinformatic pipelines. Last, it is important to note that when using 

DNA metabarcoding for studying biodiversity, end-users should be mindful of their 

experimental design, avoiding potential biases to deliver reproducible and reliable 

conclusions. 

6.2.3 Forest management 

I have demonstrated the landscape drivers of beetle biodiversity recovery in late-

successional regeneration forest in managed forests, but our understanding of 

whether other taxa follow similar patterns is not yet fully understood. On the one hand, 

arthropod assemblage compositions are known to be strongly influenced by local plant 

species composition (Schaffers et al. 2008). On the other hand, some studies showed 

that rates of recovery of different taxa would vary due to differential responses to forest 

management (Paillet et al. 2010; Pedley and Dolman 2014). Therefore, multi-taxon 

(e.g., plants, vertebrates, invertebrates) studies are especially important in the future 

to better understand the ecological interactions and sensitivities in relation to how 
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biodiversity responds to forest management practices and how it can benefit from 

unharvested mature forests. 

Finally, influence of unharvested mature forest on regeneration forests following 

multiple harvest rotations remains unknown. Production forests are harvested in 

rotations of certain time periods. Although beetle biodiversity is in the trajectory of 

recovering in regeneration forests experiencing their first harvest rotation, whether the 

local biodiversity recovery would be sustained over multiple harvest rotations and 

whether unharvested mature forests in the landscape would continue to help this 

recovery is recommended for future research to support ecologically sustainable forest 

management. 
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Table A.1. PCR primers and multiplex identifiers (MIDs) used in this study. Each sample was PCR amplified and specifically dual-

tagged with a forward (e.g., Miseq_MID1_CO1_F) and a reverse (e.g., Miseq_MID1_CO1_R) primer combination. The MIDs were 

used for downstream multiplexing. 

Marker Primer name Primer sequences 

COI 

Miseq_MID1_CO1_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGCACCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID2_CO1_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGTGCCCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID3_CO1_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTCAGCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID4_CO1_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAAGCAAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID5_CO1_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGCGAGCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID6_CO1_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGGCCCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID7_CO1_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTAACTGCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID1_CO1_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTGATWACTAATCAATTWCCAAATCCTCC 
Miseq_MID2_CO1_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATCTCAGWACTAATCAATTWCCAAATCCTCC 
Miseq_MID3_CO1_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACTAATTWACTAATCAATTWCCAAATCCTCC 
Miseq_MID4_CO1_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGGAGATWACTAATCAATTWCCAAATCCTCC 

16S 

Miseq_MID1_16S_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAATCTGGAGACGAGAAGACCCTATAGA 
Miseq_MID2_16S_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGTCTGAGACGAGAAGACCCTATAGA 
Miseq_MID3_16S_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAAAGTCAGACGAGAAGACCCTATAGA 
Miseq_MID4_16S_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTCTGGAGACGAGAAGACCCTATAGA 
Miseq_MID5_16S_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCACGTCTAGACGAGAAGACCCTATAGA 
Miseq_MID6_16S_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCGTATCAGACGAGAAGACCCTATAGA 
Miseq_MID7_16S_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCATTCTAGACGAGAAGACCCTATAGA 
Miseq_MID1_16S_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTTTGCATACGCTGTTATCCCTAAGGTA 
Miseq_MID2_16S_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAAAGAAGTACGCTGTTATCCCTAAGGTA 
Miseq_MID3_16S_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTCGCCCTACGCTGTTATCCCTAAGGTA 
Miseq_MID4_16S_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGCATAGTACGCTGTTATCCCTAAGGTA 

2nd 
Round 
PCR 

Miseq_P5_MID1 
Miseq_P5_MID2 
Miseq_P5_MID3 
Miseq_P5_MID4 

AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
AATGATACGGCGACCACCGAGATCTACACCTCTCTAGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 



 

 

Miseq_P5_MID5 
Miseq_P5_MID6 
Miseq_P5_MID7 
Miseq_P7_MID1 
Miseq_P7_MID2 
Miseq_P7_MID3 
Miseq_P7_MID4 
Miseq_P7_MID5 
Miseq_P7_MID6 
Miseq_P7_MID7 
Miseq_P7_MID8 

 

AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
AATGATACGGCGACCACCGAGATCTACACACTGCATATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATTAAGGCGAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATCGTACTAGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATAGGCAGAAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATTCCTGAGCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATGGACTCCTGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATTAGGCATGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATCTCTCTACGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
CAAGCAGAAGACGGCATACGAGATCAGAGAGGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 

 

Notes: Illumina sequencing primers are in green; Illumina overhang sequences are in blue; sample multiplex identifiers are in red; 
region-specific primers are in black.
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Appendix A.2 Construction of local DNA barcode references. 

Due to the very limited number of reference sequences on GenBank and BOLD 

databases for Tasmania prior to commencement of this research, we produced a local 

reference database of 60 and 54 species for COI and 16S, respectively. The 

specimens were collected from a preliminary round of pitfall trapping which was 

conducted in six sites in Tasmania’s Southern Forest region with 20 traps randomly 

set for each site (Table A.2.1). The pitfall trapping method was the same as that 

described in the Methods except for the operation period here was from March to May 

2017. All beetles were sorted, identified and preserved in 96% ethanol solution before 

molecular procedures. One individual of each species was used for image 

photographing and kept as voucher specimens. Total genomic DNA was extracted 

from 1-2 individuals of each species using a QIAGEN DNeasy Blood & Tissue kit 

following the manufacturer’s protocol. 

Table A.2.1 Sites information of the preliminary beetle pitfall trapping 

Sites Location Forest age 

# 1 43.07°S, 146.78°E 3 years old 

# 2 43.04°S, 146.80°E 16 years old 

# 3 43.07°S, 146.78°E 28 years old 

# 4 43.17°S, 146.78°E 50 years old 

# 5 43.14°S, 146.79°E mature (>70 years old) 

# 6 43.16°S, 146.83°E mature (>70 years old) 

We targeted the partial fragments of the COI and 16S gene markers (Table A.2.2). 

The PCR amplification was performed in a PCR reaction consisting of 1× PCR buffer, 

0.2 mM dNTPs, 2.5 mM MgCl2, 0.5 μM of each primer, 0.5 Unit DNA polymerase, 50 

ng DNA and Milli-Q H2O to a final volume of 30 μL. The PCR profile for COI was as 
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follows: 94° C for 2 min, followed by 30 cycles of 94 °C for 30 s, 48 °C for 30 s and 

72 °C for 1 min, and a final extension at 72 °C for 7 min. 16S fragments were PCR-

amplified using the following program: 94° C for 2 min, followed by 30 cycles of 94 °C 

for 30 s, 52 °C for 30 s and 72 °C for 45 s, and a final extension at 72 °C for 7 min. 

PCR products were separated by electrophoresis, visualized on a 2% agarose gels, 

and bi-directionally sequenced using an ABI 3730XL DNA Analyser (Macrogen, South 

Korea). All sequences were then checked and assembled with Geneious v10.2.6 

(Kearse et al. 2012). New DNA barcode sequences generated in this study were 

deposited under the project ‘Beetle metabarcoding for forest management (BMBFM)’ 

in the BOLD database (Ratnasingham and Hebert 2007). The data can be accessed 

via the BOLD public data portal (link provided below) by searching the term ‘BMBFM’. 

http://www.boldsystems.org/index.php/Public_BINSearch?searchtype=records  

Table A.2.2 Primers used to generate local DNA barcodes. 

Marker Primer name Primer sequences (5'--3') Length Reference 
COI LCO1490 GGTCAACAAATCATAAAGATATTGG 658 bp Folmer et al. (1994) 

HCO2198 TAAACTTCAGGGTGACCAAAAAATCA  Folmer et al. (1994) 

16S 16Sar-L CGCCTGTTTATCAAAAACAT ~400 bp Kessing et al. (1989) 

Ins16S_1short ACGCTGTTATCCCTAAGGTA  Clarke et al. (2014) 

Note: These reference specimens were collected from a different landscape than the 

Florentine Valley where I ultimately conducted my research. Logistical constraints prevented 

development of a more comprehensive DNA barcode reference database. 
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Table A.3. Species information and their abundance at each study site based on morphological identification. 

Family Species 
Unlogged mature forest sites Regeneration forest sites 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 

Anthribidae Xynotropis tasmanica 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

Attelabidae Metopum Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

Brentidae Apion tasmanicum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 

Byrrhidae Notolioon simplicicornis 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Carabidae Chylnus ater 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 2 2 

Carabidae Mecyclothorax ambiguus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 34 0 0 0 0 

Carabidae Notagonum not marginellum 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Carabidae Notonomus politulus 0 2 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 2 

Carabidae Pentagonica Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

Carabidae Percosoma carenoides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Carabidae Promecoderus longus 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Carabidae Pseudoceneus solicitus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 

Carabidae Rhabdotus reflexus 0 0 1 1 3 0 0 0 0 0 0 0 0 0 0 1 4 1 0 1 0 0 7 0 

Carabidae Scopodes intermedius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Carabidae Sloaneana tasmaniae 0 0 0 1 4 0 0 0 1 0 1 0 0 0 0 0 0 1 6 0 0 0 1 2 

Carabidae Stichonotus piceus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

Carabidae Trechimorphus demenensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
11
9 

0 0 0 0 

Carabidae Trechinae Z 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 3 0 0 0 0 

Chrysomelidae Arsipoda variegara 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

Chrysomelidae Geomela nr TFIC sp01 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chrysomelidae Monolepta subsuturalis 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chrysomelidae Paropsisterna bimaculata 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chrysomelidae Peltoschema orphama 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Corylophidae Holopsis Z 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 



 

 

Corylophidae Sericoderus TFIC sp03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Cryptophagidae Cryptophagus gibbipennis 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 

Cryptophagidae Cryptophagus TFIC sp06 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Curculionidae Acacicis abundans 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Curculionidae Cryptorhynchinae Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

Curculionidae Cryptorhynchini TFIC sp07 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

Curculionidae Cyclominae 0 10 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 

Curculionidae Decilasu lateralis 0 0 3 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 

Curculionidae Decilaus bryopilus 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 1 0 5 0 0 0 0 1 0 

Curculionidae Decilaus nigronotatus 0 0 0 0 4 3 0 0 3 0 0 0 0 0 0 1 0 0 1 0 0 4 0 0 

Curculionidae Decilaus striatus 1 5 13 0 14 1 4 4 3 0 0 2 3 0 0 1 0 4 0 0 0 21 0 0 

Curculionidae Decilaus suturalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 0 0 0 0 

Curculionidae Decilaus TFIC sp03 0 0 0 0 0 0 1 2 0 0 0 1 0 0 0 0 0 0 0 0 0 2 0 0 

Curculionidae Decilaus TFIC sp04 0 1 2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 1 0 

Curculionidae Dinichus terreus 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2 

Curculionidae Dryophthorus ECZ TFIC sp02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Curculionidae Eucalyptocis fasciculatus 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Curculionidae Exithius cariosus 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Curculionidae Exithius nr loculiferus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 3 0 0 0 

Curculionidae Exithius Y 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Curculionidae Exithius Z red 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Curculionidae Mandalotus blackburni 1 0 1 0 0 0 0 3 0 0 0 0 1 0 0 0 0 1 0 0 0 1 6 0 

Curculionidae Mandalotus muscivorus 0 7 0 0 3 0 0 0 4 0 0 0 0 0 0 1 0 1 2 0 0 0 0 2 

Curculionidae Poropterus sutyrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

Curculionidae Roptoperus tasmaniensis 0 3 1 0 20 1 0 0 3 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 

Curculionidae Tychiinae Z 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Derodontidae Nothoderodontus darlingtoni 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hydrophilidae Notocercyon TFIC sp01 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 19 0 0 0 0 0 0 0 

Latridiidae Aridius costatus 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 9 0 0 0 0 0 5 0 

Latridiidae Aridius nodifer 0 0 4 1 75 2 1 2 16 0 1 1 0 0 0 0 16 8 2 1 1 0 6 6 



 

 

Latridiidae Corticaria Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 

Latridiidae Cortinicara TFIC sp01 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Leiodidae Agyrtode tasmanicus 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leiodidae Austronemadus TFIC sp02 0 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Leiodidae Austronemadus TFIC sp03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 

Leiodidae Austronemadus Z 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leiodidae Catoposchema tasmaniae 0 0 0 0 0 0 0 1 5 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 

Leiodidae Choleva TFIC sp01 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 3 0 0 0 0 0 0 0 

Leiodidae Eublackburniella TFIC sp01 0 0 0 1 1 0 1 1 0 0 0 0 2 1 1 0 0 0 0 3 0 1 1 0 

Leiodidae Nargiotes gordini 0 0 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 

Leiodidae Nargomorphus confertus 2 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leiodidae Nargomorphus globulus 1 0 8 0 2 0 2 0 11 16 1 1 6 4 2 0 1 6 2 0 0 1 0 3 

Leiodidae Nargomorphus jeanneli 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leiodidae Nargomorphus victoriensis 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Leiodidae Sogdini ANIC GEN B 1 0 0 0 0 0 0 0 0 0 0 3 0 0 1 0 0 3 0 0 0 0 0 0 

Leiodidae Sogdini SEAGO GEN A 0 0 0 0 0 0 0 0 0 1 0 5 0 0 0 0 1 2 0 0 0 0 0 0 

Leiodidae Zeadolopus TFIC sp02 1 0 0 0 0 3 0 0 0 0 0 0 0 2 0 0 0 5 0 0 0 0 1 1 

Lucanidae Lissotes cancroides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 

Melandryidae Orchesia alphabetica 0 0 1 0 14 8 0 0 1 0 0 2 0 0 0 2 1 2 1 0 0 1 0 0 

Melandryidae Orchesia eucalypti 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 2 

Melandryidae Orchesia TFIC sp01 0 0 0 0 3 0 0 1 0 0 0 1 1 0 12 0 1 1 0 2 0 1 2 0 

Nitidulidae Thalycrodes cylindricum 0 0 0 1 0 0 0 0 7 0 14 0 16 0 0 3 1 0 13 0 0 0 5 2 

Nitidulidae Thalycrodes pulchrum 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 0 

Phloeostichidae Hymaea succinifera 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

Ptiliidae Acrotrichis nr TFIC sp01 0 0 0 0 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 

Ptiliidae Ptiliidae Y 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ptiliidae Ptiliidae Z 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ptiliidae Ptillidae X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

Scarabaeidae Heteronyx pilosellus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 

Scarabaeidae Telura vitticollis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 



 

 

Scirtidae Pseudomicrocara spilotus 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 

Silvanidae Cryptamorpha TFIC sp01 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Silvanidae Cryptomorpha victoriensis 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc nr sp50 0 0 0 0 7 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc nr TFIC sp03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Staphylinidae Aleoc nr TFIC sp133 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Staphylinidae Aleoc P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 

Staphylinidae Aleoc Q 0 0 0 0 0 0 1 0 5 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 

Staphylinidae Aleoc R 0 0 0 1 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc S 0 1 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc T 0 0 0 0 0 0 0 0 0 0 22 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc V 0 0 0 0 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc W 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc X 0 0 0 0 0 0 0 7 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc Y yellow with2bands 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Aleoc Z yellow with2bands 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Anabaxis CHANDLER TYPE1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 6 0 2 0 0 0 0 0 0 2 

Staphylinidae Anabaxis Z 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 

Staphylinidae Anotylus TFIC sp01 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Anotylus TFIC sp02 0 0 3 0 78 5 0 0 18 0 3 4 0 0 0 1 1 48 0 0 0 0 1 0 

Staphylinidae Anotylus TFIC sp03 3 0 0 0 0 0 0 2 0 0 1 4 0 0 0 0 0 7 0 0 0 0 5 0 

Staphylinidae Anotylus Z 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 3 0 

Staphylinidae Atheta TFIC sp03 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 

Staphylinidae Austrorhysus TFIC sp01 0 0 1 0 5 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 

Staphylinidae Austrorhysus TFIC sp04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 

Staphylinidae Baeocera TFIC sp01 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Baeocera TFIC sp02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 1 1 0 0 0 0 0 0 

Staphylinidae Calodera nr eritema 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15 0 0 0 0 0 

Staphylinidae Calodera X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 

Staphylinidae Calodera Y 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 5 8 0 5 11 1 5 3 



 

 

Staphylinidae Calodera Z 0 0 8 0 10 0 4 0 32 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Staphylinidae Chichester CHANDLER TAS 1 2 0 0 0 0 0 0 1 0 0 0 0 1 2 3 0 0 1 1 0 0 27 0 0 

Staphylinidae Chichester nr 0 0 0 0 0 0 4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Euconnus clarus 1 0 0 1 3 4 0 3 3 0 0 0 0 0 1 1 0 16 7 0 1 5 0 1 

Staphylinidae Euconnus nr sp16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 

Staphylinidae Euconnus nr TFIC sp02 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Euconnus nr TFIC sp15 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Euconnus TFIC sp07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 2 0 1 0 0 0 1 0 

Staphylinidae Euplectitae Z 0 1 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Euplectops nr CHANDLER TAS 1 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 

Staphylinidae Euplectops TFIC sp06 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Falagria nr TFIC sp01 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 

Staphylinidae Heterothops Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 0 0 0 0 

Staphylinidae Horaeomorphus TFIC sp03 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Horaeomorphus TFIC sp07 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Horaeomorphus Y 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 

Staphylinidae Hyperomma bryphilum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Staphylinidae Leptostiba nr 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Leucocraspedum Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Staphylinidae Microsilpha ANIC THAYER sp15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 

Staphylinidae Myllaena Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 0 0 1 0 0 0 0 

Staphylinidae Osorius TFIC sp01 1 1 10 0 1 0 0 6 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Oxypodini Z 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Palimbolus mamilatus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 

Staphylinidae Palimbolus nr metasternalis 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Palimbolus victoriae 1 0 34 0 0 1 4 0 0 0 0 0 5 9 3 0 0 0 1 0 0 0 0 0 

Staphylinidae Palimbolus Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Staphylinidae Polylobus longulus 0 0 2 0 0 0 1 0 2 0 0 0 2 0 3 0 0 0 0 2 0 5 2 0 

Staphylinidae Polylobus P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 

Staphylinidae Polylobus Q 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 



 

 

Staphylinidae Polylobus Z 0 0 5 0 11 0 0 0 0 0 0 0 0 1 0 1 0 2 0 0 0 2 0 3 

Staphylinidae Pselaphaulax CHANDLER TAS 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 

Staphylinidae Quedius ANIC NEWTON TFIC sp01 0 0 0 0 0 0 1 3 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Quedius ANIC NEWTON TFIC sp03 0 0 0 0 0 0 0 0 0 0 0 0 1 0 3 0 0 0 0 0 0 2 0 0 

Staphylinidae Quedius inadequalipennis 0 0 4 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

Staphylinidae Quedius nr TFIC sp03 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Quedius stenocephalus 0 0 1 0 1 0 0 0 0 0 0 0 0 0 3 0 0 1 0 0 2 0 0 0 

Staphylinidae Quedius TFIC sp02 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Quedius TFIC sp03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Staphylinidae Quedius TFIC sp04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 

Staphylinidae Quedius TFIC sp07 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 3 2 0 0 0 

Staphylinidae Rybaxis CHANDLER TAS 1 0 0 1 0 1 0 2 0 0 2 0 0 0 0 0 2 0 1 0 0 0 0 0 0 

Staphylinidae Rybaxis parvidens 0 3 17 3 0 3 0 3 0 2 0 2 1 0 0 9 0 16 0 1 1 1 2 0 

Staphylinidae Rybaxis viriabilis 0 0 0 0 2 0 4 4 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 

Staphylinidae Rybaxis Z 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Sagola CHANDLER TAS 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

Staphylinidae Sagola not TFIC sp06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 1 0 0 0 

Staphylinidae Sepedophilus Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 

Staphylinidae Spanioda carissima 1 0 2 3 7 4 1 0 0 0 0 4 3 0 0 0 0 1 0 0 0 0 4 0 

Staphylinidae Spanioda nr carissima 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Staphylinidae Tasmanityrus NEWTON 1 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 0 0 

Staphylinidae Zyras nr TFIC sp02 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 3 0 

Staphylinidae Zyras TFIC sp01 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Tenebrionidae Adelium abbreviatum 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Tenebrionidae Brycopia Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

Tenebrionidae Tenebrionidae Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

Trogossitidae Egolia variegata 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Trogossitidae Globorentonium globulum 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Zopheridae Ablabus Z 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 
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Fig. A.4 Percentage of reads that were removed during bioinformatics: removing 

primers, removing adapters, and quality filtering. (A) COI amplicon samples; (B) 16S 

amplicon samples.
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Table A.5 Number of HTS reads per COI ZOTU at each sample site. 

Note: This is an extra-large file and is deposited at UTAS Research Data Portal. It can 

be accessed via the URL link https://data.utas.edu.au/metadata/d5969fc2-0eea-4a53-

9b2c-f8ff1a7d00ad. 

Table A.6 Number of HTS reads per 16S ZOTU at each sample site. 

Note: This is an extra-large file and is deposited at UTAS Research Data Portal. It can 

be accessed via the URL link https://data.utas.edu.au/metadata/d5969fc2-0eea-4a53-

9b2c-f8ff1a7d00ad. 

Appendix A.7 DNA sequences of ZOTUs for COI and 16S markers. 

Note: This is an extra-large file and is deposited at UTAS Research Data Portal. It can 

be accessed via the URL link https://data.utas.edu.au/metadata/d5969fc2-0eea-4a53-

9b2c-f8ff1a7d00ad. 
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Table A.8 DNA metabarcoding correlation with morphological data (Procrustes tests), 

and percentage of variation in beetle community composition explained by different 

forest types (PERMANOVA). 

Significance indicated by * < 0.05, *** < 0.001. 

Dataset (presence/absence) Procrustes 
correlation 

PERMANOVA 

R2 P 

COI without LULU 0.878*** 0.052 0.143 

COI with LULU (minimum_match = 95) 0.880*** 0.053 0.032* 

COI with LULU (minimum_match = 90) 0.881*** 0.056 0.015* 

COI with LULU (minimum_match = 84) 0.869*** 0.055 0.042* 

16S 0.853*** 0.044 0.143 
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Fig. A.9 Convex hulls of NMDS ordination using COI metabarcoding datasets derived 

with and without using LULU algorithm for ZOTUs curation. Three thresholds were 

used when using LULU algorithm. NMDS ordinations of COI metabarcoding datasets 

without using LULU algorithm were outlined in dashed lines. 
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Table A.10 Correlation comparison of NMDS ordinations and distance matrices 

between morphological and DNA metabarcoding datasets based on log-transformed 

abundance. The percentage of variation (R2 values) in beetle communities explained 

by forest type were calculated with PERMANOVA. 

Data type Dataset Procrustes 
correlation 

PERMANOVA 

R2 P 

Abundance 

COI without LULU 0.899*** 0.059 0.111 

COI with LULU (minimum_match = 95) 0.903*** 0.054 0.072 

COI with LULU (minimum_match = 90) 0.900*** 0.056 0.062 

COI with LULU (minimum_match = 84) 0.888*** 0.055 0.083 

16S 0.869*** 0.040 0.300 

Significance indicated by *** < 0.001. 
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Fig. A.11 NMDS ordinations based on log-transformed abundance using Bray-Curtis 

dissimilarity of beetle communities from regeneration and mature forests. The 

abundance data used for morphology dataset was the individual numbers of each 

species in each site, while they were the number of DNA reads for each species for 

COI and 16S metabarcoding datasets in each site. The percentage of variation (R2 

values) in beetle communities explained by forest type were calculated with 

PERMANOVA. 

 



193 

Appendix B 

Supplementary material to Chapter 4 

Table B.1 Alternative phylogenetic generalized least-square (PGLS) models 

examining how sequence abundance relates to species biomass and/or primer-

template mismatches in COI and 16S datasets. ΔAICc is the score of the focus model 

based on size-corrected Akaike information criteria minus the score of the model with 

the best support (lowest AICc), and is thus a measure of relative support of a model 

compared to the best model. 

Marker Model Adjusted 

R2 

P ΔAICc 

COI #1, log10(sequence abundance) ~ log10(species biomass) 

+ mismatch position 

0.28 0.017* 0.00 

#2, log10(sequence abundance) ~ log10(species biomass) + 

mismatch number  

0.27 0.019* 0.34 

#3, log10(sequence abundance) ~ mismatch number 0.19 0.026* 1.02 

#4, log10(sequence abundance) ~ mismatch position 0.16 0.039* 1.93 

#5, log10(sequence abundance) ~ log10(species biomass) + 

mismatch type 

0.20 0.049* 2.43 

#6, log10(sequence abundance) ~ log10(species biomass) 0.11 0.068 2.63 

#7, log10(sequence abundance) ~ mismatch type 0.12 0.067 2.95 

#8, log10(sequence abundance) ~ log10(species biomass) + 

mismatch number + mismatch type + mismatch position 

0.24 0.072 41.98 

16S #1, log10(sequence abundance) ~ log10(species biomass) 0.56 *** 0.00 

#2, log10(sequence abundance) ~ log10(species biomass) + 

mismatch number 

0.57 *** 0.67 

#3, log10(sequence abundance) ~ mismatch number -0.02 0.485 20.95 

Significance codes: ***: P ⩽ 0.001; *: 0.01 < P ⩽ 0.05. 
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Appendix C 

Supplementary material to Chapter 5 

Appendix C.1 Selection of field sites 

Sixty-four regeneration sites were selected in our study area based on GIS layers with 

polygons for forest age and with road lines. An additional 12 representative unlogged 

mature forest sites were manually selected to be well distributed among the 

regeneration sites as controls. Our aim was to quantify the relative importance of the 

proximity to and the amount of nearby mature forest in facilitating species re-

establishment in harvested areas at the landscape scale. The influences provided by 

nearby mature forest would be impacted by removal of mature forest by harvesting 

different areas over time and are hard to measure. To address this, GIS datasets from 

two years (2017 and 1996, i.e., current and old) were used and analysed in order to 

keep landscapes relatively consistent over time. Field site stratification was conducted 

using QGIS v.2.18.17 (QGIS 2016). In order to have enough candidate sites to go 

through the criteria filtering, 2000 random sites were first produced in areas 50-200 m 

from the road in the regeneration forest in the 2017 GIS shapefiles. The aims were to 

eliminate the edge effect from the road and also to facilitate accessibility of these sites. 

The nearest distance to and the amount of, mature forest within a 1 km radius buffer 

of each site were calculated for both the 1996 and 2017 landscape scenarios. We 

filtered the candidate sites mostly based on these two landscape metrics which 

species community in regeneration sites benefit from, i.e., the effect of proximity to 

mature forest (‘forest influence’) (Baker et al. 2013; Fountain-Jones et al. 2015) and 

the effect of the proportion of mature forest (‘landscape context’) (Wardlaw et al. 2018). 
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The following criteria were then used to filter the candidate sites: (1) sites for which 

the nearby amount of mature forest had undergone >3.8% change since harvest were 

eliminated to standardize the landscape context over years; (2) sites for which 

distance to nearest mature forest was beyond 500 m were discarded; (3) sites for 

which nearby mature forest was over 40% in the 1 km radius buffer were excluded, 

since these sites were very rare in the landscape. The latter two criteria were chosen 

to facilitate analysis of the interaction between forest influence and landscape context. 

We chose these two thresholds for forest influence and landscape context because 

sites within these two thresholds represented most scenarios in Tasmanian managed 

forests. 

Candidate sites that passed the filtering were categorized into 16 classes by 125 m 

distance gradient and 10% proportion gradient of mature forest in terms of the forest 

influence and landscape context (see Fig. 5.1 in main text). Four sites for each class 

were selected to represent the forest influence and landscape context scenarios. Sites 

from the stratification classes were selected to be well distributed across the 

landscape with >1 km between sites to avoid confounding by spatial autocorrelation. 

A handheld GPS was used to locate sites in the field to ensure traps were located 

consistently with the sampling design. 
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Table C.2. PCR primers and multiplex identifiers (MIDs) used in this study. Each sample was PCR amplified and specifically dual-

tagged with a forward (e.g., Miseq_MID1_COI_F) and a reverse (e.g., Miseq_MID1_COI_R) primer combination. The MIDs were 

used for downstream multiplexing. Illumina overhang sequences are in blue; sample-specific MIDs are in red; region-specific primers 

are in black. 

Primer name Primer sequences 
Miseq_MID1_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGCACCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID2_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGTGCCCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID3_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTCAGCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID4_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAAGCAAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID5_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGCGAGCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID6_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGGCCCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID7_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTAACTGCAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID8_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCAGCTGAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID9_COI_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATAGCTTAGATATTGGAACWTTATATTTTATTTTTGG 
Miseq_MID1_COI_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTGATWACTAATCAATTWCCAAATCCTCC 
Miseq_MID2_COI_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATCTCAGWACTAATCAATTWCCAAATCCTCC 
Miseq_MID3_COI_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACTAATTWACTAATCAATTWCCAAATCCTCC 
Miseq_MID4_COI_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGGAGATWACTAATCAATTWCCAAATCCTCC 
Miseq_MID5_COI_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCATGTGCWACTAATCAATTWCCAAATCCTCC 
Miseq_MID6_COI_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTACACAWACTAATCAATTWCCAAATCCTCC 
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Fig. C.3 Cumulative sum of ZOTUs against the cumulative sum of reads across 

samples. A cut-off of 75 reads was used to filter ZOTUs that have less total number of 

reads. Note that only 200 reads of the cumulative sum were displayed on the x axis to 

better illustrate the plateau of cumulative ZOTUs on the y axis.



Appendix C 

199 

Table C.4 Summary of explanatory variables used to explain variation of beetle 

community composition across regeneration sites. 

Category Variables Notes 

Spatial PCNM1-42 Lower order PCNMs represent variation at coarse spatial scales 

while higher order PCNMs represent variation of fine spatial scales. 

Topographic Elevation Elevation of each studied site (unit in meters) 

 TPI Topographic position index values near zero are either flat areas or 

areas of constant slope; Negative TPI values represent location that 

are lower than their surroundings; Positive TPI values represent 

locations that are higher than the average of their surroundings. 

 Slope The measure of steepness or the degree of inclination; measured in 

degrees. 

 Easting Index ranges from -1 (West) to 1 (East). 

 Northing Index ranges from -1 (South) to 1 (North). 

Bioclimatic Bio_1 Annual mean temperature (°C) 

 Bio_2 Mean diurnal range 

 Bio_3 Isothermality 

 Bio_4 Temperature seasonality 

 Bio_5 Maximum temperature of warmest month (°C) 

 Bio_6 Minimum temperature of warmest month (°C) 

 Bio_7 Temperature annual range (°C) 

 Bio_8 Mean temperature of wettest quarter (°C) 

 Bio_9 Mean temperature of driest quarter (°C) 

 Bio_10 Mean temperature of warmest quarter (°C) 

 Bio_11 Mean temperature of coldest quarter (°C) 

 Bio_12 Annual precipitation (mm) 

 Bio_13 Precipitation of wettest month (mm) 

 Bio_14 Precipitation of driest month (mm) 

 Bio_15 Precipitation seasonality 
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 Bio_16 Precipitation of wettest quarter (mm) 

 Bio_17 Precipitation of driest quarter (mm) 

 Bio_18 Precipitation of warmest quarter (mm) 

 Bio_19 Precipitation of coldest quarter (mm) 

Landscape 

configuration 

Forest influence Nearest distance to nearby mature forest in landscape (m) 

 Landscape context Proportion of mature forest within landscape 

 Largest.patch.index Percentage of total landscape area comprised by the largest patch 

 Max.frac.dim.index The maximum fractal dimension index 

 Max.perim.area.ratio The maximum perimeter to area ratio 

 Max.shape.index The maximum shape index 

 Mean.frac.dim.index Mean of fractal dimension index 

 Mean.patch.core.area Mean patch core area 

 Prop.landscape.core Proportional landscape core 

Forest age Regeneration age Time since harvest (years) 
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Fig. C.5 Sample coverage estimated by iNEXT for 12 mature and 12 regeneration 

sites based on morphology-based identification. Data from Chapter 3.
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Fig. C.6 Number of ZOTUs in each studied site. Site ID was showed on top of each 

bar and sites were grouped by forest class.
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Table C.7 ZOTU identities and the number of sites in which they were recorded for 

five forest classes. There are 16 sites for each of the regeneration forest class while 

there are only 12 mature sites. Regeneration forest sites were classified into four 

classes to represent their different levels (i.e., high or low) of forest influence and 

landscape context. LC: 20-40% represents high landscape context, and FI: 0-250 m 

represents high forest influence in regeneration forests. 

Family Species or Genus ZOTU Regeneration forest sites mature 

LC: 0-20% 

FI: 0-250m 

LC: 0-20% 

FI: 250-500m 

LC: 20-40% 

FI: 0-250m 

LC: 20-40% 

FI: 250-500m 

 

Anthribidae  ZOTU17 2 1 0 1 0 

Attelabidae  ZOTU357 2 0 1 0 1 

Brentidae  ZOTU225 1 0 2 0 0 

Carabidae Acallistus longus ZOTU76 0 1 0 1 0 

Carabidae Anomotarus variegatus ZOTU93 2 0 0 0 0 

Carabidae Bembidion affine ZOTU110 1 2 1 0 1 

Carabidae Carabus convexus ZOTU206 0 0 0 0 2 

Carabidae Carabus famini ZOTU27 0 1 3 3 2 

Carabidae Chlaenius aestivus ZOTU14 2 0 1 0 0 

Carabidae Chlaenius pimalicus ZOTU189 0 2 0 0 0 

Carabidae Chylnus ZOTU29 0 0 0 1 0 

Carabidae Chylnus ZOTU31 1 2 0 2 2 

Carabidae Chylnus ater ZOTU112 0 0 0 2 0 

Carabidae Clivina ZOTU130 2 0 1 1 1 

Carabidae Mecyclothorax ZOTU317 0 3 2 0 1 

Carabidae Mecyclothorax ambiguus ZOTU25 2 0 1 0 0 

Carabidae Notiobia melanarius ZOTU294 0 0 0 1 0 

Carabidae Notonomus politulus ZOTU4 1 2 3 2 2 

Carabidae Pentagonica vittipennis ZOTU98 1 0 0 1 0 

Carabidae Percosoma carenoides ZOTU65 2 1 0 1 0 

Carabidae Promecoderus longus ZOTU287 0 0 3 0 1 

Carabidae Pseudoceneus iridescens ZOTU22 2 0 1 0 0 
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Carabidae Pterostichus strenuus ZOTU104 1 2 0 1 2 

Carabidae Scarites buparius ZOTU32 0 0 0 1 0 

Carabidae Scopodes intermedius ZOTU15 2 1 0 2 0 

Carabidae Sloaneana tasmaniae ZOTU259 0 1 1 0 0 

Carabidae Tasmanorites grossus ZOTU13 0 0 1 0 0 

Carabidae Trechistus terricola ZOTU12 1 0 3 0 1 

Carabidae Zabrus aurichalceus ZOTU278 0 0 1 0 1 

Carabidae  ZOTU18 2 1 2 0 0 

Carabidae  ZOTU182 0 0 0 0 1 

Carabidae  ZOTU207 1 0 1 0 0 

Carabidae  ZOTU237 1 1 0 2 1 

Carabidae  ZOTU239 1 3 1 0 1 

Carabidae  ZOTU257 1 0 1 0 2 

Carabidae  ZOTU290 0 0 1 0 0 

Carabidae  ZOTU299 0 2 0 1 0 

Carabidae  ZOTU310 1 1 1 0 1 

Carabidae  ZOTU341 0 0 0 1 2 

Carabidae  ZOTU353 0 0 1 0 1 

Carabidae  ZOTU358 1 0 0 0 0 

Carabidae  ZOTU36 1 1 0 1 1 

Carabidae  ZOTU385 1 1 1 0 0 

Carabidae  ZOTU44 1 1 0 0 0 

Carabidae  ZOTU443 1 0 1 0 1 

Carabidae  ZOTU50 1 0 0 0 0 

Carabidae  ZOTU58 1 2 3 2 2 

Carabidae  ZOTU591 1 0 1 1 0 

Carabidae  ZOTU62 1 2 3 2 2 

Carabidae  ZOTU70 1 1 0 0 0 

Carabidae  ZOTU78 0 1 2 1 1 

Carabidae  ZOTU81 1 0 1 0 1 

Carabidae  ZOTU95 0 1 0 0 0 

Cerambycidae  ZOTU172 1 2 2 1 1 

Cerambycidae  ZOTU194 1 1 0 0 0 
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Cerambycidae  ZOTU211 0 1 0 1 0 

Cerambycidae  ZOTU231 1 0 0 0 0 

Cerambycidae  ZOTU251 1 1 0 0 0 

Cerambycidae  ZOTU286 1 1 0 1 1 

Chrysomelidae Arsipoda fulvipes ZOTU23 1 0 0 1 0 

Chrysomelidae Nisotra ZOTU77 1 0 2 0 1 

Chrysomelidae  ZOTU37 1 1 4 1 1 

Chrysomelidae  ZOTU74 1 0 0 0 1 

Corylophidae  ZOTU244 1 0 1 1 0 

Curculionidae Cryptorhynchinae TFIC sp02 ZOTU154 1 1 0 0 2 

Curculionidae Decilaus TFIC sp04 ZOTU39 3 2 2 3 2 

Curculionidae Dinichus terreus ZOTU144 0 0 1 0 0 

Curculionidae Eubulus ZOTU21 1 0 3 5 4 

Curculionidae Exithius loculiferus ZOTU168 0 0 1 0 0 

Curculionidae Mandalotus muscivorus ZOTU117 0 0 1 0 0 

Curculionidae Roptoperus tasmaniensis ZOTU10 1 1 0 4 2 

Curculionidae Sitona striatellus ZOTU183 1 2 1 1 0 

Curculionidae  ZOTU108 0 0 1 0 1 

Curculionidae  ZOTU129 2 4 1 1 0 

Curculionidae  ZOTU160 0 3 0 0 0 

Curculionidae  ZOTU161 0 0 0 1 0 

Curculionidae  ZOTU178 1 0 1 0 0 

Curculionidae  ZOTU184 1 0 0 0 0 

Curculionidae  ZOTU186 0 0 1 5 3 

Curculionidae  ZOTU187 1 1 2 2 1 

Curculionidae  ZOTU19 0 1 0 1 0 

Curculionidae  ZOTU193 1 1 0 0 2 

Curculionidae  ZOTU196 1 2 0 2 1 

Curculionidae  ZOTU200 1 0 0 3 1 

Curculionidae  ZOTU204 0 0 0 1 1 

Curculionidae  ZOTU224 0 0 1 0 1 

Curculionidae  ZOTU227 1 0 1 2 0 

Curculionidae  ZOTU233 1 0 0 0 0 
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Curculionidae  ZOTU275 1 0 0 0 0 

Curculionidae  ZOTU284 0 0 0 0 1 

Curculionidae  ZOTU301 0 0 0 2 0 

Curculionidae  ZOTU306 1 0 2 0 0 

Curculionidae  ZOTU314 0 1 3 0 0 

Curculionidae  ZOTU344 0 1 1 0 0 

Curculionidae  ZOTU348 1 0 1 1 0 

Curculionidae  ZOTU405 0 1 0 0 0 

Curculionidae  ZOTU446 1 1 0 0 1 

Curculionidae  ZOTU46 1 3 1 3 0 

Curculionidae  ZOTU54 1 0 1 2 0 

Curculionidae  ZOTU61 0 0 0 1 0 

Curculionidae  ZOTU63 1 0 1 1 0 

Curculionidae  ZOTU8 3 3 2 2 0 

Curculionidae  ZOTU85 0 0 2 5 4 

Curculionidae  ZOTU87 2 0 0 0 0 

Dytiscidae  ZOTU71 0 3 2 0 0 

Hybosoridae  ZOTU52 0 0 1 0 0 

Hydraenidae  ZOTU406 2 0 0 0 1 

Hydraenidae  ZOTU69 1 0 1 3 2 

Hydrophilidae  ZOTU140 0 0 2 1 1 

Hydrophilidae  ZOTU72 0 0 3 1 1 

Latridiidae Enicmus ZOTU152 0 0 0 0 1 

Latridiidae  ZOTU96 0 0 2 0 0 

Leiodidae Austronemadus TFIC sp02 ZOTU230 3 1 1 0 0 

Leiodidae Choleva TFIC sp01 ZOTU6 4 3 4 3 1 

Leiodidae Nargomorphus globulus ZOTU119 0 0 0 1 1 

Leiodidae Sogdini ANIC gen nov TFIC 

sp01 

ZOTU94 2 0 1 1 0 

Leiodidae Sogdini SEAGO gen nov TFIC 

sp01 

ZOTU121 1 1 2 1 2 

Leiodidae Zeadolopus bicoloriclavus ZOTU101 1 2 0 1 2 

Leiodidae  ZOTU122 0 0 0 0 1 
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Leiodidae  ZOTU159 0 0 1 0 1 

Leiodidae  ZOTU43 2 1 0 0 0 

Leiodidae  ZOTU447 0 0 0 2 0 

Leiodidae  ZOTU59 0 1 0 0 0 

Lucanidae  ZOTU3 7 2 6 4 2 

Melandryidae Orchesia alphabetica ZOTU1 8 10 8 6 3 

Melandryidae  ZOTU334 1 0 1 0 0 

Melandryidae  ZOTU401 1 0 0 0 1 

Melandryidae  ZOTU484 1 0 0 0 0 

Melandryidae  ZOTU7 3 2 3 5 3 

Melandryidae  ZOTU75 0 0 0 0 1 

Melandryidae  ZOTU9 1 2 2 4 1 

Nitidulidae Phenolia TFIC sp01 ZOTU343 0 0 0 1 0 

Nitidulidae Thalycrodes cylindricum ZOTU24 6 7 8 8 3 

Nitidulidae Thalycrodes pulchrum ZOTU149 1 0 2 1 0 

Nitidulidae  ZOTU222 2 0 1 1 0 

Nitidulidae  ZOTU238 1 0 1 0 0 

Oedemeridae  ZOTU5 3 2 4 5 3 

Ptiliidae  ZOTU319 1 1 0 1 1 

Scarabaeidae Neorrhina punctata ZOTU128 0 1 0 0 0 

Scarabaeidae  ZOTU35 2 4 1 1 0 

Scarabaeidae  ZOTU86 0 0 1 0 0 

Scirtidae  ZOTU80 2 0 0 0 1 

Scraptiidae  ZOTU16 0 6 1 1 3 

Scraptiidae  ZOTU90 0 1 0 0 0 

Silvanidae  ZOTU51 1 0 0 0 0 

Staphylinidae Aleocharinae ZOTU303 0 1 2 0 0 

Staphylinidae Anotylus ZOTU199 0 1 1 3 0 

Staphylinidae Anotylus ZOTU235 1 2 1 2 1 

Staphylinidae Anotylus ZOTU264 0 3 1 1 1 

Staphylinidae Anotylus ZOTU267 1 2 2 1 0 

Staphylinidae Anotylus ZOTU309 1 1 0 2 1 

Staphylinidae Anotylus ZOTU316 0 2 0 0 0 
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Staphylinidae Anotylus ZOTU378 0 2 0 0 0 

Staphylinidae Anotylus ZOTU420 0 0 0 1 0 

Staphylinidae Anotylus TFIC sp02 ZOTU215 1 3 4 2 0 

Staphylinidae Anotylus TFIC sp04 ZOTU181 1 1 2 2 2 

Staphylinidae Atheta TFIC sp01 ZOTU2 12 11 5 10 8 

Staphylinidae Blepharhymenus apicornis ZOTU49 1 0 3 1 1 

Staphylinidae Calodera rufescens ZOTU349 0 0 0 1 0 

Staphylinidae Euconnus clarus ZOTU127 0 0 1 0 0 

Staphylinidae Falagria TFIC sp01 ZOTU327 1 0 0 1 0 

Staphylinidae Liogluta ZOTU191 0 0 0 0 1 

Staphylinidae Liogluta ZOTU307 0 2 0 1 0 

Staphylinidae Oxypoda irrasa ZOTU132 2 0 3 4 1 

Staphylinidae Oxypoda soror ZOTU102 1 1 0 2 0 

Staphylinidae Pselaphinae ZOTU57 0 0 2 0 0 

Staphylinidae Quedius ZOTU105 0 0 0 1 0 

Staphylinidae Quedius ZOTU123 0 0 0 1 0 

Staphylinidae Quedius ZOTU150 3 2 0 3 2 

Staphylinidae Quedius ZOTU162 1 0 0 0 0 

Staphylinidae Quedius ZOTU318 0 0 0 1 0 

Staphylinidae Quedius ZOTU407 1 0 0 1 0 

Staphylinidae Quedius ZOTU99 0 0 0 0 1 

Staphylinidae Quedius inaequalipennis ZOTU174 0 1 0 3 0 

Staphylinidae Quedius TFIC sp07 ZOTU134 0 3 0 0 0 

Staphylinidae Rybaxis laminata ZOTU445 1 0 0 0 0 

Staphylinidae Spanioda ZOTU363 1 0 1 0 0 

Staphylinidae Spanioda carissima ZOTU147 1 3 6 5 3 

Staphylinidae Staphylinidae sp. 

BOLD:ACI7672 

ZOTU30 1 1 1 0 3 

Staphylinidae Staphylinidae sp. 

INDOBIOSYSCCDB30415G10 

ZOTU20 0 1 0 1 0 

Staphylinidae Staphylinidae sp. sc 01372 ZOTU146 0 4 2 0 4 

Staphylinidae Tetrabothrus claviger ZOTU386 0 1 1 0 0 

Staphylinidae  ZOTU111 0 0 0 1 0 
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Staphylinidae  ZOTU118 1 0 0 0 1 

Staphylinidae  ZOTU131 1 0 0 0 1 

Staphylinidae  ZOTU138 0 0 0 1 0 

Staphylinidae  ZOTU141 2 0 1 2 1 

Staphylinidae  ZOTU177 0 0 0 0 1 

Staphylinidae  ZOTU197 0 0 1 1 2 

Staphylinidae  ZOTU201 0 1 1 3 0 

Staphylinidae  ZOTU203 0 2 0 0 1 

Staphylinidae  ZOTU210 2 1 0 3 1 

Staphylinidae  ZOTU26 1 8 3 1 6 

Staphylinidae  ZOTU261 1 1 2 1 1 

Staphylinidae  ZOTU263 2 0 1 0 0 

Staphylinidae  ZOTU265 0 1 0 1 0 

Staphylinidae  ZOTU288 1 0 0 0 1 

Staphylinidae  ZOTU324 0 1 0 0 1 

Staphylinidae  ZOTU33 0 0 0 1 0 

Staphylinidae  ZOTU333 1 0 0 0 0 

Staphylinidae  ZOTU34 2 3 2 2 2 

Staphylinidae  ZOTU342 1 0 0 3 0 

Staphylinidae  ZOTU355 0 0 1 0 0 

Staphylinidae  ZOTU375 0 0 1 0 1 

Staphylinidae  ZOTU38 2 1 1 1 1 

Staphylinidae  ZOTU392 0 1 1 0 0 

Staphylinidae  ZOTU396 0 1 1 0 0 

Staphylinidae  ZOTU40 0 0 0 0 1 

Staphylinidae  ZOTU414 0 1 0 0 0 

Staphylinidae  ZOTU42 2 2 3 5 2 

Staphylinidae  ZOTU439 0 1 0 1 0 

Staphylinidae  ZOTU45 1 1 1 3 0 

Staphylinidae  ZOTU458 1 0 1 1 0 

Staphylinidae  ZOTU461 1 0 0 0 0 

Staphylinidae  ZOTU47 0 3 3 1 3 

Staphylinidae  ZOTU48 1 5 0 1 4 
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Staphylinidae  ZOTU56 2 0 3 0 3 

Staphylinidae  ZOTU60 0 1 1 1 1 

Staphylinidae  ZOTU73 0 8 2 2 5 

Staphylinidae  ZOTU83 1 2 2 3 0 

Staphylinidae  ZOTU88 1 0 0 0 0 

Staphylinidae  ZOTU89 0 1 0 2 0 

Staphylinidae  ZOTU97 0 0 0 1 0 

Tenebrionidae Myrmechixenus ZOTU255 0 4 0 1 0 
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Table C.8 Number of HTS reads per ZOTU at each sample site. 

Note: This is an extra-large file and is deposited at UTAS Research Data Portal. It can 

be accessed via the URL link  

https://data.utas.edu.au/metadata/905348ea-19d3-4ac5-b345-06f4f42732e2. 

Appendix C.9 DNA sequences of 225 ZOTUs. 

Note: This is a very long fast format file and is deposited at UTAS Research Data 

Portal. It can be accessed via the URL link 

https://data.utas.edu.au/metadata/905348ea-19d3-4ac5-b345-06f4f42732e2. 
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Fig. C.10 NMDS ordination of beetle community (binary Jaccard dissimilarity) 

composition in mature forest and four forest classes of regeneration forest varying in 

forest influence and landscape context. Stress = 0.24. LC: 20-40% represents high 

landscape context, and FI: 0-250 m represents high forest influence in regeneration 

forests.
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Fig. C.11 Distance-based redundancy analysis constrained by forest age (mature vs. 

regeneration). LC: 20-40% represents high landscape context, and FI: 0-250 m 

represents high forest influence in regeneration forests.
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Fig. C.12 Distance-based redundancy analysis constrained by forest age class, i.e., 

40-45, 46-50, 51-58 and mature (>70 years old).
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Fig. C.13 Distance-based redundancy analysis with binary Jaccard dissimilarity (all 

singleton ZOTUs were removed) constrained by forest class, showing beetle 

composition differences in mature forests and four classes of regeneration forests.
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Fig. C.14 Distance-based redundancy analysis constrained by forest classes. LC: 20-

40% represents high landscape context, and FI: 0-125 m represents high forest 

influence in regeneration forest. 


