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Summary

1. Significant advances in both mathematical and molecular approaches in ecology offer
unprecedented opportunities to describe and understand ecosystem functioning. Ecological
networks describe interactions between species, the underlying structure of communities and
the function and stability of ecosystems. They provide the ability to assess the robustness of
complex ecological communities to species loss, as well as a novel way of guiding restoration.
However, empirically quantifying the interactions between entire communities remains a
significant challenge.

2. Concomitantly, advances in DNA sequencing technologies are resolving previously
intractable questions in functional and taxonomic biodiversity and provide enormous potential to
determine hitherto difficult to observe species-interactions. Combining DNA metabarcoding
approaches with ecological network analysis presents important new opportunities for
understanding large-scale ecological and evolutionary processes, as well as providing powerful
tools for building ecosystems that are resilient to environmental change.

3. We propose a novel ‘nested tagging’ metabarcoding approach for the rapid construction of
large, phylogenetically structured species-interaction networks. Taking tree-insect-parasitoid
ecological networks as an illustration, we show how measures of network robustness,
constructed using DNA metabarcoding, can be used to determine the consequences of tree
species loss within forests, and forest habitat loss within wider landscapes. By determining
which species and habitats are important to network integrity, we propose new directions for

forest management.
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4. Merging metabarcoding with ecological network analysis provides a revolutionary opportunity
to construct some of the largest, phylogenetically structured species-interaction networks to
date, providing new ways to: (i) monitor biodiversity and ecosystem functioning; (ii) assess the
robustness of interacting communities to species loss; and (iii) build ecosystems that are more

resilient to environmental change.

Key words: host-parasitoid interactions, next generation sequencing, food-webs, invasive

species, forestry
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Introduction

The past decade has seen significant advances in the theoretical understanding, construction,
visualisation and analysis of complex species interactions networks (Ings et al. 2009; Fontaine
et al. 2011; Kéfi et al. 2012). Ecological networks describe the interactions between species;
and metrics can be used to characterize their structure, complexity and stability. This provides a
framework for understanding species’ ecological roles and the mechanisms through which
biodiversity influences ecosystem function (Thompson et al. 2012). Furthermore, they can be
used to quantify the effects of human activities (Tylianakis et al. 2008), with promising novel
applications for nature conservation (Kaiser-Bunbury & Blithgen 2015) and restoration
(Montoya, Rogers & Memmott 2012). To date, however, it has been difficult to characterize the
structure of most species-rich ecosystems due to sampling, technical and/or logistical
constraints (e.g. Gibson et al. 2011). Hence, although conceptual frameworks for studying much
more complex networks exist (Fontaine et al. 2011), most ecological network studies have
tended to focus either on simple, qualitative food-webs within and between ecosystems (e.g.
Dunne, Williams & Martinez 2002a), or on quantitative interactions within bipartite networks (e.g.

host-parasitoid food-webs, Tylianakis, Tscharntke & Lewis 2007).

Pocock et al. (2012) were some of the first to construct and analyse a ‘network of ecological
networks’, providing new analytical tools for understanding both the consequences of species
extinctions across multiple animals groups, and the potential for ecological restoration within
terrestrial ecosystems. These networks were constructed using ‘traditional’ construction

approaches relying on field observations or rearing specimens followed by morphological
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identification by taxonomists (we use the term ‘traditional’ throughout to contrast with molecular
approaches for network construction from field-collected samples). Although species-
interactions were highly resolved and well-quantified for many of the sub-networks (e.g. plant-
insect pollinators), others were potentially subject to bias (e.g. plant-leafminer-parasitoids)
because of the limitations of taxonomically selective rearing success and the reliance on
accurate morphological identification. Moreover, the construction of such networks is labour-
intensive and, unless sampling efficiency can be increased and biases reduced, it is unlikely
that these approaches will be used more widely. Thus, in order to construct and analyse
multiple, highly-resolved ecological networks in an efficient manner, new methods are needed,
particularly for poorly-studied species and/or interactions that are difficult to observe, such as

host-parasitoid food-webs (Hréek & Godfray 2015).

Concomitant with advances in network theory and analysis has been the development of
powerful DNA-based approaches for individual and community characterisation (see Box 1 for a
glossary of commonly used terms). Recently, DNA metabarcoding (which involves parallel
sequencing of whole communities often obtained as bulk tissue samples, e.g. from arthropod
traps), has been found to be taxonomically more comprehensive, many times quicker to
produce than traditional monitoring methods (Ji et al. 2013), because identifications are genetic
rather than morphological, it is less reliant upon taxonomic expertise, making it especially
valuable for sampling poorly-known taxa and ecosystems. Also DNA-based approaches can be
used to identify remnant DNA shed into the environment (often referred to as environmental
DNA or eDNA), allowing the characterization of communities without the presence of whole
This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
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organisms (e.g. Derocles et al. 2015). Although there are still technical issues to overcome
(Cristescu 2014), community metabarcoding and eDNA are fast becoming important tools in
biodiversity monitoring and conservation (Ji et al. 2013; Thomsen & Willerslev 2015). Moreover,
they provide unprecedented opportunities to aid in the construction and analysis of ecological

networks, particularly if species-interactions can also be determined.

One system where DNA-based approaches to construct ecological networks could be fruitfully
applied is forests. Forest ecosystems hold a large proportion of global biodiversity and terrestrial
carbon stocks, and are key to understanding the mechanisms and management of human-
induced global change (Coomes, Burslem & Simonson 2014). Forests have been the subject of
pioneering studies of both ecological networks (e.g. Morris, Lewis & Godfray 2004; Tylianakis et
al. 2007) and the use of molecular tools in creating networks (e.g. plant-fungi networks Bennett
et al. 2013; Toju et al. 2014). From a management perspective the resilience of forests (i.e. the
capacity of a forest to withstand and absorb external pressures and return, over time, to its pre-
disturbance state) is of major policy relevance (Thompson 2009), especially in the face of
invasive species, pathogens and climate change (Kurz et al. 2008). To address these
management challenges requires a comprehensive understanding of how species in forest
communities interact, how this is related to ecosystem functioning and how they respond to

environmental change.

Here, we describe recent advances in ecological network analysis (ENA) and briefly examine

how DNA-based methods are increasingly used to quantify species-interactions, contrasting the
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merits of these approaches with traditional approaches (Fig. 1A-D). We discuss how the
construction of large, highly-resolved, phylogenetically-structured ecological networks (Fig. 1E)
can be analysed and modelled with ENA (Fig. 1F) and how this can inform the management of
ecosystems (Fig. 1G), such as determining the ecological consequences of tree loss and
building ecosystem resilience in the face of environmental change. Throughout our aim is to
highlight how molecular biologists can effectively work with network ecologists and vice versa. It
is not our intention to provide an exhaustive review of molecular methods or ENA, which can be

found elsewhere (e.g. Kéfi et al. 2012; Cristescu 2014).

To illustrate our conceptual advances we use existing species-interaction data gathered from
the UK Database of Insects and their Food Plants (DBIF) (Smith & Roy 2008) and the Universal
Chalcidoidea Database (Noyes 2015) to construct forest networks. Both of these databases
have been collated from the literature and casual observer records. We purposely present these
large yet incomplete datasets in order to illustrate inherent biases within many existing species-
interaction databases and to demonstrate the need for metabarcoding as a complementary
method for constructing better-resolved ecological networks. Plant-herbivore and herbivore-
parasitoid associations were extracted and combined from each database and filtered to
produce lists of unique interactions in R version 3.1.3. We use the R package ‘HiveR’ (Hanson
2015) to visualize our networks throughout. Although we focus on forest plant-herbivore-
parasitoid interactions, by merging ENA with metabarcoding we contend that it will be possible
to include a considerably wider range of interactions than is possible with traditional network
construction approaches, both across trophic levels and within poorly described ecosystems.
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Advances in ecological network analysis (ENA)

Ecological networks are a powerful framewaork for assessing ecosystem organization, dynamics,
stability and function (Montoya, Pimm & Solé 2006; Bascompte 2009; Thompson et al. 2012).
Species-interaction data is mostly collected and analysed as: i) qualitative (un-weighted)
ecological networks, indicating the presence of interactions (L, links) between species (S,
nodes); ii) weighted qualitative networks, where the abundance of species across trophic levels
and their interactions are determined; or iii) quantitative networks, where the frequency of
interactions between species are determined. Simple measures of network complexity can be
calculated, such as link density (L/S) and connectance (L/S?). Likewise there are a host of
gualitative and quantitative network metrics to describe the network structure, including
commonly used measures of consumer-resource asymmetries such as generality (G) and
vulnerability (V), and whole system descriptions such as nestedness and modularity (Bersier,
BanaSek-Richter & Cattin 2002; Tylianakis et al. 2007; Olesen et al. 2007; Almeida-Neto et al.

2008).

To date, studies have mostly examined bipartite networks such as mutualistic (e.g. plant-
pollinator) or antagonistic (e.g. predator-prey) interactions (Pocock et al. 2012). However,
comparative studies of ecological network structures across a wider range of network types
have: a) revealed general patterns in how consumer—resource interactions among species are
organized (Dunne, Williams & Martinez 2002b; Stouffer et al. 2005; Williams & Martinez 2008);

b) produced successful simple models to characterize such structure (Allesina, Alonso &
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Pascual 2008); and c) supported research on the ‘robustness’ (a measure of the tolerance of
the network to species extinctions) of food-webs to species loss (Dunne et al. 2002a;

Staniczenko et al. 2010).

Network robustness

Of the numerous ecological network attributes, robustness has received particular attention,
driven both by advances in the application of computational modelling (Kaiser-Bunbury et al.
2010; Staniczenko et al. 2010) the desire to understand the consequences of biodiversity loss to
ecosystem functioning (Pocock et al. 2012). Our understanding of the robustness of networks to
species loss has advanced from studies of simple, qualitative bipartite networks (Memmaoitt,
Waser & Price 2004), to investigations of patterns across ecosystems (Srinivasan et al. 2007)
and to current quantitative approaches that take into account species abundance (Kaiser-
Bunbury et al. 2010; Evans, Pocock & Memmott 2013). Classical robustness studies focussed
on the consequences of random and non-random biodiversity loss in ecological networks
(Dunne et al. 2002a) and are still widely used in ecology, despite the development of more
realistic extinction scenarios (Srinivasan et al. 2007). Recent approaches incorporate the
dynamics of species-interactions (rewiring) (Staniczenko et al. 2010), examine stochastic
coextinction cascades (Vieira & Almeida-Neto 2015) or use a Bayesian analytical framework for

dynamic models (EKI6f, Tang & Allesina 2013).

Within forests, network robustness provides clear ways of: i) predicted the ecological

consequences of tree loss (for example due to insect pests and disease); ii) quantifying the
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overall robustness of forests to sequential species extinction; and iii) identifying important tree
species (i.e. the ‘topological keystone species’ within the networks (Jordan 2009)). These
analytical approaches are discussed later, but before they can be used it is essential to find
ways of efficiently constructing large-scale forest networks. DNA-based methods, in particular

metabarcoding, offer unprecedented opportunities to achieve this.

Why use DNA-based methods to construct and analyse ecological networks?

To date, most ecological networks are constructed using non-molecular methods to directly
record species interactions whether those interactions are trophic, mutualistic or parasitic.
These methods either require field observation of the interactions (e.g. plant-pollinators, Gibson
et al. 2011), sample collection followed by analysis (e.g. Carnicer, Jordano & Melian 2009) or
specimen rearing and identification (e.g. insect herbivores and parasitoids, Evans et al. 2011).
They are almost always very labour intensive (Hegland et al. 2010), prone to sampling biases
(Gibson et al. 2011) and can miss cryptic species and associated interactions (Derocles et al.
2015). DNA-based approaches can be faster, more efficient and taxonomically more
comprehensive than traditional approaches. Combining traditional network construction
methods with molecular identification approaches will usually result in more complete and
highly-resolved ecological networks (Wirta et al. 2014). However, DNA-based sampling

approaches are not without their own challenges and biases (see below).

To illustrate why combining molecular approaches with empirical observations is important, we
visualize the known interactions between all British tree genera, herbivores and their associated
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parasitoids (mostly using traditional methods) in Figure 2A. Although the network appears
highly-resolved, it only includes herbivores where a known interaction with a parasitoid has
been observed. However, when all tree-herbivore interaction data is included, as shown in
Figure 2B, the network structure changes significantly and it becomes apparent that
considerable herbivore-parasitoid data is missing. Thus conducting network-level analyses
using this incomplete dataset will give misleading results. For this database, considerable
sampling effort is needed to elucidate any ‘missing links’, particularly rare interactions.
Molecular methods can play a valuable role in overcoming such issues, either through the mass
sampling of forest plant and animal communities, or through eDNA approaches, both of which
can provide high taxonomic resolution. Furthermore, they allow the construction of
phylogenetically structured ecological networks, a growing area in network ecology (Elias,
Fontaine & van Veen 2013). We briefly examine how molecular approaches have enhanced the
ability of ecologists to determine species-interactions before describing a novel method to
construct ecological networks using metabarcoding, thus overcoming some of the problems

associated with traditional network construction methods.

How molecular approaches can enhance our ability to determine interactions

Observation and morphological techniques

Traditional methods for constructing species-interaction networks are often time consuming or
require a high level of taxonomic expertise making them impractical for large-scale studies,
particularly in parts of the world with poorly described biota. Indeed, even in well-described

ecosystems, organisms are often ‘lumped’ or assigned by ‘morphotype’ in ecological networks if
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they cannot be identified to species level by taxonomists (see early networks such as Memmott
1999). To overcome this, some of the traditional methods can be complemented with, or
replaced by, DNA-based approaches to identify interactions that are otherwise difficult to detect.
Importantly, the throughput of well-designed molecular approaches can lead to datasets
considerably larger than those that can be produced by rearing or observation approaches
alone. Examples include trophic interactions (Kitson et al. 2013; Clare 2014) and host-parasitoid
interactions (Wirta et al. 2014; Derocles et al. 2014). There is, of course, no single molecular
approach suitable for all ecological systems or questions, and the DNA-based methods

employed are typically tailored to the specific question being addressed.

PCR diagnostic approaches

Researchers must first consider whether the diagnostic method should be sequence-based,
since although DNA sequence data gives most information there can be significant costs
associated in terms of both time and money. To avoid sequencing all samples, it is sometimes
possible to develop taxonomically diagnostic polymerase chain reaction (PCR) assays. This
approach is an individual-level diagnostic tool and not generally appropriate for the analysis of
community samples, but it can be both cheap and quick, with a single person typically producing
data for ~1000 samples in a few days. Diagnostic PCR based approaches can be employed
when the study system is relatively simple and all nodes in the network are known in detail a
priori. Specific primer pairs can be designed for each species, or set of species, which produce
a different PCR amplicon size for each primer pair. Species identification is then as simple as

separating the PCR products by gel electrophoresis and measuring the size of each band
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against a size standard to determine which species-specific amplicon it represents. Derocles et
al. (2014) employed this approach to detect and identify hymenopteran parasitoids of aphids in
agroecosystems. A modification of this is to use fluorescently-labelled PCR primers and read
the fragment sizes on a DNA analyser, a similar method to that used for microsatellite
genotyping. This has advantages over the gel electrophoresis approach as the PCR amplicon
related to each species can overlap in size provided each primer pair is labelled with a different
fluorescent dye. King et al. (2011) employed this approach to identify diet in generalist Carabid
beetles active in agroecosystems. In general, diagnostic PCR approaches require significant
development of comprehensive primer sets matching all species of interest present in the study
system, and it is best seen as a complementary development to sequencing approaches rather

than as an alternative.

DNA barcoding by Sanger sequencing

For study systems where the full range of organisms interacting is not known a priori,
identification is best performed by sequencing a barcode gene (i.e. a sequence that is unique to
each species). For animals, this is usually Cytochrome c oxidase subunit | (COX1), which has
an enormous reference database (Hebert et al. 2003); for plants, this is usually Maturase K
(matK), large subunit Ribulose-1,5-bisphosphate carboxylase (rbcLa) or Transfer RNA Leucine
intron (trnL) (Hollingsworth, Graham & Little 2011); for fungi, this is usually one or more of the
ribosomal internal transcribed spacer regions (ITS) (Seifert 2009). The selection of different loci
for different groups originates from the availability of primer pairs that amplify successfully

across a wide range of species, and the existence of historically differing large databases of
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reference sequences to which the researcher’s barcode sequences can be compared in order to
identify taxa. In addition, for each locus a range of primer pairs often exist. For instance, Folmer
et al. (1994) and Leray et al. (2013) both amplify COX1 but produce different overlapping
fragment lengths. Which primer pair is optimal for a given experimental design is dependent on
the specific binding affinities for each primer to the genomes of the studied organisms, as well
as on the quality of the DNA extraction (for example, eDNA is typically degraded compared to
tissue extracted DNA and will amplify more successfully when using primers that target a

smaller region of a barcode gene).

Sanger sequencing has been used to compare networks constructed using molecular detection
with those made using traditional rearing of parasitoids from hosts, with molecular techniques
identifying many more interactions than seen when rearing (e.g. Wirta et al. 2014). This
approach is cheap and easy for small numbers of samples and provides long DNA sequences
(upwards of 1000 base pairs where primers allow) leading to higher taxonomic resolution in the
DNA sequences, but is unsuited to situations where complex mixtures of DNA may be present

(see below).

DNA barcoding is a highly optimised methodology, amenable to efficient processing of samples
from moderate sized projects and is now the standard approach to characterising biological
systems. It produces large amounts of taxonomically relevant information and, given a suitable
set of reference sequences, can be highly accurate in species identification. However, the ability
to scale this approach to larger and more cost-effective projects remains a challenge since both
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the resources and time required scale linearly. New sequencing technologies are required to

address these issues.

Massively parallel sequencing and metabarcoding

When dealing with samples which are complicated mixtures of DNA from multiple species, the

individual-level approaches described above are very difficult to employ, and it is much more

appropriate to use massively parallel sequencing technologies (also called next generation
sequencing, NGS). The most effective approaches in ecological contexts are called

‘metabarcoding’ (See Box 1) as they involve the amplification of a barcode sequence from a

community sample (pooled individuals), followed by NGS. This results in >1 million sequences,

thus covering the species in the sample whose barcode sequence was amplified, but requires
detailed bioinformatic analysis to determine taxonomic identities. Identification can be made by
reference to existing sequence libraries, but the sequence data allows all operational taxonomic
units (OTU) to be distinguished, even if its precise taxonomic identity is unknown. This
technology, using platforms such as Roche 454, Life Sciences lon Torrent and Illumina

HiSeg/MiSeq, allows many sequences to be read simultaneously, both within and across

biological samples. In particular, their parallel nature provides a means to analyse very

complicated DNA mixtures previously unsuitable for standard barcoding, such as: bulk samples
from insect surveys (Ji et al. 2013); eDNA in seawater (Thomsen et al. 2012); generalist
insectivore diets where the gut contents of any individual may contain many different prey items

(Pifiol et al. 2014; Kruger et al. 2014); and plant-fungus interactions in which plant roots may

interact with many different fungal species simultaneously (Toju et al. 2014).
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Perhaps one major reason that NGS community sequencing approaches are yet to be more
widely adopted in network ecology is the absence of interaction data. Although it is possible to
determine the list of species present in a biological sample (this may be several thousand for
some habitats) explicit interaction data between those species is lacking (although it can
sometimes be inferred, e.g. (Vacher et al. 2016)). Additionally, many network ecology
approaches have relatively simple DNA mixtures present in each sample (a single host-parasite
interaction for example) but a large number of samples would be required to create a
representative network. As individual NGS analysis of each sample would be prohibitively
expensive, and the more efficient approach of pooling samples into a single cost-effective NGS
run would remove the ability to identify interactions, an intermediate method is required in order

to obtain both species and interaction data for network construction.

A ‘nested tagging’ method for creating highly-resolved ecological networks with NGS

The challenges of cost efficiency in NGS yet retaining information on interactions can be
overcome by advances in sample ‘tagging’ protocols (some varieties of which have been used
for almost a decade e.g. Binladen et al. (2007)). We propose a ‘nested tagging’ extension of the
standard Illumina 16S metabarcoding protocol (lllumina 2011), that fully exploits the capacity of
NGS sequencing while retaining the individual-level data most valuable to ecologists (Kitson et
al. 2016). We describe below, by reference to forest systems, that this approach could be well-

suited to constructing ecological networks because it will help to resolve the incomplete or
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missing tree-insect-parasitoid interactions (Fig. 1B) and provide additional information to

construct phylogenetically structured networks.

The DNA amplification and nested tagging process is described in Figure 3. ‘Tagging’ refers to
the addition to the PCR primer of a characteristic DNA sequence not present in the genome
being identified. We may include, for example, a unigque 4-10 nucleotide sequence at the end of
our PCR primer, using a different sequence for each set of primers (Binladen et al. 2007). Each
PCR amplification can therefore associate a unique sequence with whichever sample was being
amplified, and this can be tracked through to the final analysis to identify which sequences
came from which individual. The challenge here is to scale this approach, since even a medium
sized experiment soon requires thousands of unique primers, which would be both too costly
and technically challenging to utilise in the laboratory. The ‘nesting’ approach we describe can
reduce the barcode complexity considerably, making large scale experiments tractable.
Individual insects have DNA extracted in 96-well plates and the COX1 barcode locus is
amplified using universal primers. Any of the published primer pairs COX1 would be suitable,
provided they produce a PCR amplicon across a wide range of taxa. To each primer we add a
first set of molecular identification (MID) tags, the Illumina sequencing primer and a bridge
sequence, so that these elements are incorporated into the PCR product. For each plate, twelve
separate forward primers and eight separate reverse primers (differing only by the MID tag) are
used. Each column of wells has a different forward primer, and each row a different reverse
primer, which when combined gives 96 uniquely MID tagged PCR products within each plate.
Every plate is amplified using the same 96 primer combinations so that MID tag combinations
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are shared across plates. Each plate is then pooled into its own library of sequences, and each
library is re-amplified with another set of primers containing the bridge sequence, a second set
of MID tags (this time to identify the plate) and the lllumina adapter sequence for binding to the
sequencing flow cell. The result is that each sequence within each library shares the same plate
MID tags and, while the individual MID tags are shared across plates, each individual well in the
study has its own unigue combination of four MID tags, allowing individuals to be reconstructed

from the reads.

The nested tagging approach could significantly help in the construction of networks of
ecological networks within forests. If biological samples are tagged and pooled for nested
metabarcoding, then information on the tree species (and individual) interactions can be
obtained. If a range of tree species (and other woodland plants) are sampled, then the
interactions between trees and other organisms (and across trophic levels) can be analysed,
ranging from large-scale food-webs to more subtle effects on networks, such as intracellular

parasites, diseases and linkages between herbivore and host genotypes.

Challenges in using molecular tools for ecological network analysis
The most urgent research need for metabarcoding is to promote best common practices for
data analysis (Cristescu 2014). Metabarcoding studies provide biodiversity estimates that are
highly dependent on the resolution of the marker used, the quality of the sequence libraries, and
the parameters used in bioinformatics pipelines. Currently, metabarcoding and nested tagging
metabarcoding (as described above) is limited to sequencing approximately 600bp or less which
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can limit the level to which taxonomic assignments can be made (e.g. Taberlet et al. 2006).
Although analysis allows OTUs to be distinguished even when the DNA sequence cannot be
assigned to a hamed species, these OTUs are not easily reconcilable across sites or studies,
thus making it difficult to draw species-level conclusions from the data. However, in most
contexts, we suggest that, even with suboptimal locus choice, the resolution achievable for
many taxonomic groups would still be superior compared with assigning specimens to

morphospecies based on external appearance.

One specific advantage of sequence data is that not only can species (or OTUs) be identified,
but that their relatedness can be ascertained via phylogenetic analysis of the sequence data.
However, shorter loci can make phylogenetic inferences among the sampled species less
reliable. To circumvent these problems and provide more robust estimates of the relatedness of
taxa in the samples it is possible to take a phylogenetic approach to taxon identification.
Programs such as pplacer (Matsen, Kodner & Armbrust 2010) and RAXML-EPA (Caporaso et
al. 2010; Berger, Krompass & Stamatakis 2011) build a phylogenetic tree that includes longer
sequences from related species sourced from GenBank, and to estimate relationships and

identifications among the unknown taxa.

Application of ecological network analysis (ENA) and metabarcoding to forest

ecosystems
Understanding the structure of forest ecological networks and their response to environmental

change
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Despite the importance of forests for global biodiversity, species-interactions within them are still
poorly understood. However, ENA has been used in several ways in forest systems to show, for
example: how forest insects can interact through shared natural enemies via apparent
competition (Morris et al. 2004) and in the face of changing environmental conditions (Staab,
Bluthgen & Klein 2014); that logging old-growth forest reduces the redundancy of networks of
birds feeding on fruits (Albrecht et al. 2013); and how modifying the forest structure impacts
more upon network structure than species assemblages (Tylianakis et al. 2007). These
examples highlight how ENA can be used to better understand ecological and evolutionary
processes within forests, as well as its potential for determining the impacts of environmental
change on ecosystem functioning. The increased efficiency granted by nested tagging
metabarcoding will make it more tractable to construct and analyse large-scale, highly-resolved

forest networks.

Incorporating phylogenetic information into ecological network analysis
Combining phylogenetic information with ENA can make a significant contribution to our
understanding of the structure and fate of species-rich communities (Vazquez, Chacoff &
Cagnolo 2009; Elias et al. 2013; Rafferty & Ilves 2013). Figure 4 shows how nested tagging
metabarcoding provides the data necessary to construct phylogenetically structured ecological
networks. To date, most species-interaction data generated using traditional field observations
and insect rearing has been organised in a manner similar to that shown in Figure 4A. Here the
species-interaction matrices represent the supposed frequency of interaction between a subset
of trees, herbivores and parasitoids for illustrative purposes. By adding the phylogenies of the
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trees, herbivores and parasitoids to the matrices (Fig. 4B), it is possible to investigate the
presence of phylogenetic signals in the ecological networks and variation within and between
trophic levels (Elias et al. 2013). Merging DNA metabarcoding with ENA has considerable
potential for phylogenetic trait-based analyses (Rafferty & Ives 2013), understanding
coevolutionary interactions (Guimarédes, Jordano & Thompson 2011) and coextinction cascades

of related species (Rezende et al. 2007).

Examining the robustness of forest networks and identifying key tree species
In order to understand the cascading effects of tree extinction on biodiversity, for example as a
result of disease (Mitchell et al. 2014) or invasive insects (Handley et al. 2011), assessing the
robustness of forest networks is a promising area for future research. We exemplify this with a
network of trees (the eight most frequently occurring genera in DBIF), insect herbivores and
parasitoids (Fig. 5A). The insects are directly and indirectly connected through shared tree
species, which can sequentially be removed either randomly (Figs. 5B and 5C) or through pre-
defined criteria. One useful criterion would be the phylogenetic relatedness of trees or insects,
such as naturally obtained via the nested tagging approach to determine interactions, which is
useful to forest managers when considering shared susceptibility of a taxonomically related
group of species to a disease or pest. The robustness of the tripartite network (Fig. 5D) can be
calculated by recording: i) the number of herbivore secondary extinctions as a result of
sequential tree loss; and ii) the subsequent number of parasitoid secondary extinctions as a
result of herbivore loss (as per Pocock et al. 2012). In this example, the random sequential loss
of tree species has little impact on the network at first as many animals have shared hosts, but
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as more tree species are lost the number of secondary extinctions accelerates. Robustness
analysis can be developed further to determine the relative importance of species within the
networks, for example their contribution to network robustness (Pocock et al. 2012) thus

complementing structural measures of species important in networks (Jordan 2009).

Robustness has a range of potential applications for forest management. First, if the robustness
of the networks of trees and species in dependant guilds (e.g. herbivores, epiphytes etc.) varies
considerably between the different guilds, it may be possible to select sensitive groups for
conservation effort and assessment as bioindicators. Second, if the robustness of animal groups
are found to co-vary, targeting specific guilds for management might have cascading benefits.
Third, if some tree species are discovered to be disproportionately important in the network of
networks, these trees could be investigated further for building more resilient forests or for
planning restoration. This information could also inform impact assessments and the
cost/benefit analyses used to determine whether management of pests and diseases is justified.
Furthermore, the importance of a tree species in an ecological network (i.e taking indirect as

well as direct interactions into account) could provide one indication of its non-market value.

Determining the importance of forests at the landscape scale

Recently, network robustness was developed further to model the cascading effects of habitat

loss via plant extinctions on animal groups (Evans et al. 2013), representing a new method to

examine the relative importance of different habitats, including forests, at the landscape scale.

This study developed the use of a genetic algorithm (GA; which is an efficient way of searching
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for global optima) to determine the least-serious and the worst-case habitat loss permutations of

extinction sequences (see also (Allesina & Pascual 2009)).

Forest conservation and restoration

Forest managers and conservation practitioners require indicators to monitor and assess
management effectiveness and validate conservation goals. Kaiser-Bunbury & Blithgen (2015)
present a framework for network analysis to be incorporated into conservation management
with an implementation pathway that outlines the stages required to successfully embed a
network approach. Other emerging perspectives in the restoration of biodiversity-based
ecosystem services using ecological networks have been proposed (Montoya et al. 2012). For
example, a recent study by Ribeiro da Silva et al. (2015) (2015) demonstrated how ecological
networks can be used as an indicator of the restoration success of Atlantic rainforests. With
increasing threats to tree health via invasive species, diseases and climate change, we believe
that combining metabarcoding with ENA will provide forest managers with practical information
to potentially enhance resilience. The additional phylogenetic data obtained from metabarcoding
will provide important information about how trees with differing evolutionary histories respond
to a range of biotic and abiotic stresses (e.g. Robinson et al. 2015). Considering the future of
forests, the information from this combined approach will support forest managers in developing

much-needed responses based on adaptation, migration or extirpation (Aitken et al. 2008).

Conclusion
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Combined advances in metabarcoding, complexity science and ‘big data’ provide
unprecedented opportunities to create some of the largest, highly-resolved and phylogenetically
structured ecological networks to date. Metabarcoding is resolving previously intractable
guestions in functional and taxonomic biodiversity and there is a growing interest in how to infer
species interactions based on functional traits, phylogenies and geography (Morales-Castilla et
al. 2015). By merging nested tagging metabarcoding with ENA, interaction data can be retained.
Within forests, it can provide better-resolved species-interaction networks and allows a novel
way of determining robustness, the importance of tree species to network integrity and
ultimately forest species composition to maximise resilience (Oliver et al. 2015). The combined
approaches are applicable to other ecosystems and can provide a new way to better

understand, predict and manage complex species-interactions in a changing world.

Acknowledgements

We thank Timothée Poisot, Sonia Kefi and Daniel Stouffer for comments on an early draft and
the two anonymous reviewers for their helpful input. D. M. Evans and J. J. N. Kitson co-wrote as
joint-first authors the first draft of the manuscript, and all authors contributed substantially to

revisions.

Data Accessibility

No data is archived for this manuscript. All data is publicly available through the Database of

Insects and their Food Plants (Smith & Roy 2008) http://www.brc.ac.uk/dbif/ and the Universal

Chalcidoidea Database (Noyes 2015).

This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been

published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

24



510

511

512
513
514

515
516
517

518
519

520
521

522
523
524

525

526
527
528

529
530
531

532
533

534
535
536

537
538
539
540
541

References

Aitken, S.N., Yeaman, S., Holliday, J.A., Wang, T. & Curtis-McLane, S. (2008) Adaptation,
migration or extirpation: climate change outcomes for tree populations. Evolutionary
applications, 1, 95-111.

Albrecht, J., Berens, D.G., Bluthgen, N., Jaroszewicz, B., Selva, N. & Farwig, N. (2013) Logging
and forest edges reduce redundancy in plant—frugivore networks in an old-growth European
forest. The Journal of ecology, 101, 990-999.

Allesina, S., Alonso, D. & Pascual, M. (2008) A general model for food web structure. Science,
320, 658-661.

Allesina, S. & Pascual, M. (2009) Googling food webs: can an eigenvector measure species’
importance for coextinctions? PLoS computational biology, 5, €1000494.

Almeida-Neto, M., Guimarées, P., Guimarées, P.R., Loyola, R.D. & Ulrich, W. (2008) A
consistent metric for nestedness analysis in ecological systems: reconciling concept and
measurement. Oikos , 117, 1227-1239.

Bascompte, J. (2009) Disentangling the web of life. Science, 325, 416-419.

Bennett, A.E., Daniell, T.J., Opik, M., Davison, J., Moora, M., Zobel, M., Selosse, M.-A. &
Evans, D. (2013) Arbuscular mycorrhizal fungal networks vary throughout the growing
season and between successional stages. PloS one, 8, €83241.

Berger, S.A., Krompass, D. & Stamatakis, A. (2011) Performance, accuracy, and Web server for
evolutionary placement of short sequence reads under maximum likelihood. Systematic
biology, 60, 291-302.

Bersier, L.-F., BanaSek-Richter, C. & Cattin, M.-F. (2002) Quantitative Descriptors of Food-Web
Matrices. Ecology, 83, 2394-2407.

Binladen, J., Gilbert, M.T.P., Bollback, J.P., Panitz, F., Bendixen, C., Nielsen, R. & Willerslev, E.
(2007) The use of coded PCR primers enables high-throughput sequencing of multiple
homolog amplification products by 454 parallel sequencing. PloS one, 2, €197.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
Fierer, N., Pefia, A.G., Goodrich, J.K., Gordon, J.l., Huttley, G.A., Kelley, S.T., Knights, D.,
Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D., Pirrung, M., Reeder,
J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann, J., Yatsunenko, T., Zaneveld,
J. & Knight, R. (2010) QIIME allows analysis of high-throughput community sequencing

This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been

published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

25



542

543
544

545
546
547

548
549

550
551
552

553
554
555

556
557
558
559

560
561

562
563
564

565
566
567

568
569

570
571
572

573
574

data. Nature methods, 7, 335-336.

Carnicer, J., Jordano, P. & Melian, C.J. (2009) The temporal dynamics of resource use by
frugivorous birds: a network approach. Ecology, 90, 1958-1970.

Clare, E.L. (2014) Molecular detection of trophic interactions: emerging trends, distinct
advantages, significant considerations and conservation applications. Evolutionary
applications.

Coomes, D.A., Burslem, D.F. & Simonson, W.D. (2014) Forests and Global Change. Cambridge
University Press.

Cristescu, M.E. (2014) From barcoding single individuals to metabarcoding biological
communities: towards an integrative approach to the study of global biodiversity. Trends in
ecology & evolution, 29, 566-571.

Derocles, S.A.P., Evans, D.M., Nichols, P.C., Aifionn Evans, S. & Lunt, D.H. (2015) Determining
Plant — Leaf Miner — Parasitoid Interactions: A DNA Barcoding Approach. PloS one, 10,
e0117872.

Derocles, S.A.P., Le Ralec, A., Besson, M.M., Maret, M., Walton, A., Evans, D.M. &
Plantegenest, M. (2014) Molecular analysis reveals high compartmentalization in aphid-
primary parasitoid networks and low parasitoid sharing between crop and noncrop habitats.
Molecular ecology, 23, 3900-3911.

Dunne, J.A., Williams, R.J. & Martinez, N.D. (2002a) Network structure and biodiversity loss in
food webs: robustness increases with connectance. Ecology letters, 5, 558-567.

Dunne, J.A., Williams, R.J. & Martinez, N.D. (2002b) Food-web structure and network theory:
The role of connectance and size. Proceedings of the National Academy of Sciences of the
United States of America, 99, 12917-12922.

EKIof, A., Tang, S. & Allesina, S. (2013) Secondary extinctions in food webs: a Bayesian
network approach. Methods in ecology and evolution / British Ecological Society, 4, 760—
770.

Elias, M., Fontaine, C. & van Veen, F.J.F. (2013) Evolutionary history and ecological processes
shape a local multilevel antagonistic network. Current biology: CB, 23, 1355-1359.

Evans, D.M., Pocock, M.J.O., Brooks, J. & Memmott, J. (2011) Seeds in farmland food-webs:
Resource importance, distribution and the impacts of farm management. Biological
conservation, 144, 2941-2950.

Evans, D.M., Pocock, M.J.O. & Memmott, J. (2013) The robustness of a network of ecological
networks to habitat loss. Ecology letters, 16, 844—-852.

This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been

published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

26



575
576
577

578
579
580

581
582

583
584

585
586

587

588
589
590

591
592
593

594
595

596
597

598
599

600
601
602
603

604
605
606
607
608

Folmer, O., Black, M., Hoeh, W., Lutz, R. & Vrijenhoek, R. (1994) DNA primers for amplification
of mitochondrial cytochrome ¢ oxidase subunit | from diverse metazoan invertebrates.
Molecular marine biology and biotechnology, 3, 294—-299.

Fontaine, C., Guimaraes, P.R., Jr, Kéfi, S., Loeuille, N., Memmott, J., van der Putten, W.H., van
Veen, F.J.F. & Thébault, E. (2011) The ecological and evolutionary implications of merging
different types of networks. Ecology letters, 14, 1170-1181.

Gibson, R.H., Knott, B., Eberlein, T. & Memmott, J. (2011) Sampling method influences the
structure of plant—pollinator networks. Oikos , 120, 822—-831.

Guimaraes, P.R., Jr, Jordano, P. & Thompson, J.N. (2011) Evolution and coevolution in
mutualistic networks. Ecology letters, 14, 877-885.

Handley, L.-J.L., Estoup, A., Evans, D.M., Thomas, C.E., Lombaert, E., Facon, B., Aebi, A. &
Roy, H.E. (2011) Ecological genetics of invasive alien species. Biocontrol, 56, 409-428.

Hanson, B.A. (2015) HiveR: 2D and 3D Hive Plots for R. DePauw University.

Hebert, P.D.N., Cywinska, A., Ball, S.L. & deWaard, J.R. (2003) Biological identifications
through DNA barcodes. Proceedings. Biological sciences / The Royal Society, 270, 313—
321.

Hegland, S.J., Dunne, J., Nielsen, A. & Memmott, J. (2010) How to monitor ecological
communities cost-efficiently: The example of plant—pollinator networks. Biological
conservation, 143, 2092-2101.

Hollingsworth, P.M., Graham, S.W. & Little, D.P. (2011) Choosing and using a plant DNA
barcode. PloS one, 6, €19254.

Hrcek, J. & Godfray, H.C.J. (2015) What do molecular methods bring to host—parasitoid food
webs? Trends in parasitology, 31, 30—35.

lllumina. (2011) Preparing 16S Ribosomal RNA Gene Amplicons for the Illumina MiSeq System.
lllumina technical note.

Ings, T.C., Montoya, J.M., Bascompte, J., Bluthgen, N., Brown, L., Dormann, C.F., Edwards, F.,
Figueroa, D., Jacob, U., Jones, J.1., Lauridsen, R.B., Ledger, M.E., Lewis, H.M., Olesen,
J.M., Van Veen, F.J.F., Warren, P.H. & Woodward, G. (2009) Review: Ecological networks
— beyond food webs. The Journal of animal ecology, 78, 253-269.

Ji, Y., Ashton, L., Pedley, S.M., Edwards, D.P., Tang, Y., Nakamura, A., Kitching, R., Dolman,
P.M., Woodcock, P., Edwards, F.A., Larsen, T.H., Hsu, W.W., Benedick, S., Hamer, K.C.,
Wilcove, D.S., Bruce, C., Wang, X., Levi, T., Lott, M., Emerson, B.C. & Yu, D.W. (2013)
Reliable, verifiable and efficient monitoring of biodiversity via metabarcoding. Ecology
letters, 16, 1245-1257.

This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been

published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

27



609
610

611
612

613
614
615

616
617
618

619
620
621

622
623
624

625
626
627

628
629
630

631
632
633

634
635
636
637

638
639
640

641

642

Jordan, F. (2009) Keystone species and food webs. Philosophical transactions of the Royal
Society of London. Series B, Biological sciences, 364, 1733-1741.

Kaiser-Bunbury, C.N. & Bluthgen, N. (2015) Integrating network ecology with applied
conservation: a synthesis and guide to implementation. AoB plants.

Kaiser-Bunbury, C.N., Muff, S., Memmott, J., Miller, C.B. & Caflisch, A. (2010) The robustness
of pollination networks to the loss of species and interactions: a quantitative approach
incorporating pollinator behaviour. Ecology letters, 13, 442—-452.

Kéfi, S., Berlow, E.L., Wieters, E.A., Navarrete, S.A., Petchey, O.L., Wood, S.A., Boit, A., Joppa,
L.N., Lafferty, K.D., Williams, R.J. & Others. (2012) More than a meal... integrating non-
feeding interactions into food webs. Ecology letters, 15, 291-300.

King, R.A., Moreno-Ripoll, R., Agusti, N., Shayler, S.P., Bell, J.R., Bohan, D.A. & Symondson,
W.0.C. (2011) Multiplex reactions for the molecular detection of predation on pest and
nonpest invertebrates in agroecosystems. Molecular ecology resources, 11, 370-373.

Kitson, J.J.N., Hahn, C., Sands, R.J., Straw, N.A., Evans, D.M. & Lunt, D.H. (2016) Nested
metabarcode tagging: a robust tool for studying species interactions in ecology and
evolution. bioRxiv.

Kitson, J.J.N., Warren, B.H., Florens, F.B.V., Baider, C., Strasberg, D. & Emerson, B.C. (2013)
Molecular characterization of trophic ecology within an island radiation of insect herbivores
(Curculionidae: Entiminae: Cratopus). Molecular ecology, 22, 5441-5455.

Kruger, F., Clare, E.L., Symondson, W.0O.C., KeiSs, O. & Pétersons, G. (2014) Diet of the
insectivorous bat Pipistrellus nathusii during autumn migration and summer residence.
Molecular ecology, 23, 3672—-3683.

Kurz, W.A., Dymond, C.C., Stinson, G., Rampley, G.J., Neilson, E.T., Carroll, A.L., Ebata, T. &
Safranyik, L. (2008) Mountain pine beetle and forest carbon feedback to climate change.
Nature, 452, 987-990.

Leray, M., Yang, J.Y., Meyer, C.P., Mills, S.C., Agudelo, N., Ranwez, V., Boehm, J.T. &
Machida, R.J. (2013) A new versatile primer set targeting a short fragment of the
mitochondrial COI region for metabarcoding metazoan diversity: application for
characterizing coral reef fish gut contents. Frontiers in zoology, 10, 34.

Matsen, F.A., Kodner, R.B. & Armbrust, E.V. (2010) pplacer: linear time maximum-likelihood
and Bayesian phylogenetic placement of sequences onto a fixed reference tree. BMC
bioinformatics, 11, 538.

Memmott, J. (1999) The structure of a plant-pollinator food web. Ecology letters, 2, 276—-280.

Memmott, J., Waser, N.M. & Price, M.V. (2004) Tolerance of pollination networks to species
This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,

N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been
published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

28



643

644
645
646
647
648
649

650
651

652
653

654
655

656
657

658
659

660
661
662

663
664
665
666

667
668
669

670
671

672
673

674
675
676

extinctions. Proceedings. Biological sciences / The Royal Society, 271, 2605-2611.

Mitchell, R.J., Beaton, J.K., Bellamy, P.E., Broome, A., Chetcuti, J., Eaton, S., Ellis, C.J.,
Gimona, A., Harmer, R., Hester, A.J., Hewison, R.L., Hodgetts, N.G., lason, G.R., Kerr, G.,
Littlewood, N.A., Newey, S., Potts, J.M., Pozsgai, G., Ray, D., Sim, D.A., Stockan, J.A.,
Taylor, A.F.S. & Woodward, S. (2014) Ash dieback in the UK: A review of the ecological
and conservation implications and potential management options. Biological conservation,
175, 95-109.

Montoya, J.M., Pimm, S.L. & Solé, R.V. (2006) Ecological networks and their fragility. Nature,
442, 259-264.

Montoya, D., Rogers, L. & Memmott, J. (2012) Emerging perspectives in the restoration of
biodiversity-based ecosystem services. Trends in ecology & evolution, 27, 666—-672.

Morales-Castilla, 1., Matias, M.G., Gravel, D. & Araujo, M.B. (2015) Inferring biotic interactions
from proxies. Trends in ecology & evolution, 30, 347-356.

Morris, R.J., Lewis, O.T. & Godfray, H.C.J. (2004) Experimental evidence for apparent
competition in a tropical forest food web. Nature, 428, 310-313.

Noyes, J.S. (2015) Universal Chalcidoidea Database. URL http://www.nhm.ac.uk/research-
curation/research/projects/chalcidoids/database/ [accessed 2015]

Olesen, J.M., Bascompte, J., Dupont, Y.L. & Jordano, P. (2007) The modularity of pollination
networks. Proceedings of the National Academy of Sciences of the United States of
America, 104, 19891-19896.

Oliver, T.H., Heard, M.S., Isaac, N.J.B., Roy, D.B., Procter, D., Eigenbrod, F., Freckleton, R.,
Hector, A., Orme, C.D.L., Petchey, O.L., Proenca, V., Raffaelli, D., Suttle, K.B., Mace,
G.M., Martin-Lépez, B., Woodcock, B.A. & Bullock, J.M. (2015) Biodiversity and Resilience
of Ecosystem Functions. Trends in ecology & evolution, 30, 673-684.

Pifiol, J., San Andrés, V., Clare, E.L., Mir, G. & Symondson, W.O.C. (2014) A pragmatic
approach to the analysis of diets of generalist predators: the use of next-generation
sequencing with no blocking probes. Molecular ecology resources, 14, 18-26.

Pocock, M.J.O., Evans, D.M. & Memmott, J. (2012) The robustness and restoration of a network
of ecological networks. Science, 335, 973-977.

Rafferty, N.E. & Ives, A.R. (2013) Phylogenetic trait-based analyses of ecological networks.
Ecology, 94, 2321-2333.

Rezende, E.L., Lavabre, J.E., Guimaraes, P.R., Jordano, P. & Bascompte, J. (2007) Non-
random coextinctions in phylogenetically structured mutualistic networks. Nature, 448, 925—
928.

This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been

published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

29



677
678

679
680
681

682
683

684
685

686
687

688
689

690
691

692
693

694
695
696

697
698
699

700
701
702
703

704
705
706

707
708

709

Ribeiro da Silva, F., Montoya, D., Furtado, R., Memmott, J., Pizo, M.A. & Rodrigues, R.R.
(2015) The restoration of tropical seed dispersal networks. Restoration Ecology.

Robinson, K.M., Hauzy, C., Loeuille, N. & Albrectsen, B.R. (2015) Relative impacts of
environmental variation and evolutionary history on the nestedness and modularity of tree—
herbivore networks. Ecology and evolution, 5, 2898—2915.

Seifert, K.A. (2009) Progress towards DNA barcoding of fungi. Molecular ecology resources, 9
Suppl s1, 83-89.

Smith, R.M. & Roy, D.B. (2008) Revealing the foundations of biodiversity: The Database of
British Insects and their Foodplants. British Wildlife, 20, 17-25.

Srinivasan, U.T., Dunne, J.A., Harte, J. & Martinez, N.D. (2007) Response of complex food
webs to realistic extinction sequences. Ecology, 88, 671-682.

Staab, M., Blithgen, N. & Klein, A.-M. (2014) Tree diversity alters the structure of a tri-trophic
network in a biodiversity experiment. Oikos , 124, 827-834.

Staniczenko, P.P.A., Lewis, O.T., Jones, N.S. & Reed-Tsochas, F. (2010) Structural dynamics
and robustness of food webs. Ecology letters, 13, 891-899.

Stouffer, D.B., Camacho, J., Guimera, R., Ng, C.A. & Amaral, L.A.N. (2005) Quantitative
Patterns in the Structure of Model and Empirical Food Webs. Ecology, 86, 1301-1311.

Taberlet, P., Coissac, E., Pompanon, F., Gielly, L., Miquel, C., Valentini, A., Vermat, T.,
Corthier, G., Brochmann, C. & Willerslev, E. (2006) Power and limitations of the chloroplast
trnL (UAA) intron for plant DNA barcoding. Nucleic acids research, 35, e14.

Thompson, I.D. (2009) Forest Resilience, Biodiversity, and Climate Change: A Synthesis of the
Biodiversity/resilience/stability Relationship in Forest Ecosystems. Secretariat of the
Convention on Biological Diversity.

Thompson, R.M., Brose, U., Dunne, J.A., Hall, R.O., Jr, Hladyz, S., Kitching, R.L., Martinez,
N.D., Rantala, H., Romanuk, T.N., Stouffer, D.B. & Tylianakis, J.M. (2012) Food webs:
reconciling the structure and function of biodiversity. Trends in ecology & evolution, 27,
689-697.

Thomsen, P.F., Kielgast, J., Iversen, L.L., Mgller, P.R., Rasmussen, M. & Willerslev, E. (2012)
Detection of a diverse marine fish fauna using environmental DNA from seawater samples.
PloS one, 7, e41732.

Thomsen, P.F. & Willerslev, E. (2015) Environmental DNA — An emerging tool in conservation
for monitoring past and present biodiversity. Biological conservation, 183, 4-18.

Toju, H., Guimarées, P.R., Olesen, J.M. & Thompson, J.N. (2014) Assembly of complex plant-
This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been
published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

30



710

711
712

713
714

715
716
717
718

719
720

721
722
723

724
725

726
727
728
729

730

731

fungus networks. Nature communications, 5, 5273.

Tylianakis, J.M., Didham, R.K., Bascompte, J. & Wardle, D.A. (2008) Global change and
species interactions in terrestrial ecosystems. Ecology letters, 11, 1351-1363.

Tylianakis, J.M., Tscharntke, T. & Lewis, O.T. (2007) Habitat modification alters the structure of
tropical host—parasitoid food webs. Nature, 445, 202—-205.

Vacher, C., Corinne, V., Alireza, T.-N., Stefaniya, K., Nathalie, P., Yann, M., Régis, S., Loic, S.,
Julien, C., Alex Smith, M., Jessica, V., Virgil, F., Boris, J. & Bohan, D.A. (2016) Learning
Ecological Networks from Next-Generation Sequencing Data. Advances in Ecological
Research

Vazquez, D.P., Chacoff, N.P. & Cagnolo, L. (2009) Evaluating multiple determinants of the
structure of plant-animal mutualistic networks. Ecology, 90, 2039-2046.

Vieira, M.C. & Almeida-Neto, M. (2015) A simple stochastic model for complex coextinctions in
mutualistic networks: robustness decreases with connectance. Ecology letters, 18, 144—
152.

Williams, R.J. & Martinez, N.D. (2008) Success and its limits among structural models of
complex food webs. The Journal of animal ecology, 77, 512-519.

Wirta, H.K., Hebert, P.D.N., Kaartinen, R., Prosser, S.W., Varkonyi, G. & Roslin, T. (2014)
Complementary molecular information changes our perception of food web structure.
Proceedings of the National Academy of Sciences of the United States of America, 111,
1885-1890.

This is the peer reviewed version of the following article: Evans, D. M., Kitson, J. J. N., Lunt, D. H., Straw,
N. A. and Pocock, M. J. 0. (2016), Merging DNA metabarcoding and ecological network analysis to
understand and build resilient terrestrial ecosystems. Funct Ecol, 30: 1904-1916. , which has been

published in final form at doi:10.1111/1365-2435.12659. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

31



732

733  Tables
734  Box 1: A glossary of terms commonly used in the metabarcoding literature. As this is a rapidly
735  developing field, there is still some ambiguity in the use of terminology as well as additional

736  terms. For a comprehensive list, see Cristescu (2014).

1. Sanger sequencing: Also known as dye-terminator sequencing. A polymerase chain
reaction based sequencing technique that provides a DNA sequence for a single locus
for a single individual per analysis.

2. Parallel sequencing: Also known as next generation sequencing. A range of
sequencing technologies that provide DNA sequences for many DNA fragments
simultaneously allowing researchers to analyse many loci or individuals per analysis.

3. Barcoding: The use of one or more genetic loci to identify or detect species. The locus
chosen varies by group of organism and sequencing technology used.

4. Metabarcoding: Parallel sequencing of bulk DNA mixtures to detect the species
present in whole communities. This may use bulk tissue samples (e.g. kick samples or
malaise trap samples) or may use eDNA (see below).

5. Metagenomics: Analysis of whole genomes (currently only mitochondrial genomes)
reconstructed from bulk DNA mixtures.

6. Environmental DNA (eDNA): DNA shed into the environment by organisms through a
variety of means. This DNA is often of poor quality and present as short fragments

which have been degraded through biological and chemical processes in the
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environment. Environmental DNA is a term separate to the sequencing technology
used and it is possible to find examples where eDNA has been used with both

barcoding and metabarcoding approaches.

737
738

739  Fiqure legends
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Figure 1. The steps involved in constructing and analysing large, phylogenetically structured
species-interaction networks to inform forest management, here considering a plant-herbivore-
parasitoid network, but applicable to any ecological network. In order to create a complete,
tripartite network (A), forest plants and arthropods are sampled using standard census
techniques (B) and their interactions are determined through traditional identification and
rearing, and/or molecular approaches (C), both of which have advantages and disadvantages,
but which when combined result in the closest approximation to the ‘true’ forest network (D).
Interactions can be determined using both approaches, but many more (particularly difficult to
observe interactions) can be detected using nested tagging metabarcoding and the information
generated used to create phylogenetically structured networks (E). The structure and topology
of the network can then be analysed and computer modelling used to determine the robustness
of the networks to simulated species extinctions (F). Network analysis can be used to inform
current forest management, such as targeted pest management, determine the ecological
consequences of species loss as well as to suggest a tree species composition that will

maximise the robustness of future forests (G).
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Figure 2. Tritrophic hive plots of native British tree genera, their herbivores and parasitoids. (A)
contains only those herbivore species for which parasitoid interactions have been recorded,
while (B) contains all known plant-herbivore interactions. Node sizes are scaled by the number
of links connecting to them. An explanation of how this diagram has been created is available in

the supplementary information.
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Figure 3. The tagging and pooling regime required for ‘nested tagging’ lllumina barcoding.
Universal primers with MID tags are used to selectively amplify part of the COX1 barcode region
and individually tag each individual on a plate. A PCR based library preparation protocol is then
used to both add MID tags for each plate and add the lllumina plate adapters for sequencing.
This approach has recently been used to construct host-parasitoid networks on British oak trees

(Kitson et al. 2016- Submitted).
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Figure 4. ‘Nested tagging’ metabarcoding provides additional data allowing ecological networks
to be phylogenetically structured. For illustrative purposes, (A) shows the supposed tree-
herbivore and herbivore-parasitoid interactions based on traditional field observations and insect
rearing. The frequency of interaction between species is shown by shading, the darker the
shading the higher the frequency. By adding the hypothetical phylogenies of the trees,
herbivores and parasitoids to the matrices (B), it is possible to investigate the presence of
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phylogenetic signals in the ecological networks and variation within and between trophic levels
(see Elias et al. 2013 for an example across 4 trophic levels). Such information can be used to

determine extinction scenarios in robustness analyses.
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Figure 5. Tree loss has consequences across trophic levels. Tree genera have been selected to
include the 8 most frequently featured in the DBIF database showing: (A) all interactions
between the selected tree genera and their herbivores with known parasitoids; (B) and (C)
successive random tree extinction; and (D) the cascading extinctions across trophic levels. An

explanation of how this diagram has been created is available in the supplementary information.
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