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Preface
This thesis is composed of a series of publications that have been published or
submitted for publication in international peer-reviewed journals. These are all
independent research articles, each with its respective Introduction, Methods, Results
and Discussion, but here re-formatted as sequential thesis chapters. Due to this thesis
structure, there is some inevitable repetition, especially among Chapters Four to Six,
which utilise the same data-set. Where possible, such repetition has been avoided, but
in some instances reiteration was necessary to provide appropriate explanation and
clarity within each chapter as a journal paper. Each chapter is formatted with a title
page outlining the journal submission/publication details and author contributions. For
each published manuscript, supervisors/advisors were included as co-authors. All coauthors consented to the publication of these manuscripts in each of the journals, as
well as in this thesis. General Introduction and Discussion chapters are provided to
construct and summarise the main issues addressed, and a list of collective references
used throughout is given at the end.

This thesis presents a series of research outputs with the broader goal of facilitating
effective conservation planning for terrestrial invertebrates. It does so by providing
fundamental knowledge of terrestrial invertebrate diversity patterns and by assessing
methods for incorporating invertebrates into future faunal surveys. It is structured in
two components. The first (Chapters Two and Three) describes novel patterns of
diversity and endemism of the ecologically dominant terrestrial invertebrate group,
ants (Hymenoptera: Formicidae), in Australia’s Monsoonal Tropics. The second
(Chapters Four to Six) examines spatial patterns of invertebrate diversity and
composition in Kakadu and Nitmiluk National Parks in the ‘Top End’ of the Northern
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Territory, considering three other invertebrate orders (Coleoptera: beetles, Diptera:
flies and Araneae: spiders) in addition to ants. It addresses rapid sampling
methodology, cross-taxon congruence and the identification of target taxa for
documenting invertebrate diversity and distribution.
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Abstract
Invertebrates constitute 80% of species diversity as well as the majority of species lost
under the current global extinction crisis. Still, they continue to be largely overlooked
in conservation planning, primarily owing to their vast diversity and the lack of
information on their distribution patterns. This thesis aims to improve our
understanding of terrestrial invertebrate diversity and distribution and to identify
practical and robust ways of documenting their diversity patterns in the context of
conservation planning.

It uses a collection developed from three decades of extensive surveys across
Australia’s Monsoonal Tropics to document high levels of regional endemism and
remarkable levels of diversity in the ecologically dominant terrestrial invertebrate
group, ants. This includes the first comprehensive species compilation and
biogeographical analysis of a large tropical region, as well as the use of an integrative
approach to species delimitation to reveal extensive unrecognised diversity in six ant
taxa currently recognised as single species occurring throughout the Monsoonal
Tropics. It then uses data on 12 invertebrate families (comprising ants, beetles, flies
and spiders) sampled in pitfall traps from 78 sites in the contiguous Kakadu and
Nitmiluk National Parks to address the effectiveness of the ‘umbrella’ value of
vertebrates, simplified invertebrate sampling and the selection of representative taxa
for targeted assessment of invertebrate diversity. It found that vertebrates were poor
‘umbrellas’ for invertebrates, that invertebrate by-catch from vertebrate pitfall traps
provided useful information on patterns of diversity and distribution for some
invertebrate groups, and that ants, carabid and tenebrionid beetles and zodariid spiders
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were collectively the most effective target taxa for representing the broad range of
invertebrate spatial patterns.

These findings have two important implications. First, they highlight the very
significant but under-appreciated conservation value of the invertebrate fauna of
Australia’s Monsoonal Tropics. Second, they demonstrate that conservation planning
for all biodiversity requires the incorporation of invertebrates into faunal surveys and
that this is highly feasible.
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Chapter One

General Introduction

View of the lowland savannas from the escarpments of Kakadu National Park
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1. General Introduction

1.1. Invertebrate diversity and conservation
Invertebrates dominate every ecosystem on earth in terms of species richness, biomass
and ecological function (Wilson 1988, Eisenhauer et al. 2019). They constitute
approximately 80% of all multicellular species and over 95% of all animal species
(Wilson 1987, Cardoso et al. 2011). It is estimated that some 5–10 million arthropod
species inhabit the earth, but the vast majority remain undiscovered and undescribed
(Ødegaard 2000, Stork 2018). Invertebrates (largely arthropods) are the principal
herbivores in both tropical (Wilson 1987, Andersen and Lonsdale 1990) and temperate
zones (Wiegert and Evans 1967), and they also play significant roles in nutrient
cycling, litter decomposition, soil aeration, pollination and seed dispersal and in the
overall health and stability of biological communities (Kellert 1993, Stork 1993,
Lavelle et al. 2006, Durrant 2009). Invertebrates are the greatest producers of biomass
and energy in many communities (Hafernik Jr 1992). Given their fundamental role in
sustaining ecosystem productivity and stability, it is of considerable concern that
invertebrates show particularly high extinction rates (McKinney 1999, Dunn 2005,
Moir et al. 2010, Régnier et al. 2015). Despite all this, invertebrates receive very little
conservation attention compared to their ‘more charismatic’ counterparts, the
vertebrates, and are largely overlooked in conservation planning (Kremen et al. 1993,
New 1999a, New 1999b, Braby 2017, Eisenhauer et al. 2019).
A key reason for the low profile of invertebrates in conservation management
is that information on distribution patterns is scarce for most species (Raven and
Yeates 2007, Cardoso et al. 2011, Wilson 2017, Yeates and Cassis 2017). Combined
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with their extreme diversity, this puts invertebrates in the ‘too-hard basket’ for most
conservation managers and results in their omission from routine faunal surveys (Ward
and Larivière 2004). This exclusion creates a positive-feedback loop that maintains an
ignorance about invertebrate diversity and distribution: invertebrates are excluded
from faunal surveys because they are so poorly known and ‘too hard’, and they remain
poorly known and ‘too hard’ because they are excluded from such surveys. There is a
pressing need to break this loop of ignorance so that conservation planning can be
appropriately informed by data on invertebrates. Conservation planning is habitually
informed only by data on vertebrates and plants, without consideration of the
conservation needs of invertebrates (New 1999a, Myers et al. 2000, Cardoso et al.
2011), which are typically different from those of vertebrates (Moritz et al. 2001).
Cardoso et al. (2011) identified seven key impediments to invertebrate
conservation, three of which were described as ‘social dilemmas’ (public, political and
scientific) and four as ‘scientific shortfalls’ (Wallacean, Prestonian, Linnean and
Hutchinsonian). One of these ‘social dilemmas’ (political) and three of the scientific
shortfalls (Wallacean, Prestonian, Linnean) relate to patterns of species diversity and
distributions, and they provide the scientific underpinning of this thesis. The basis of
the political dilemma is that policymakers and stakeholders are mostly unaware of
invertebrate conservation problems and often assume that invertebrates are protected
by vertebrates acting as ‘umbrellas’ for them and hence that there is no need for
additional protection measures for invertebrates. This conception is, however, rarely
tested owing to a lack of comparative information on vertebrate and invertebrate
spatial patterns. Direct information on the effectiveness (or ineffectiveness) of the
vertebrate ‘umbrella’ approach is necessary for informing policymakers of the
importance of invertebrates in conservation planning.
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The Wallacean shortfall describes problems with invertebrate conservation
planning when the distribution and diversity of species is mostly unknown.
Overcoming this requires robust distributional data at both local and regional levels to
provide information on where species occur, which are threatened, and therefore where
to concentrate conservation efforts.
The Prestonian shortfall relates to the great number and abundance of invertebrate
species and the challenges associated with measuring variation in their spatial patterns
across space and time. Addressing this requires the development of standardised and
optimised sampling protocols for routine biodiversity assessment, which is essential
for effective long-term ecological monitoring and conservation planning.
The Linnean shortfall portrays the problems with conserving species when most
are undescribed and many are becoming extinct before ever being discovered. The
most pragmatic way of attaining useful information for conservation planning without
the need to identify every single species is through the use of indicator taxa. However,
the effectiveness of indicator taxa for invertebrate conservation is seldom examined
(Cardoso et al. 2011).
Recent studies documenting disconcerting declines in invertebrates (e.g. Hallmann
et al. 2017, Leather 2018, Martin et al. 2018) have sparked public attention and
political discussions worldwide. The need for more rigorous biodiversity assessments
and conservation action plans is being recognised across several countries. The
majority of invertebrate conservation research is targeted at pollinators—mostly bees,
butterflies, flies and wasps—but even these taxa are poorly understood outside of
North-West Europe and North America (Eisenhauer et al. 2019). Large and
underpopulated countries such as Australia, that hold an enormous wealth of
biodiversity, are still well behind in closing the knowledge gaps necessary for effective
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regional conservation measures. There are few examples of broad-scale multi-taxa
surveys in Australia (e.g. Burbidge et al. 2000, Keighery et al. 2004, George et al.
2009), especially in harsh and highly remote landscapes such as those across northern
Australia. Much more research is needed on invertebrate diversity and distribution
patterns to provide benchmark data for informing conservation planning strategies.

1.2. Invertebrates of Australia’s Monsoonal Tropics
Most of northern Australia experiences a monsoonal tropical climate and is dominated
by tropical savanna vegetation. The Australian Monsoonal Tropics (AMT) extends
from the Kimberley region in Western Australia through the northern and central
regions of the Northern Territory to North Queensland. To the south it borders the arid
zone and to the north-east the Wet Tropics (Andersen 2000, Woinarski et al. 2007).
The region experiences a strong latitudinal rainfall gradient, with the northern and
eastern coastlines having a mean of over 1500 mm but the higher inland latitudes a
much lower median of 300–600 mm (see Figure 2.1). Rainfall is heavily concentrated
throughout the wet season of November–April, these months receiving approximately
90% of the annual amount (Andersen 2000). The most iconic and physically distinctive
feature is the extensive marvel of sandstone escarpments of the Top End and the
Kimberley, which are renowned for their biodiversity value and high levels of
endemism (Press et al. 1995, Andersen et al. 2014b, Joseph et al. 2014). The most
extensive vegetation type is savanna, and this habitat makes up approximately 25% of
the least-developed savanna zones on Earth (Woinarski et al. 2007). Thus, the AMT
is amongst few areas where biogeography can be studied in a minimally developed,
and relatively ecologically intact, tropical savanna landscape (Woinarski et al. 2007,
Bowman et al. 2010, Potter et al. 2012). However, compared with southern and eastern
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Australia it remains poorly explored ecologically. The AMT is a globally significant
biodiversity hotspot, and genetic studies continually show that it contains far more
diversity than has been previously appreciated (Couper et al. 2005, Bostock et al.
2006, Edwards 2012, Marin et al. 2013, Catullo et al. 2014, Eldridge et al. 2014,
Joseph et al. 2014, Moritz et al. 2015). These studies have focussed mainly on vascular
plants and vertebrates, with little known about invertebrates despite them representing
the vast majority of species. To synthesise these patterns and improve an
understanding of the evolutionary history of the region, further research into the
biogeography of a greater array of taxa is needed. This will provide an improved
framework for ecological management and preservation in the AMT (Bowman et al.
2010).
The AMT harbours a rich diversity of invertebrate taxa, including high-profile
species such as Leichhardt’s Grasshopper (Petasida epiphigera) and the Cathedral
Termite (Nasutitermes triodiae) (Andersen et al. 2014b). However, the vast majority
of invertebrates remain undiscovered and undescribed, and little is known about the
biology of most described species. Most research on invertebrates has been targeted at
aquatic crustaceans (cherabins, crayfish and crabs) and molluscs (mussels and snails)
that are important food sources for local indigenous groups and at some aquatic macroinvertebrates such as dragonflies, mayflies, caddies flies and non-biting midges that
have been well surveyed in relation to mine-site environmental monitoring (Watson
and Abbey 1980, Finlayson et al. 2006, Garcia et al. 2011). In contrast, very few
terrestrial invertebrates have been comprehensively studied both biologically and
systematically (Andersen et al. 2014b). Butterflies and grasshoppers are probably the
best-documented groups, having been subjected to a variety of taxonomic,
phylogeographical and ecological studies—butterflies (e.g. Common 1973,
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Hutchinson 1973, Hutchinson 1978, Daniels and Edwards 1998, Franklin et al. 2005,
Braby 2008, 2014)—grasshoppers (e.g. Andersen et al. 2000, Andersen et al. 2001).
Ants and termites have also been well researched, predominantly from an ecological
perspective—ants (e.g. Andersen 1991, Andersen 1992a, 1997, Hoffmann and Parr
2008)—termites (e.g. Braithwaite et al. 1988, Andersen and Jacklyn 1993, Dawes‐
Gromadzki 2005, 2008). Sporadic surveys of terrestrial invertebrate assemblages have
been carried out in a handful of locations (Common and Upton 1977, Kikkawa and
Monteith 1980, Common 1981, Monteith 1982, McKenzie et al. 1995), but no routine
systematic sampling efforts are in place.
Preliminary studies on invertebrate diversity suggest that, like plants and
vertebrates, invertebrates show high levels of endemism, particularly in the sandstone
country of the western Arnhem Land plateau (Woinarski et al. 2009). This is especially
apparent in the aquatic fauna, in which many endemic genera have been identified,
such as a palaemonid shrimp (Leptopalaemon) (Short et al. 2013) and a phreatoicidean
isopod (Eophreatoicus) (Wilson et al. 2009). The few studies on terrestrial
invertebrates have shown similarly high levels of endemism, including in grasshoppers
(Andersen et al. 2000), moths (Nielsen et al. 1996), butterflies (Braby 2008, 2014),
ants (Andersen 2000, Andersen 2006), termites (Andersen and Jacklyn 1993) and land
snails (Koehler 2010). Still, knowledge of species endemism in northern Australia
remains severely limited by a lack of understanding of invertebrate spatial patterns
(Andersen et al. 2014b).
The AMT has been coined as Australia’s last biological frontier (Bowman et
al. 2010). It is the least understood of Australia’s faunal provinces, especially for
invertebrates, and further focus on this region is necessary to understand its full
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biodiversity values and to provide a framework for preserving it (Yeates and Cassis
2017). This is especially important in light of increasing pressure for economic
development across northern Australia (Australian Government 2015, Ash and
Watson 2018), which is seeing extensive land clearing for irrigated agriculture,
aquaculture and improved pastures. Such clearing is occurring in the context of limited
understanding of patterns of diversity and endemism and with no consideration of
invertebrates. Concern for the loss of invertebrate diversity across northern Australia
has been repeatedly voiced (e.g. Braby 2008, Andersen et al. 2014b, Cross et al. 2016),
and the need for effective conservation management through an increase in basic
descriptive and phylogenetic research and survey of distributions is becoming
increasingly urgent (Yeates and Cassis 2017, Taylor 2018).

1.3. Thesis aims and structure
This thesis has two primary objectives. The first is to improve our understanding of
the diversity and distribution of terrestrial invertebrates in the AMT, addressing the
Wallacean shortfall. The second is to determine how necessary it is to include
invertebrates in biodiversity survey for conservation planning and how this can be
effectively achieved. This requires an assessment of the efficacy of the vertebrateumbrella approach for invertebrate conservation (political dilemma), the identification
of a practical sampling method for documenting invertebrate spatial patterns on a
routine basis as part of existing faunal survey (Prestonian shortfall), and an
examination of suitable indicator taxa for representing invertebrate diversity in
conservation planning (Linnean shortfall). Specifically, the aims of the thesis are to:
(1) improve our understanding of invertebrate diversity in the AMT by (a)
documenting species richness, composition and biogeographic distributions
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(Wallacean shortfall; Chapter Two) and (b) examining the extent of
unrecognised diversity using an integrative approach to species delimitation
(Wallacean shortfall; Chapter Three);
(2) assess the extent to which vertebrates serve as ‘umbrellas’ for patterns of
invertebrate richness and composition (political dilemma; Chapter Four);
(3) examine how useful data of invertebrate by-catch from vertebrate pitfall traps
are in representing patterns of richness and composition (Prestonian shortfall;
Chapter Five);
(4) identify optimal target taxa that can be used to represent patterns of invertebrate
richness and composition more generally (Linnean shortfall; Chapter Six).

The first aim (addressing the Wallacean shortfall) focusses on the ecologically
dominant terrestrial invertebrate group in the AMT, ants (Hymenoptera: Formicidae),
for which there is an extensive reference collection of thousands of species from across
the region. The subsequent three aims (political dilemma and Prestonian and Linnean
shortfalls) deal with patterns of invertebrate richness and composition in Kakadu and
Nitmiluk National Parks in the ‘Top End’ of the Northern Territory, considering three
other invertebrate orders (beetles (Coleoptera), flies (Diptera) and spiders (Araneae))
in addition to ants.
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Chapter Two

Diversity and biogeography of a species-rich
ant fauna of the Australian seasonal tropics

The feisty Green Tree Ant, Oecophylla smaragdina
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2. Diversity and biogeography of a species-rich ant fauna of
the Australian seasonal tropics

2.1. Abstract
Although ants are an ecologically dominant and extensively studied faunal group
throughout the tropics, there is a poor understanding of tropical ant diversity and
distribution at large spatial scales. Here we use a collection developed from three
decades of ant surveys to present the first analysis of ant diversity and biogeography
of a large tropical region. Our objective was to document the species richness,
composition and biogeographical distributions of the ant fauna of the 400 000 km2
‘Top End’ of Australia’s Northern Territory. The known Top End ant fauna comprises
901 native species in 59 genera. The richest genera are Pheidole (90 species),
Melophorus (83), Monomorium (83), Camponotus (71), Meranoplus (63), Polyrhachis
(57), Rhytidoponera (50), Tetramorium (43), Cerapachys (32) and Iridomyrmex (31).
The fauna is the centre of diverse radiations in species-groups of genera such as
Meranoplus, Rhytidoponera and Leptogenys. It also includes Indo-Malayan species
that have likely bypassed the normal dispersal route into Australia through Cape York
Peninsula in North Queensland. Faunistic similarity with other regions of far northern
Australia is associated more with rainfall than with geographic proximity. Most (60%)
of Top End ant species have not been recorded elsewhere, and, despite uncertainties
relating to species delimitation and sampling intensity, this appears to be a credible
estimate of the level of endemism. Such exceptionally high endemism can be attributed
to the Top End’s geographic isolation from other regions of northern Australia with
comparably high rainfall.
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2.2. Introduction
Ants are a highly diverse and ecologically dominant faunal group globally but
especially in the tropics (Hölldobler and Wilson 1990, Agosti et al. 2000). Many
studies have documented exceptional local ant diversity in both rainforest (Wilson
1959, Verhaagh 1990, Longino et al. 2002) and savanna (Andersen 1992b, Campos et
al. 2011, Andersen et al. 2015), the two dominant tropical biomes. However, there is
a poor understanding of tropical ant diversity and distribution at larger spatial scales—
regional-scale diversity, the location of centres of endemism and species distributions
are all poorly known for the tropics. A small number of studies have examined patterns
of ant species turnover across large tropical regions, but on the basis of a very limited
number of sites that did not permit analysis of regional diversity and endemism
(Vasconcelos et al. 2010, Andersen et al. 2015). A key reason for our lack of
understanding of tropical ant diversity and distribution is that most tropical ant species
cannot be readily named. The great majority are undescribed, and workable keys are
not available for most of those that are. Studies of local faunas therefore use species
codes to discriminate taxa. Such codes are usually study-specific, and so it is not
possible to analyse patterns of diversity and distribution at large spatial scales on the
basis of the published literature. Moreover, even when species names are provided,
their reliability is often in question due to a lack of recent taxonomic treatment of the
species complexes to which they belong, such that any particular name can represent
multiple species. Regional scale assessment of tropical ant distribution and diversity
is therefore only possible by analysing specimens held in collections. However, this is
extremely difficult because voucher specimens from different studies are housed in
different institutions. Here we use a collection developed from three decades of
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extensive ant surveys in the Australian seasonal tropics to present the first analysis of
ant diversity and biogeography of a large and highly diverse tropical region. Our focal
region is the northern section of the Northern Territory that projects beyond the Gulf
of Carpentaria, covering an area of approximately 400 000 km2 and colloquially
known as the Top End. Our overall objective is to determine the significance of the
Top End’s ant fauna in the broader context of Australia’s vast (> 5 million km2)
seasonal tropics. Specifically, we document the species richness, biogeographical
affinities and levels of endemism of the fauna.

2.3. Methods
2.3.1. Study region
The Top End as defined here is that part of the Northern Territory north of 15° latitude
(Figure 2.1), including its off-shore islands. It has a strong north–south rainfall
gradient, ranging from about 2000 mm mean annual rainfall on the Tiwi Islands north
of Darwin to about 1000 mm at Katherine to the south. It forms one of five major
geographical regions in far-northern Australia, along with the Kimberley region of farnorthern Western Australia, the Victoria River region spanning Western Australia and
the Northern Territory, the Carpentaria Gulf region and North Queensland (Figure
2.1). Rainfall is heavily concentrated into a summer wet season, and in most areas little
or no rain falls from May to September. Daily maximum temperatures exceed 30°C
throughout the year. The southern region of the Top End is contiguous with zones of
lower rainfall to the south, but its other boundaries are bordered by sea and so it is
geographically isolated from regions of comparably high rainfall elsewhere in northern
Australia (North Kimberley and North Queensland; Figure 2.1). The landscape of the
Top End is dominated by plains and low hills supporting eucalypt savanna woodlands
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and open forests, as is the case throughout northern Australia (Woinarski et al. 2007).
The savanna ant fauna is dominated by thermophilic elements characteristic of
Australia’s arid zone (Andersen 2003), particularly belonging to the genera
Iridomyrmex, Monomorium, Melophorus, Camponotus, Meranoplus, Rhytidoponera,
Tetramorium and Pheidole (Andersen 2000). It also includes a large number of openadapted species from primarily tropical genera such as Leptogenys, Pseudoneoponera,
Odontomachus, Opisthopsis and Anochetus (Andersen 2000). Small (typically < 5 ha)
patches of monsoonal rainforest are dotted throughout the landscape, occurring where
spring-fed moisture is available throughout the year or where there is long-term
topographic protection from fire (Russell-Smith 1991). The ant fauna of these forests
provides a dramatic contrast with that of the surrounding savanna—the arid-adapted
elements are largely absent, and many shade-tolerant taxa of Indo-Malayan origin
occur (Reichel and Andersen 1996, Andersen et al. 2007, Andersen et al. 2012). A key
geological feature of the Top End is the rugged sandstone plateau of western Arnhem
Land, which bisects the region from north to south. This sandstone country is one of
Australia’s major centres of endemism (Ford and Blair 2005, Woinarski et al. 2009),
including for ants (Press et al. 1995).
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Figure 2.1. Australia’s Monsoonal Tropics, showing the five major biogeographical regions of farnorthern Australia.

2.3.2. Analysis
Our analysis is based on specimens housed in the CSIRO Tropical Ecosystems
Research Centre (TERC) collection in Darwin, which holds by far the most
comprehensive collection of northern Australian ants. It contains vouchers from all
published ant surveys conducted in northern monsoonal Australia over the past 30
years. Ants have been collected throughout the Top End but most intensively in the
Darwin and Kakadu regions and in eastern Arnhem Land. The south-western and
south-eastern regions and central Arnhem Land remain relatively poorly collected. All
morpho-species sorting in the TERC collection has been conducted by the senior
author, and genetic data have consistently supported its validity (Andersen et al.
2013a, Andersen et al. 2013b, Sparks et al. 2014). The TERC collection was
thoroughly examined and every species recorded from the Top End noted. We also
included Myrmecina wesselensis Shattuck from the published literature, known from
a single specimen collected on the Wessel Islands off the Top End’s north-eastern
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coast (Shattuck 2009). It is the only known species of the genus occurring in northwestern Australia and the only species as we are aware that has been collected from
the Top End and is not represented in the TERC collection. Each species was classified
into one of four biogeographical classes according to the distribution of the species
group to which it belongs, following Andersen (2000). These classes were Eyrean
(occurring primarily in arid Australia), Torresian (tropical), Bassian (cool-temperate)
and Widespread. The distribution of each species across far-northern Australia was
assessed by assigning it a score corresponding to the number of the five major
biogeographical regions in which it is known to occur. These distribution scores
ranged from 1 for species known only from the Top End to 5 for species occurring
across all of far-northern Australia. Taxonomic nomenclature follows Bolton (1995),
modified according to recent generic revisions in the Myrmicinae (Ward et al. 2015)
and Ponerinae (Schmidt and Shattuck 2014), along with subsequent revisions of
Australian species of Cardiocondyla (Seifert 2008), Aenictus (Shattuck 2008),
Probolomyrmex (Shattuck et al. 2012) and Polyrhachis (Kohout 2013b, a). Species
groups follow Andersen (2000).

2.4. Results
Top End ant specimens held in the TERC collection are sorted into 914 species from
63 genera and 10 subfamilies (Table 2.1 and Appendix A, Table 1). The fauna includes
thirteen introduced species: Anoplolepis gracilipes Smith, Lepisiota frauenfeldi
(Mayr), Monomorium floricolor (Jerdon), M. pharaonis (Linnaeus), Paratrechina
longicornis (Latreille), Pheidole megacephala (Fabricius), Plagiolepis alluaudi
Emery, Solenopsis geminata (Fabricius), Tapinoma melanocephalum (Fabricius),
Tetramorium bicarinatum (Nylander), T. simillimum (Smith), Trichomyrmex
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destructor (Jerdon) and T. mayri (Forel). These introductions include four genera
(Anoplolepis, Lepisiota, Paratrechina and Trichomyrmex) that are not native to
Australia. Only 16% of the 901 native species can be confidently named. Considering
only native species, the richest subfamilies are Myrmicinae (40.7% total species),
Formicinae (30.0%), Ponerinae (8.6%), Dolichoderinae (6.9%), Dorylinae (6.3%) and
Ectatomminae (5.5%). These six subfamilies constitute > 98% of total species (Table
2.1). The other subfamilies are Amblyoponinae (3 species), Myrmeciinae (1),
Proceratiinae (4) and Pseudomyrmecinae (8). The ten richest genera are Pheidole (90
species), Melophorus (83), Monomorium (83), Camponotus (71), Meranoplus (63),
Polyrhachis (57), Rhytidoponera (50), Tetramorium (43), Cerapachys (32) and
Iridomyrmex (31) (Appendix A, Table 2). These ten (17.5%) richest genera account
for slightly more than two thirds (67.3%) of total species. Our list includes three new
genus records for the Northern Territory: Notoncus (an undescribed species of the N.
gilberti group, known only from far north-eastern Arnhem Land), Epopostruma (two
undescribed species known from single specimens, one from Melville Island and the
other from Nitmiluk National Park) and Dolichoderus (D. scrobiculatus (Mayr),
previously recorded only from eastern Australia and known in the Top End from a
single specimen collected in the Arnhem escarpment of Kakadu National Park). About
half (49%) of all native species belong to Torresian taxa, 30% to Eyrean taxa and < 2%
to Bassian taxa (Figure 2.2; Appendix A, Table 1). Sixty-two percent (561 spp.) of the
species are not known from any other biogeographical region of far-northern Australia,
and a further 16.7% (150 spp.) are known from just the Top End and one adjacent
biogeographical region; only 6.2% (56 spp.) of species are known from all five
biogeographical regions (Figure 2.3). Three of the species without records in the TERC
collection from any of the other four biogeographical regions (Mystrium camillae
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Emery, Strumigenys chyzeri Emery and Tetraponera allaborans (Walker)) also occur
at the tip of Cape York Peninsula (C. Burwell, personal communication 2016), a
further six such species apparently also occur in SE Asia (on the basis of TERC
records), and 14 others also occur further south than the Top End. This means that 544
(60.1%) native Top End species are known only from the Top End.

The mean distribution score of the 901 native species is 1.76. The mean score varies
markedly among the ten richest genera, ranging from 1.23 (i.e., most species known
only from the Top End) for Pheidole to 2.97 (i.e., most species occurring widely across
far-northern Australia) for Iridomyrmex (Figure 2.4). Other genera with particularly
low mean distribution scores are Tetramorium (1.51) and Meranoplus (1.62), whereas
this score was also particularly high for Polyrhachis (2.21). Of the 901 native Top End
species, 25.1% are shared with the Kimberley, 20.7% with the Victoria River District,
12.4% with the Carpentaria Gulf country and 18.5% with North Queensland.
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Table 2.1. Overview of the Top End ant fauna, listing all the 63 known genera and showing the number
of species per genus as sorted in the TERC collection. Anoplolepis, Lepisiota, Paratrechina and
Trichomyrmex are represented only by exotic species.

Figure 2.2. Biogeographical affinities of Top End ant fauna. Data are percentages of total native
species
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Figure 2.3. Distribution of Top End native ant species across far northern Australia. Distributions scores
are the number of the major biogeographical regions (n = 5) of far-northern Australia in which a species
occurs.

Figure 2.4. Mean distribution score for the 10 most speciose ant genera of the Top End (considering
only native species).
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2.5. Discussion
The Top End supports a highly diverse ant fauna, with > 900 known native species in
59 genera. We are unaware of total ant diversity data from any other large tropical
region, but such diversity is comparable with that occurring in all of North America
north of Mexico (nearly 1000 species from 73 genera (Fisher and Cover 2007), despite
the Top End representing a single climatic zone and having a tiny fraction of the North
American land mass. Only 175 species occur in all of central and northern Europe
(Seifert 2007), and fewer than 200 species have been recorded in the entire 1.6 million
km2 of (mostly semi-arid) Iran (Hosseini et al. 2015). There have been many
comprehensive studies showing very high local ant diversity in the tropics, especially
in rainforest (Wilson 1959, Verhaagh 1990, Longino et al. 2002). However, studies at
regional scales in the tropics have been conducted with very limited sampling
intensity, and so the total size of the regional fauna is unclear. For example, ant
sampling from 192 transects distributed across eighteen 50-km2 catchments in an area
of 20 000 km2 of the Amazon Basin yielded 282 species in 56 genera, but local
sampling intensity was extremely low (Solar et al. 2016). Similarly, a total of 296
species in 63 genera were recorded from six mountain ranges spanning a distance of
500 km in the Australian Wet Tropics; local sampling intensity was high, but only 26
sites were sampled (Nowrouzi et al. 2016). Based on such limited information, ant
diversity across the Top End’s savanna landscapes appears to be at least comparable
to that in tropical forest biomes.

The most species-rich Top End genera (Pheidole, Monomorium, Melophorus,
Camponotus, Meranoplus, Polyrhachis, Rhytidoponera, Tetramorium, Cerapachys
and Iridomyrmex) all occur throughout mainland Australia, and are all especially
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diverse in semi- and seasonally arid regions (Andersen 2007, 2016). The Top End has
no endemic genera and few endemic species groups; a notable exception is a rare
species group of Meranoplus known only from the sandstone country of the western
Arnhem Land Plateau (described as Group A in Andersen, 2006). However, the fauna
contains some very noteworthy radiations in widespread species groups. For example,
it includes 28 species of the Meranoplus aureolus group, only one of which (M.
aureolus Crawley) is described and all but two are known only from the Top End. It
also includes a complex of 14 species in which the lower propodeal spines are
disproportionately long, all of which are known only from the Top End. Remarkably,
seven of these species have been collected at the same site (the Territory Wildlife Park
near Darwin), and four are known only as singletons despite extremely high sampling
intensity (270 pitfall traps operated on more than ten occasions (Andersen et al.
2014c)).

The Top End is the centre of diversity of two radiations in Rhytidoponera. One of these
is the R. aurata group (Andersen 2000), of which the Top End supports nine of the 11
species in the TERC collection. Nine of the Top End species are known from nowhere
else. The other radiation is the R. borealis complex, which is part of the widespread R.
metallica group but restricted to far-northern Australia (Andersen 2000). Its three
described species (R. borealis Crawley, R. brunnea (Clark) and R. trachypyx Brown)
all occur in the Top End, along with five undescribed species that are known from
nowhere else. Other species of the group are endemic to North Queensland and the
North Kimberley. Another noteworthy radiation in the Top End comprises seven
species of the Leptogenys clarki group, six of which appear to be endemic.

23

The Top End fauna also has a number of other notable biogeographical features. For
example, it includes the Indo-Malayan species Mystrium camillae, Strumigenys
chyzeri and Tetraponera allaborans, whose only other Australian records are from the
tip of the Cape York Peninsula in far North Queensland. Given that these species are
not known from further south in North Queensland, it seems likely that they have
dispersed directly to the Top End rather than through Cape York Peninsula, the
primary gateway to Australia for Indo-Malayan taxa (Taylor 1972). The fauna includes
several genera (Anonychomyrma, Dolichoderus, Epopostruma and Notoncus) that are
otherwise known only from southern and eastern Australia and therefore have highly
disjunct distributions. These genera are all characteristic of mesic habitats (Andersen
1991) and were presumably more widely distributed across northern Australia during
wetter periods of the Pleistocene. Finally, the Top End fauna includes eight species of
the predominantly southern Australian genus Stigmacros. Two of these (S. aciculata
McAreavey and S. pilosella (Viehmeyer)) occur throughout much of Australia, but
four of the other six species are known only from the Top End.

The fauna is composed primarily of Torresian (49.0% of total species) and Eyrean
(30.7%) taxa. These figures compare with an estimated 44% and 40%, respectively,
for the whole of monsoonal Australia (Andersen 2000). The Top End’s relatively low
representation of Eyrean taxa can be explained by the region’s high rainfall. Eyrean
taxa represent more than half (55%) of total species in the ant fauna of semi-arid (ca.
750 mm mean annual rainfall) Mirima National Park in the East Kimberley (Andersen
et al. 2014a).
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The Top End shares higher proportions of its species with the two westerly regions
(the Kimberley and the Victoria River District) than with those to the east (the
Carpentaria Gulf country and North Queensland). Rainfall is relatively low throughout
the Gulf country (Figure 2.1), and this “Carpentarian Gap” represents a significant
faunal barrier between North Queensland to the east and the Top End and Kimberley
to the west (Jennings and Edwards 2005, Braby 2008). Notably, a higher proportion
of Top End species is shared with North Queensland (18.5%) than the Carpentaria
Gulf country (12.4%) and with the Kimberley (25.1%) than the Victoria River District
(20.7%), despite North Queensland and the Kimberley being more distant. Faunistic
similarity is therefore associated more with rainfall than with geographical proximity.
The very many species with disjunct distributions associated with regions of high
rainfall were presumably once distributed continuously across northern Australia
during wetter times of the Pleistocene, as was likely the case for the disjunctly
distributed genera discussed above.

A substantial majority (60%) of Top End ant species have not been recorded
elsewhere. Two important factors need to be considered when interpreting these and
our other figures relating to ant diversity and distribution in far northern Australia. The
first is the reliability with which specimens in the TERC collection have been sorted
to species. If species have been systematically “split”, this would inflate measures of
both richness and apparent endemism. However, genetic data have consistently shown
that this is not the case (Andersen et al. 2013a, Andersen et al. 2013b, Sparks et al.
2014) and have indeed indicated that the sorting has been highly conservative, with
many taxa sorted as widespread morpho-species actually representing multiple
biological species, often with very restricted distributions (Andersen 2016). This
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suggests that the figure of 901 Top End species in the TERC collection is actually a
substantial underestimate and that the percentages of species shared with other
geographical regions are overestimates.
The second factor is sampling intensity. On one hand, there are undoubtedly many
rare and highly localised species occurring in the Top End that are yet to be collected.
This not only means that the number of Top End species is substantially higher than
that recorded (almost certainly well over 1000) but also that the proportions of species
shared with other regions is lower, given that rare species tend to have narrow
distributions (Gaston 1994, Andersen et al. 2010). On the other hand, sampling
intensity in the Top End is substantially higher than in the other major regions, and
many species currently known only from the Top End are likely to occur elsewhere.
However, nearly half of the 166 species collected from the Mitchell Falls area of the
North Kimberley are known only from the Kimberley, despite the high sampling
intensity in the Top End. All this suggests that the figure of ca. 60% for the proportion
of Top End species known from nowhere else is a credible estimate of the actual level
of endemism. Such an exceptionally high level of endemism can be attributed to the
Top End’s geographical isolation from other regions with comparably high rainfall, as
is the case in the North Kimberley (Andersen et al. 2010).

2.6. Acknowledgments
We thank our many colleagues who have assisted with the ant surveys over many years
that have contributed specimens to the TERC collection, especially Lyn Lowe, Tony
Hertog, Magen Pettit and Jodie Hayward. We also thank Chris Burwell and Leo Joseph
for their comments on the draft manuscript.

26

Chapter Three
Ants in Australia’s Monsoonal Tropics: CO1
barcoding reveals extensive unrecognised
diversity

Frontal head of Camponotus ‘crozieri’ of the novaehollandiae group
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3. Ants in Australia’s Monsoonal Tropics: CO1 barcoding
reveals extensive unrecognised diversity

3.1. Abstract
The Australian Monsoonal Tropics (AMT) is a significant biodiversity hotspot, and
recent genetic studies of several vertebrate groups have revealed that its level of
diversity is far higher than previously thought. However, the extent to which this
applies to the AMT’s insect fauna, which represents most AMT faunal species,
remains unknown. Here we examine the extent of unrecognised diversity in the AMT’s
ecologically dominant insect group, ants. We used CO1 barcoding in combination with
morphological variation and geographical distribution to explore diversity in seven
taxa currently recognised as single species occurring throughout the AMT: one species
of Papyrius Shattuck, 1992, one of Iridomyrmex Mayr, 1862, two from the
Cardiocondyla nuda (Mayr, 1866) group and three from the Camponotus
novaehollandiae Mayr, 1870 group. We found six of the seven target species each to
represent several species, based on a combination of CO1 divergence (ranging up to
13%), morphological differentiation and geographical distribution. Our findings
indicate that the levels of diversity and endemism of the AMT ant fauna are far higher
than currently realised. We urge the need for further research in insect diversity in the
AMT, both for a better understanding of the evolution of its remarkable biota and as a
basis for improved conservation planning.
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3.2. Introduction
Australia’s Monsoonal Tropics (AMT) extends across the northern third of the
continent (Figure 3.1) and is a significant biodiversity hotspot as a result of ancient
refugia among complex and ancient landforms (Bowman et al. 2010). High diversity
is also a product of marked latitudinal variation in mean annual rainfall, ranging from
about 2000 mm on the Tiwi Islands north of Darwin (Kalippa et al. 2003) to 500 mm
at the AMT’s southern border on the fringe of Australia’s central arid zone (Cook and
Heerdegen 2001). Consequently, the AMT is a centre of endemism for a wide range
of taxa, including vascular plants (Woinarski et al. 2006), termites (Andersen et al.
2005), ants (Andersen 2000), frogs (Slatyer et al. 2007), lizards (Smith et al. 2011)
and mammals (Potter et al. 2012). Yet vast areas of the AMT remain poorly surveyed,
and these may hold even more phylogenetically distinct and endemic groups
(Criscione and Köhler 2013).

30

Figure 3.1. Map of Australia showing the Australian Monsoonal Tropics (AMT) region shaded in grey
and the States and Territories. WA = Western Australia, NT = Northern Territory, SA = South Australia,
Qld = Queensland, NSW = New South Wales, Vic = Victoria, Tas = Tasmania. The AMT region is
defined by its highly seasonal rainfall driven by the summer monsoon, and the dominant vegetation is
tropical savanna.

The AMT has recently become the focus of much phylogenetic research (e.g. Shapcott
2000, Gopurenko and Hughes 2002, Stępkowski et al. 2012), and such studies are
consistently revealing that actual biodiversity in the AMT has been considerably
under-appreciated due to inadequate taxonomic attention along with extensive, often
morphologically cryptic, genetic divergence in taxonomically recognised species. For
example, genetic analysis of reptiles, a rich and geographically structured AMT faunal
group (Woinarski 1992), has repeatedly demonstrated that snake (Marin et al. 2013),
gecko (Oliver et al. 2010, Moritz et al. 2015, Moritz et al. 2017) and skink (Couper et
al. 2005, Potter et al. 2017) taxa previously considered to be widespread species
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actually represent diverse complexes of genetically and often also morphologically
differentiated taxa, often having very narrow distributional ranges (Pepper et al.
2011b, Shea et al. 2011, Oliver et al. 2012, Moritz et al. 2015). Substantial
unrecognised diversity has also been revealed in trees (Edwards 2012), land snails
(Koehler 2010), fish (Bostock et al. 2006), frogs (Catullo et al. 2014) and marsupials
(Eldridge et al. 2014, Westerman et al. 2016). Meta-analyses of high-resolution,
comparative phylogeographic diversity across taxa with low dispersal have also
revealed new hotspots of endemism that are important to recognise for conservation
(Oliver et al. 2016, Rosauer et al. 2016, Rosauer et al. 2017).
Unrecognised diversity is likely to be especially pronounced for insects in the
AMT, given that they are so diverse and generally under-studied taxonomically.
However, this remains to be investigated. A fuller understanding of true levels of insect
diversity and endemism in the AMT is important not just for an improved
understanding of the evolution of its remarkable biota but also as a basis for improved
conservation planning. There is increasing pressure for economic development of the
AMT (Australian Government 2015, Ash and Watson 2018), which foreshadows
extensive land clearing for irrigated agriculture, aquaculture and improved pastures.
Such clearing is occurring in the context of limited understanding of patterns of
diversity and endemism, and with no consideration of insect diversity.

Here we examine unrecognised diversity in ants, the ecologically dominant insect
group throughout the AMT (Andersen 2000) and one that is widely used as a bioindicator in land management (Andersen and Majer 2004). The AMT ant fauna is
dominated by arid-adapted elements derived from Australia’s megadiverse arid zone
(Andersen 2000, Andersen et al. 2015, Andersen 2016). In 2000 the AMT ant fauna
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was estimated to comprise about 1500 species (Andersen 2000), but it has since
become clear that this is a gross under-estimate. The extent of ant diversity more
generally in arid, semi-arid and seasonally arid Australia is widely under-appreciated,
with integrated morphological and genetic analysis indicating a level of species
richness that is an order of magnitude higher than reported in recent taxonomic
revisions (Andersen et al. 2013a, Sparks et al. 2014, Andersen et al. 2016). The AMT
ant fauna also shows remarkably high levels of endemism. For example, 60% of the
> 900 morpho-species recorded from the Top End of the Northern Territory have not
been found elsewhere (Andersen et al. 2018), and 40% of the ant species known from
the Mitchell Falls area of the North Kimberley appear to be endemic (Andersen et al.
2010). Despite such high levels of regional endemism, a substantial proportion of the
AMT ant species appear to be distributed throughout the region (Andersen et al. 2018).

Our study examines the extent of unrecognised diversity in the AMT ant fauna through
extensive CO1 barcoding of seven species currently considered to occur throughout
the AMT: a species of Papyrius Shattuck, 1992 (Papyrius sp. 1), Iridomyrmex
‘pallidus’ Forel, 1901, two species from the Cardiocondyla nuda group (Car. ‘nuda’
(Mayr, 1866) and Car. ‘atalanta’ Forel, 1915) and three species from the Camponotus
novaehollandiae group (Cam. ‘novaehollandiae’ Mayr, 1870, Cam. ‘crozieri’
McArthur & Leys, 2006 and Cam. sp. 9). These taxa were chosen to cover the most
abundant and diverse ant subfamilies (Myrmicinae, Formicinae and Dolichoderinae)
in the AMT and to represent a broad range of ecological types and body sizes.

Although the CO1 barcoding approach is widely used to infer species boundaries,
especially for hyperdiverse groups (e.g. Barrett and Hebert 2005, Ball and Armstrong
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2006, Smith et al. 2006, Park et al. 2011, Cordero et al. 2017), it has significant
limitations (Moritz and Cicero 2004, Meyer and Paulay 2005, Will et al. 2005,
Rubinoff et al. 2006, Toews and Brelsford 2012). There is no uniform level of CO1
divergence that can be used to define a species. The level of CO1 variation among ant
species is typically 1–3% (Smith et al. 2005), as is the case for many other insect
groups, e.g. Ephemeroptera (Webb et al. 2012), Plecoptera (Elwess et al. 2017),
Trichoptera (Zhou et al. 2009), Lepidoptera (Hajibabaei et al. 2006, Zahiri et al. 2014),
Heteroptera (Park et al. 2011, Raupach et al. 2014), aquatic beetles (Monaghan et al.
2005), bees (Schmidt et al. 2015), and Diptera (Renaud et al. 2012, Nzelu et al. 2015),
but it can be substantially higher (Wild 2009, Andersen et al. 2016). Moreover,
terminal clade structure based on CO1 data does not always reflect species boundaries,
due to a range of factors including Wolbachia-associated divergence in the
mitochondrial genome, incomplete lineage sorting, introgressive hybridisation and
genetic drift (Toews and Brelsford 2012, Kodandaramaiah et al. 2013, Chong et al.
2016). Consequently, it is important to use conceptually different delimitation methods
when assessing species limits (Carstens et al. 2013, Struck et al. 2017). We therefore
take an integrated approach to our assessments of species delimitation (Schlick-Steiner
et al. 2006), considering a combination of CO1 divergence, sequence-based
algorithms, morphological differentiation and geographical distribution.

3.3. Methods
3.3.1. Study taxa and CO1 barcoding.
Papyrius is a dolichoderine genus endemic to Australia and New Guinea, comprising
a single nominal species (P. nitidus (Mayr, 1862)), with three described subspecies: P.
nitidus clittelarius Vehmeyer, 1925, P. nitidus oceanicus Forel, 1901 and P. nitidus
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queenslandensis Forel, 1901. Based on specimens in the Commonwealth Scientific
Industrial Research Organisation (CSIRO) Tropical Ecosystems Research Centre’s
(TERC) ant collection in Darwin, there appear to be at least 26 valid species in the
genus, one of which (Papyrius sp. 1) seemingly occurs throughout the AMT (Andersen
et al. 2010, Andersen et al. 2018) and is one of our target species (Figure 3.2A).
Syntypes of P. nitidus queenslandensis are from Mackay on the central Queensland
(Qld) coast, and Papyrius sp. 1 is possibly this taxon. Several other species of Papyrius
with more limited distributions also occur in the AMT (Andersen 2000) but are not
considered here. We obtained sequence data from the CO1-barcoding region for 29
specimens of Papyrius sp. 1 collected from throughout the AMT. For comparison, we
also included two morphologically distinctive species from outside the AMT, one from
south-eastern Qld, in which the vertexal margin of the head is only feebly concave
(Papyrius sp. 2; Figure 3.2B), and another from South Australia (SA), in which the
propodeum has a conspicuous anterior lobe (Papyrius sp. 3; Figure 3.2C).

Figure 3.2. Species of Papyrius considered in this study. A: Papyrius sp. 1, TEA 350 Nhulunbuy NT;
B: Papyrius sp. 2, TEA 377 south-eastern Qld; C: Papyrius sp. 3, TEA 375 Dutchman Stern, S.A.

The Cardiocondyla nuda group includes two Australian species, Car. ‘nuda’ (Figure
3.3A) and Car. ‘atalanta’, the latter recently revealed as the sister species of Car.
‘nuda’ (Seifert 2008). They can be separated by morphometric characters (Seifert
2008), but are most readily distinguished by sculpturing on the head and mesosoma,
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which is more conspicuous in Car. ‘nuda’ (Figure 3.3B–C). Both species are widely
distributed across the AMT and beyond, with Car. ‘nuda’ restricted to subcoastal areas
of higher rainfall and Car. ‘atalanta’ occurring throughout most of inland Australia
(Seifert 2008). We sequenced 16 specimens from the AMT, and an additional eight
specimens from elsewhere in Australia.

Figure 3.3. Species of the Cardiocondyla nuda group considered in this study. A-B: Car. ‘nuda’, TEA
120 Eurardy WA; C: Car. ‘atalanta’, TEA 107 south-eastern Qld.

Iridomyrmex ‘pallidus’ (Figure 3.4A–C) was considered in a recent revision of the
genus (Heterick and Shattuck 2011) to represent a single species occurring throughout
northern Australia and also present in New Guinea. This conception of the species
includes a morphologically distinct taxon from far North Qld (Figure 3.4D), with a
very broad head, smaller and more-rounded eyes (Figure 3.4E) and erect hairs on the
hind tibiae (Figure 3.4F), which is sorted as a separate species in the TERC collection.
We sequenced 34 specimens of Iridomyrmex ‘pallidus’ from throughout the AMT,
including two specimens of the distinctive North Qld taxon.
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Figure 3.4. Iridomyrmex ‘pallidus’. A-C: AMT 037 Nhulunbuy NT; D-F: IRIDO 332 Iron Range Qld.

The three target species of the Camponotus novaehollandiae group represent three
distinct colour forms that occur throughout the AMT (Andersen 2000): uniformly
yellowish (Cam. ‘novaehollandiae’; Figure 3.5A), bicoloured, with a blackish head
and gaster contrasting with a yellowish mesosoma (Cam. ‘crozieri’; Figure 3.5B), and
dark throughout, with a mesosoma only slightly paler than the dark brown head and
gaster (referred to as Camponotus sp. 9 (novaehollandiae group) in previous
publications of ants in northern Australia; Figure 3.5C). However, there is substantial
colour variation in all three forms in the TERC collection. These forms all have a finely
scalloped and relatively shiny integument, in contrast to the densely punctate
integument of Cam. fieldeae Forel, 1902, another member of the Cam.
novaehollandiae group that is widespread in the AMT (Andersen 2000). We
sequenced 61 specimens of the three target species, along with five specimens of Cam.
fieldeae and one specimen of Cam. extensus Mayr, 1876, another densely punctate
member of the Cam. novaehollandiae group but from south-eastern Qld and with
extremely long antennal scapes.
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Figure 3.5. Species of the Camponotus novaehollandiae group considered in this study. A: Cam.
‘novaehollandiae’, CAMPO 015 South Daly Waters NT; B: Cam. ‘crozieri’, CAMPO 005 Gove
Peninsula NT C: Cam. sp. 9, CAMPO 028 north-eastern Qld.

All specimens were obtained from the TERC collection. DNA was extracted from
tissue of the foreleg of larger specimens or the entire body (excluding gaster) of smaller
specimens. DNA extraction and sequencing were conducted through the Barcode of
Life Data (BOLD) System (http://www.boldsystems.org/). All processed specimens
were assigned a 6–8 digit identification code (e.g. AMT 093, TEA 350, CAMPO 028,
IRIDO 269). The original data sequences are deposited in GenBank; BankIt2111481:
MH290565–MH290719.

3.3.2. Sequence analysis and tree inference
The DNA sequences were checked and edited in Geneious 10.0.9 (Kearse et al. 2012).
The consensus sequences were then aligned using MUSCLE (Edgar 2004) and
translated into [invertebrate] proteins in MEGA 7 (Kumar et al. 2016) to check for
stop codons and nuclear paralogues. The aligned sequences were trimmed accordingly,
resulting in 657 base pairs for species of Papyrius, Cardiocondyla and Iridomyrmex
and 660 base pairs for Camponotus species.
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To explore overall CO1 diversity in the samples, the mean genetic pairwise
distances between sequences were calculated in MEGA 7. This was done using the
Kimura-2 parameter (K2P) model (Kimura 1980) to ensure that results were
comparable with those of most other studies of insect DNA barcoding, with 500
bootstrap replicates and the ‘pairwise deletion’ option of missing data (to remove all
ambiguous positions for each sequences pair). Analysis involved all nucleotide
sequences (excluding those of the outgroup). Codon positions included were
1st+2nd+3rd+Noncoding.
For each taxon, a sequence from a specimen belonging to another genus from
the same subfamily was used as an outgroup: Papyrius—Iridomyrmex ‘pallidus’;
Iridomyrmex ‘pallidus’— Papyrius sp. 1; Cardiocondyla nuda group—Solenopsis sp.;
Camponotus novaehollandiae group—Melophorous mjobergi Forel, 1915. Outgroups
were used only to help inform tree topology and appropriate rooting (by the sequence
closest to the outgroup) and are not shown in the final trees.
Tree inference by maximum likelihood was initially conducted in both
RAxML (Stamatakis 2014) and IQTREE (Nguyen et al. 2014). The resulting tree
topologies were similar, but the IQTREE one consistently had higher bootstrap clade
support. Given this, and because it has been shown to be a robust algorithm for tree
inference that compares favourably with other methods (Nguyen et al. 2014), we used
IQTREE for construction of all final trees. All trees were constructed through the
IQTREE web server (http://iqtree.cibiv.univie.ac.at/ (Trifinopoulos et al. 2016) using
ultrafast bootstrap approximation (Minh et al. 2013). Model selection was inferred
using a 3-codon partition file and linked branch lengths with the AutoMRE
‘ModelFinder’ function to find the best-fit model for tree inference (Chernomor et al.
2016). Trees were viewed and edited in FigTree v1.4.3 (Rambaut 2007) and annotated
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using Photoshop CS5.1. Distribution maps of hypothetical species, corresponding to
the final trees, were created in ArcGIS (ESRI 2008).
To help infer hypothetical species we employed two widely used statistical
methods of species delimitation. The Automatic Barcode Gap Discovery (ABGD)
procedure (Puillandre et al. 2012) defines hypothetical species in sequence alignment
data based on a statistically inferred ‘barcode gap’ in the distribution of pairwise
distances. The aligned data sequences of all four ant taxa were subjected to ABGD
analysis

using

the

web

server

(http://wwwabi.snv.jussieu.fr/public/abgd/

abgdweb.html) at a prior maximum divergence of intraspecific diversity (P) ranging
from 0.001 to 0.1 and a relative gap width (X) of 1.0. The Poisson Tree Processes
(PTP) model infers species boundaries via the number of substitutions between and
among species in a maximum likelihood tree (Zhang et al. 2013). We subjected trees
of all four ant taxa to the PTP algorithm through the web server (http://species.hits.org/ptp/) using the standard settings of 100000 MCMC generations, 100 thinning
and 0.1 burn-in. Both these sequence-based methods have been shown to be a useful
starting point in defining hypothetical species from sequence data, as part of an
integrative taxonomic approach that also incorporates morphological and geographical
information (Puillandre et al. 2012, Zhang et al. 2013, Kekkonen et al. 2015). When
assessing morphological variation we also considered, when available, other samples
from the same collections as those of the specimens sequenced.

3.4. Results
All four CO1 trees showed moderate (70–89) to high (≥ 90) Bayesian posterior
probability at the tips, while basal node support was generally lower and poorly
resolved in all except Camponotus. Some poorly resolved clades were nested among
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other better supported ones (e.g. Cardiocondyla and Camponotus) and were supported
by differences in locality and morphology. Six of the seven target species (the
exception being Cam. sp. 9) were revealed to represent multiple, and in some cases
many, apparent species.

3.4.1. Papyrius sp. 1
Twenty-six of the 29 specimens of Papyrius sp. 1 were shown to represent a single
species (sp. 1A) that occurs throughout the AMT, with just 0.6% mean CO1 variation
among specimens (6). This clade is well supported by both ABGD and PTP results
(Appendix B, Table 1). The remaining three AMT specimens each had > 4.0% mean
CO1 divergence from the 26 specimens that comprised sp. 1A and were shown to be
more closely related to Papyrius sp. 2 from south-eastern Qld (Figure 3.6). These three
specimens and sp. 2 lack the strongly infuscated antennal scape and first funicular
segment of sp. 1A (Figure 3.7A). We found the three AMT specimens from this clade
to represent two additional species (sp. 1B and sp. 1C in Figure 3.6; 1.9% mean CO1
divergence). They are recognised as such by PTP but not by ABGD (Appendix B,
Table 1). The head is narrower and the scapes are longer in the two specimens from
the Kimberley region of Western Australia (WA) (sp. 1B, Figure 3.7B) compared with
the specimen from Kakadu National Park in the Northern Territory (NT) (sp. 1C;
Figure 3.7C), and we assessed this as sufficient for recognising them as separate
species. Papyrius sp. 3 from SA had a mean divergence of 6.5% from all other
specimens.
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Figure 3.6. CO1 tree of the 31 sequenced specimens of Papyrius. Maximum-likelihood phylogeny inferred using IQ-TREE; support values of nodes given with ultrafast
bootstrap; nodes with ≥ 90 and ≥ 70 Bayesian posterior probabilities indicated by black and red circles, respectively. WA = Western Australia, NT = Northern Territory, Qld =
Queensland, SA = South Australia. AMT region indicated in grey on map
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Figure 3.7. Representatives of Papyrius sp. 1, frontal head full face. A: sp. 1A, TEA 350 Nhulunbuy
NT; B: sp. 1B, TEA 094 Kimberley WA; C: sp. 1C, TEA 346 Kakadu NT.

3.4.2. Iridomyrmex ‘pallidus’
The mean CO1 divergence among specimens of Iridomyrmex ‘pallidus’ was 3.1%,
and we assess these samples as representing at least six hypothetical species (spp. P1–
6). ABGD and PTP analysis delimited five and six hypothetical species, respectively
(Appendix B, Table 2), with the latter exactly matching our hypothetical species
(Figure 3.8). This includes the broad-headed form from far North Qld (sp. P2), which
exhibited > 3% divergence from other species (Figure 3.8). The identified species
show a range of variation in head shape (ranging from narrowly triangular with a
slightly convex vertexal margin to broadly rounded with a concave vertexal margin)
and scape length (Figure 3.4B & E; Figure 3.9). Species P4 (known only from North
Qld) can be distinguished from all others by having erect hairs scattered throughout
most of the sides of its head (Figure 3.9D; only visible at bottom right). There is
substantial clade structure in sp. P1, and this does not match with distribution (for
example, specimens from Kakadu NP are placed in each of the three main subclades;
Figure 3.8). It is therefore possible that this taxon represents multiple species.

43

Figure 3.8. CO1 tree of the 34 sequenced specimens of Iridomyrmex ‘pallidus’. Maximum-likelihood phylogeny inferred using IQ-TREE; support values of nodes given with
ultrafast bootstrap; nodes with ≥ 90 and ≥ 70 Bayesian posterior probabilities indicated by black and red circles, respectively. WA = Western Australia, NT = Northern Territory,
Qld = Queensland. AMT region indicated in grey on map.
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Figure 3.9. Representatives of Iridomyrmex ‘pallidus’, frontal head full face. A: AMT 050 Newcastle
Waters NT; B: AMT 043 Kakadu NT; C: AMT 056 Boydong Island Qld; D: AMT 039 Nitmiluk NT.

3.4.3. Cardiocondyla nuda group
AGBD and PTP analyses identify nine and eleven hypothetical species, respectively,
among the 24 sequenced specimens of the Cardiocondyla nuda group (Appendix B,
Table 3), and our assessment is that there are ten species, six attributable to Car.
‘atalanta’ (spp. A1–6) and four to Car. ‘nuda’ (spp. N1–4) (Figure 3.10), with a mean
genetic distance among them of 5.4%. Our hypothetical species match exactly the
putative species identified by AGBD analysis, except that its eighth species includes
both Car. ‘nuda’ sp. 3 and Car. ‘atalanta’ sp. 6 (Appendix B, Table 3), which are
clearly differentiated morphologically. PTP analysis identifies two hypothetical
species in the taxon we have assessed as Car. ‘nuda’ sp. 1 (Appendix B, Table 3).
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Our CO1 tree suggests that specimens attributable to each of Car. ‘atalanta’
and Car. ‘nuda’ are polyphyletic, but the higher relationships have weak bootstrap
support. In terms of Car. ‘atalanta’, one species (sp. A2) occurs in all northern
Australian states, two (sp. A1 and sp. A5) occur in both the WA’s Kimberley region
and the NT’s Top End, two (sp. A3 and sp. A4) are known only from the Top End and
one (sp. A6) is only known from Qld (Figure 3.10). All are bicoloured (reddish brown
mesosoma with contrasting dark-brown gaster, Figure 3.3A) except for sp. A4, which
is uniformly dark brown (Figure 3.11A). Otherwise, clear morphological differences
among the species are not apparent, and morphological variation appears to be
inconsistent. For example, in the three specimens of sp. A2 from the Kimberley
(including from Mitchell Falls), the propodeal dorsum is smooth and shiny, whereas
in the Mitchell Falls specimen of sp. A1 the propodeal dorsum is finely sculptured and
dull. However, the NT and Qld specimens of sp. A2 also have a dull propodeal dorsum.
Cardiocondyla ‘nuda’ includes a species (sp. N4) from Lord Howe Island (off
the NSW coast) that is highly divergent and shown as the sister taxon of all other
Cardiocondyla specimens sequenced (but with low bootstrap support; Figure 3.10). It
has a yellow-brown mesosoma and longer gastric pubescence (Figure 3.11C) than is
typical of species of the C. nuda group (Figure 3.11B). Specimens of sp. N2 (known
only from the Darwin region, including the Tiwi Islands) are uniformly dark brown
and have particularly dense and long gastric pubescence (Figure 3.11D). Species N1
and N3 are both very widely distributed in higher rainfall regions of Australia. All
specimens of sp. N3 have a dark reddish-brown head, mesosoma and waist, and their
gastric pubescence is short and sparse (Figure 3.11B). Mesosoma colour in sp. N1 is
highly variable, ranging from yellow to dark brown.
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Figure 3.10. CO1 tree of the 24 sequenced specimens of the Cardiocondyla nuda group. Cardiocondyla species A1–6 represent C. ‘atalanta’ and species N1–4 represent C.
‘nuda’. Maximum-likelihood phylogeny inferred using IQ-TREE; support values of nodes given with ultrafast bootstrap; nodes with ≥ 90 and ≥ 70 Bayesian posterior
probabilities indicated by black and red circles, respectively. WA = Western Australia, NT = Northern Territory, Qld = Queensland, NSW = New South Wales, SA = South
Australia. AMT region indicated in grey on maps; species N4 located on Lord Howe Island off the east coast of Australia.
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Figure 3.11. Representatives of Cardiocondyla nuda group, showing lateral view (A) and variation in
gastric pubescence (B–D). A: TEA 114 Kakadu NT; B: TEA 121 Eurardy WA; C: TEA 118 Lord Howe
Island NSW; D: TEA 113 Weddell NT. Cardiocondyla species A = ‘atalanta’ and species N = ‘nuda’.

3.4.4. Camponotus novaehollandiae group
ABGD and PTP analyses identified 17 and 21 hypothetical species, respectively,
among our 67 sequenced samples (Appendix B, Table 4). Both analyses identified
Cam. fieldeae as a complex of species, but we assess it as a single, widely distributed
species (with a mean of 2.7% CO1 divergence across its range throughout the AMT).
The CO1 tree indicated that Cam. fieldeae is the sister species of Cam. extensus (Figure
3.12), which is consistent with morphology. CO1 analysis showed that both the
uniformly yellow (Cam. ‘novaehollandiae’) and bicoloured (Cam. ‘crozieri’) forms
represent many taxa and that the colour forms are polyphyletic. We recognise nine and
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six species respectively among the samples, 13 of which are from a single state, and
none from all states.
There was very high CO1 divergence across the nine Cam. ‘novaehollandiae’
species identified here (spp. N1–9). For example, sp. N8 differed from all others by >
10%, with as much as 13% from sp. N7, and sp. N1 showed high mean genetic distance
from others including sp. N7 (13%), sp. N9 (11%), sp. N8 (11%) and sp. N6 (10%).
There is also marked variation in worker head shape. For example, in sp. N1 (from the
central and northern regions of the NT) the sides of the head diverge anteriorly beyond
the eyes, and they are strongly convergent behind them (Figure 3.13A). Such
divergence and convergence are less marked in sp. N4 (from the NT and eastern
Kimberley region of WA; Figure 3.13B), and in sp. N5 (from Mt Isa, Qld, the head is
widest at its midpoint and the vertex is broadly domed (Figure 3.13C).
Mean CO1 divergence among the six identified species in Cam. ‘crozieri’ (spp.
C1–6) ranged from 1.9–6.8%. Variation in head shape is less pronounced than in
species of C. ‘novaehollandiae’, but head and antennal colour shows clear variation.
For example, in minors of sp. C6 the head is distinctly bicoloured (yellowish
anteriorly) and the antennae are yellow (Figure 3.13D); in sp. C5 the anterior of the
head is only slightly yellowish but the antennae are yellow (Figure 3.13E) and in sp. 4
the head is uniformly dark brown and the antennal scapes are similarly coloured
(Figure 3.13F). In the major workers of sp. C3, the antennal scapes are concolorous
with the dark-brown head (Figure 3.13G), whereas in sp. C1 they are contrasting
yellow (Figure 3.13H).
Both ABGD and PTP results support most of our hypothetical species
(Appendix B, Table 4). One exception involves sp. C6 and sp. N1, which are grouped
together by both algorithms. However, they can be easily separated by head colour and
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shape (Figure 3.13A and D), and they have very different distributions (Figure 3.12).
ABGD and PTP respectively grouped and divided sp. N2 and sp. N3 (Appendix B,
Table 4); the latter result is supported by differences in their morphology (the head of
sp. N3 is much more infuscated, shiny and sculptured, and the femur of sp. N2 is more
densely hairy) and by their geographical separation.
All 11 sequenced specimens of the uniformly dark-brown Cam. sp. 9 (Figure
3.5C) are shown to belong to a single clade of 28 total specimens with only 1.2% mean
CO1 variation across its range throughout the high rainfall zone of the AMT (Figure
3.12). This clade is consistent from both ABGD and PTP analyses (indicated as
‘species 7’ in Appendix B, Table 4). However, it includes other colour forms, and we
suspect that it represents a complex of species rather than geographically structured
colour morphs. For example, the five specimens from Kakadu National Park in the NT
fall into three subclades that match variation in colour. Two specimens (CAMPO 032
and CAMPO 046) belong to a subclade of a uniformly dark form that is widely
distributed in the Top End of the NT. Another two specimens (AMT 019 and CAMPO
008) form a separate subclade and are uniformly yellow, and the final specimen (AMT
009) is bicoloured and forms another subclade.
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Figure 3.12. CO1 tree of the 67 sequenced specimens of the Camponotus novaehollandiae group.
Camponotus species N1–9 represent uniformly yellowish forms (Cam. ‘novaehollandiae’) and species
C1–6 represent bi-coloured forms (Cam. ‘crozieri’). Maximum-likelihood phylogeny inferred using IQTREE; support values of nodes given with ultrafast bootstrap; nodes with ≥ 90 and ≥ 70 Bayesian
posterior probabilities indicated by black and red circles, respectively. WA = Western Australia, NT =
Northern Territory, Qld = Queensland. AMT region indicated in grey on maps.
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Figure 3.13. Representatives of Camponotus novaehollandiae group. A-C: Cam. ‘novaehollandiae’; A:
CAMPO 016 Newcastle Waters NT; B: CAMPO 012 south Edith Falls NT; C: CAMPO 019 Mt. Isa
Qld; D-H: Cam. ‘crozieri’; D: CAMPO 023 Brisbane Qld; E: CAMPO 040 Mt. Isa Qld; F: CAMPO
037 Prince Regent WA; G: CAMPO 042 Lawn Hill Qld; H: CAMPO 030 Nhulunbuy NT. Camponotus
species N1–9 = ‘novaehollandiae’ and species C1–6 = ‘crozieri’.
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3.5. Discussion
Using a combination of DNA barcoding, morphology and geography we have
identified extensive unrecognised diversity in AMT ant taxa that were previously
considered to be widespread species. The sequenced samples of Papyrius sp. 1, I.
‘pallidus’, Car. ‘nuda’, Car. ‘atalanta’, Cam. ‘novaehollandiae’ and Cam. ‘crozieri’
appear to represent 3, 6, 6, 4, 9 and 6 species respectively. These figures are likely to
be highly conservative estimates of true diversity in these taxa given the limited
number of samples available for analysis. The TERC collection houses numerous other
specimens from additional localities that are too old for CO1 analysis, with many
showing morphological variation that is not represented by the sequenced specimens.
Our findings highlight the remarkable diversity of the AMT ant fauna and how
poorly its levels of diversity and endemism are understood. By way of comparison, a
recent CO1 analysis of the ant fauna of Brazil’s southern Atlantic Forest indicated that
species richness was only 10% higher than previously appreciated (Hanisch et al.
2017), rather than the several-fold increase that is apparent for the AMT. Our findings
call for a re-evaluation of the recent assessment based on the TERC collection that 900
species are known from the Top End of the Northern Territory (Andersen et al. 2018).
Since this assessment, an extensive survey of remote areas of Kakadu and Nitmiluk
National Parks alone has revealed > 100 additional species (Oberprieler and Andersen
unpubl. data), which pushes the Top End fauna to more than 1000 known species.
However, our study indicates that that this figure is a gross under-estimate of the fauna
even as represented by sorted morpho-species in the TERC collection. For example,
our findings indicate that I. ‘pallidus’ includes three species from the Top End.
Similarly, we found that Car. ‘atalanta’ likely includes five Top End species. Our
findings suggest that a large majority of ant taxa that are considered to be widespread
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AMT species are in fact complexes of multiple species. This also likely applies to
many species known only from the Top End. Given that much of the Top End remains
to be surveyed for ants, we believe that its total ant fauna likely exceeds 1500 species,
which is as many as a previous estimate for the entire AMT (Andersen 2000).
Many of our assessed species are really not cryptic in that they are clearly
differentiated morphologically (Struck et al. 2017). Their lack of recognition is
therefore more a reflection of inadequate taxonomic attention than of cryptic
speciation. This has also been the case for a number of AMT vertebrates, including
frogs (Catullo et al. 2014) and geckos (Pepper et al. 2011a, Doughty et al. 2012, Oliver
et al. 2014), in which morphological variation had been recognised but incorrectly
attributed to intraspecific geographical variation. However, we also found cases of
truly cryptic divergence (e.g. in species of Cardiocondyla), in which specimens from
independently evolving lineages as indicated by CO1 analysis cannot be readily
differentiated morphologically. This is likewise the case for a range of AMT vertebrate
taxa, such as Gehyra (Doughty et al. 2012, Moritz et al. 2017) and Crenadactylus
(Oliver et al. 2012) geckos, Carlia skinks (Couper et al. 2005), Ramphotyphlops
snakes (Marin et al. 2013), Uperoleia frogs (Catullo et al. 2014), Leiopotherapon fish
(Bostock et al. 2006) and even kangaroos (Eldridge et al. 2014).
Further sampling effort and extension of this assessment to nuclear genes (e.g.
SNP’s and 18S) would be needed to validate many of our assessed species. However,
we are confident that CO1 analysis has provided a reliable indication of diversity in
our target taxa. This has been shown to be the case even if CO1 analysis did not got
all species exactly correct (e.g. Ješovnik et al. 2017). Moreover, sequenced-based
methods such as ABGD and PTP have been shown to result in consistent species
estimates across multiple genes (Leavitt et al. 2015, Zou et al. 2016). We found that
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ABGD always resulted in more conservative species counts in taxa (4–17) than did
PTP (5–21), which is typically the case (Lin et al. 2015, Zou et al. 2016). Results of
PTP analysis were more consistent with our assessed species based on an integration
of clade structure with morphological variation and geography. PTP uses a more
objective approach to species delimitation than does ABGD, in which results can vary
across a range of parameters that are inputted by the user (Leavitt et al. 2015).
The underestimation of AMT biodiversity, and especially the extent of local
endemism, has important conservation implications in light of increasing threats to this
biome, such as invasive species, inappropriate fire regimes and agricultural
development (Moritz et al. 2015, Rosauer et al. 2016). Threats that were once
considered to affect small parts of the ranges of widespread species may in fact have
an impact on the entire ranges of species. The implications are particularly important
for the extensive land clearing for pastoral intensification and irrigated agriculture that
is planned in the AMT as part of the Australian government’s push for northern
development (Australian Government 2015, Ash and Watson 2018). For the
conservation of the AMT’s remarkable biodiversity it is critical that land-use plans are
informed by a sound understanding of species distributions (Rosauer et al. 2016). Our
study has shown that such an understanding is particularly inadequate for the AMT’s
dominant insect group. This most likely applies to insects more generally.
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Chapter Four
Vertebrates are poor ‘umbrellas’ for
invertebrates in conservation planning:
cross-taxon congruence in an Australian
tropical savanna

A goanna (family Varanidae) spotted in Nitmiluk National Park

57

AUTHORSHIP DECLARATION

Details of the work:
Stefanie K. Oberprieler, Alan N. Andersen, Graeme R. Gillespie and Luke D. Einoder
(submitted) Vertebrates are poor ‘umbrellas’ for invertebrates in conservation
planning: cross-taxon congruence in an Australian tropical savanna. Ecosphere

Location in thesis:
Chapter Four

Student contribution to work:
S.K.O. and A.N.A. conceived the idea and designed the experiment. S.K.O. and L.D.E.
collected the data and analysed the data. S.K.O., A.N.A. and L.D.E. interpreted the
analyses. S.K.O., A.N.A., L.D.E. and G.R.G. wrote the manuscript. All authors
contributed critically to the drafts and gave final approval for publication.
Co-author signatures and dates:

Alan Andersen
(Author’s Signature)

07/ 11/ 2018
(Date)

Graeme Gillespie
(Author’s Signature)

07/ 11/ 2018
(Date)

Luke Einoder
(Author’s Signature)

08/ 11/ 2018
(Date)

Student signature:

Date: 07/11/2018

58

4. Vertebrates are poor ‘umbrellas’ for invertebrates in
conservation planning: cross-taxon congruence in an
Australian tropical savanna

4.1. Abstract
Invertebrates are commonly ignored in conservation planning due to their vast
diversity, limited taxonomic knowledge and difficulties with species identification, a
poor understanding of their spatial patterns, and the impracticability of carrying out
comprehensive sampling. Conservation planning for fauna is therefore often based on
patterns of diversity and distribution of vertebrates, under the assumption that these
are representative of animal diversity more generally. Here we evaluate how well
vertebrates act as ‘umbrellas’ for invertebrate diversity and distribution in a highly
diverse tropical savanna landscape and investigate the effect of vertebrate sampling
intensity (i.e. number of surveys) on congruence results. We assessed congruence
between each of the four classes of terrestrial vertebrates (amphibians, reptiles, birds
and mammals) and twelve invertebrate families (representing four dominant
invertebrate taxa: ants, beetles, flies and spiders) by applying a range of modelling
approaches to analyse patterns of co-occurrence in species richness and composition
across sampling sites. To investigate drivers of cross-taxon congruence, we applied
generalised linear models to identify environmental associations of richness and
composition for each taxon, then examined variation in environmental associations
across taxa. Vertebrate and invertebrate richness was weakly (< 30%) associated, and
~60% of the significant associations were negative. Correlations in species
composition between vertebrate and invertebrate taxa were also weak, with a
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maximum of 13% congruence. In most cases, pairwise correlation scores using data
from single surveys of vertebrates were only marginally lower than those from
multiple surveys. Poor among-site congruence between vertebrates and invertebrates
was reflected by marked variation among taxa in their environmental associations. Our
findings show that vertebrates are poor ‘umbrellas’ for invertebrates in the tropical
savannas of northern Australia in terms of geographic patterns of diversity and
distribution and that this is not just an artefact of low vertebrate sampling intensity.
Our study is one of the most comprehensive regional analyses of the spatial
congruence of vertebrate and invertebrate diversity and composition, and it
significantly adds to the growing evidence that empirical data on invertebrate diversity
and distribution are required for conservation planning that effectively protects all
faunal diversity.

4.2. Introduction
Invertebrates dominate faunal diversity in almost every terrestrial, freshwater and
marine habitat. They are vital to the health and stability of biological communities,
due to their involvement in crucial ecological processes such as nutrient cycling,
decomposition, pollination, plant productivity and population control via predation
and parasitism (Wilson 1988, Eisenhauer et al. 2019). Given that an estimated 80% of
invertebrates are yet to be discovered, current knowledge of invertebrate diversity and
distribution, and of the processes that influence them, is poor (Wilson 1987, Ødegaard
2000, Osborn 2010). The need to improve our understanding of invertebrate diversity
and distribution and its key drivers is becoming increasingly urgent as species loss
accelerates under the current global extinction crisis, much of which involves unknown
invertebrates (Thomas et al. 2004, Dunn 2005, Régnier et al. 2015).
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Despite their importance, invertebrates are all too often overlooked in faunal surveys
for informing conservation planning, owing in a large part to their extreme taxonomic
and biological diversity that makes comprehensive surveys impracticable (New 1999b,
Cardoso et al. 2011, Braby and Williams 2016, Braby 2017). Land managers often
rely on the notion that areas designed to protect species of greatest conservation
priority (i.e. vertebrates or plants) are simultaneously conserving co-occurring
species—the umbrella species concept (Noss 1990, Roberge and Angelstam 2004).
Faunal surveys therefore typically focus on vertebrates, with the implicit assumption
that patterns of vertebrate diversity and distribution represent those of faunal diversity
more generally (Murphy and Wilcox 1986, Landres et al. 1988, Oliver et al. 1998).
However, studies that have assessed the use of vertebrates as ‘umbrellas’ for
invertebrates have demonstrated either limited (Murphy and Wilcox 1986,
Martikainen et al. 1998, Fleishman et al. 2001) or no (Kerr 1997, French 1999,
Rubinoff 2001, Schuldt and Assmann 2010, Jenkins et al. 2013) support for this
assumption.

The lack of congruence between vertebrates and invertebrates is commonly attributed
to their contrasting responses to environmental variation (Ricketts et al. 2002, Heino
et al. 2005, Heino et al. 2009). However, another factor contributing to low congruence
may be insufficient sampling intensity, leading to data that may not adequately
represent the biological communities of interest (see de Solla et al. 2005). Detectability
of species occurrence during surveys is rarely perfect, with many species not recorded
at sites where they actually occur. Failure to account for imperfect detectability can
bias commonly used metrics of occurrence and richness and hence contribute to
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inaccurate study conclusions and uncertainty in management and policy decisions
(Driscoll 2010, Ruiz-Gutiérrez and Zipkin 2011, Kellner and Swihart 2014). The best
way to address the problems associated with low species detectability is to increase
sampling intensity to generate more robust data for comparison, by maximising
chances of recording species occupancy. However, the effect of increased survey effort
on the outcome of congruence analyses is largely unexplored.

There is a pressing need for further assessment of the efficacy of the vertebrateumbrella approach in conservation planning, especially in highly diverse biomes such
as the tropics, which continue to receive far less attention in biodiversity research than
do temperate regions (Titley et al. 2017). Moreover, such analyses need to move
beyond the simple question of whether patterns of vertebrate diversity are correlated
with those of invertebrates, by addressing the critical issue of whether such
correlations are strong enough to make vertebrates reliable ‘umbrellas’ for
invertebrates for conservation planning. For example, it has been suggested that one
taxon can only be a reasonable surrogate of another if it has a predictive capacity of at
least 60% (Leal et al. 2010), and predictive thresholds of 75% (Lovell et al. 2007) and
80% (Fleishman et al. 2005) have been proposed for effective surrogacy. As far as we
are aware, the only examples where a vertebrate taxon has been shown to have even
close to such predictive capacity for a diverse invertebrate group involves birds and
butterflies: bird and butterfly species richness were found to be highly correlated
(74%) across six closely situated sites representing a gradient of urban land use in
California (Blair 1999); six bird species could be used to explain 55% of deviance in
butterfly richness across three adjacent mountain ranges in North American’s central
Great Basin (Fleishman et al. 2005); and bird and butterfly composition was shown to
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be 44% congruent in montane meadow habitats across the Greater Yellowstone region
(Su et al. 2004).

In this study we evaluate the effectiveness of vertebrates as ‘umbrellas’ for the
diversity and distribution of terrestrial invertebrates in the highly diverse tropical
savannas of northern Australia. We consider all four classes of terrestrial vertebrates
(amphibians, reptiles, birds and mammals) and 12 families representing four dominant
invertebrate taxa: ants (Formicidae), beetles (Carabidae, Curculionidae, Ptinidae,
Scarabaeidae, Staphylinidae, Tenebrionidae), flies (Chloropidae, Phoridae) and
spiders (Lycosidae, Salticidae, Zodariidae). Specifically, we aim to (1) assess the level
of congruence between vertebrate and invertebrate taxa in geographic patterns of
species richness and composition, (2) gauge the effect of vertebrate sampling intensity
on the level of congruence and (3) examine variation in environmental associations of
community richness and composition between vertebrate and invertebrate taxa, as a
means of accounting for the observed levels of cross-taxon congruence.

4.3. Methods
4.3.1. Study sites
This study was based on data collected from 78 long-term monitoring sites of the Three
Parks Savanna Fire-Effects Plot Network (part of Australia’s previous Long Term
Ecological Research Network (LTERN); http://www.ltern.org.au/) in the contiguous
Kakadu and Nitmiluk National Parks in the Australian seasonal tropics, 32 sites in the
former and 46 in the latter park (Figure 4.1). The landscape is dominated by lowland
savanna woodlands, but also bears a marvel of sandstone escarpments part of the
western Arnhem and Marrawal Plateaus, and extensive floodplains associated with
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major river systems (Finlayson and von Oertzen 2012). The climate is tropical
monsoonal, with high (typically 30–40oC) maximum temperatures throughout the year
and rainfall heavily concentrated throughout the wet season of November–April
(Andersen 2000). There is a gradient in mean annual rainfall from about 1440 mm in
the north to 1080 mm in the south of the contiguous parks, over a distance of
approximately 300 km. Collectively the two parks comprise the largest area of
contiguous conservation estate in northern Australia, a combined area of 22013 km2.
Despite supporting an extremely diverse biota with exceptionally high conservation
values (Press et al. 1995, Woinarski et al. 2007, Winderlich and Woinarski 2014),
there has been no sampling of the terrestrial invertebrate fauna undertaken in Nitmiluk,
and only limited surveys of butterflies (Kikkawa and Monteith 1980), ants (Andersen
1991, 1993), grasshoppers (Andersen et al. 2000) and termites (Braithwaite et al.
1988) were carried out in Kakadu.

Figure 4.1. Location of 78 sites (each point represents paired sites, 100–800 m apart) in Kakadu
National Park and Nitmiluk National Park, and position of the parks in Australia’s tropical savanna
region (shaded in grey).
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4.3.2. Vertebrate data
Surveys of terrestrial vertebrates have been conducted at the sites every five years
since 1996, involving two to three days/nights of live-trapping and repeated diurnal
and nocturnal timed-area searches for birds, reptiles and amphibians, in a 50 m × 50
m quadrat. Live-trapping involved baited Elliot and cage traps for small mammals and
20-Litre bucket pitfall traps and associated drift fences for small mammals, amphibians
and reptiles (see Woinarski et al. 2010 for details). We used vertebrate data collected
at Kakadu sites in 2004, 2009 and 2014 and at Nitmiluk sites in 2005, 2011 and 2015.
We pooled capture data across all three sessions to provide a more robust metric of
vertebrate diversity at the sites, due to low detectability of species in any one survey
session. We acknowledge that such pooling of data risks inflating measures of
diversity (because previously recorded species may no longer be occupying the site at
the time of subsequent surveys), but as our analyses are of relative patterns of diversity
rather than of absolute diversity we see merit in this approach. The data comprise
records of a total of 311 vertebrate species (Table 4.1).
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Table 4.1. Vertebrate taxa and their total number of species recorded from faunal survey at 78 sites in
Kakadu and Nitmiluk National Parks between 2004 and 2015.

Taxon
Amphibia
Myobatrachidae
Hylidae
Microhylidae

Common name
Frogs
Froglets
Tree frogs
Narrow-mouthed frogs

Total species
29
13
15
1

Aves
Passeriformes
Psittaciformes
Columbiformes
Accipitriformes
Coraciiformes
Strigiformes
Cuculiformes
Charadriiformes
Pelecaniformes
Falconiformes
Anseriformes
Caprimulgiformes
Galliformes
Gruiformes
Otidiformes

Birds
Perching birds
Parrots
Pigeons and Doves
Hawks, Eagles, Ospreys and Kites
Kingfishers
Owls
Cuckoos
Shorebirds
Waterbirds
Falcons
Geese and Ducks
Nightjars
Turkeys, Fowls and Quails
Cranes and Rails
Bustards

143
71
10
9
13
6
4
7
3
2
4
4
3
6
1
1

Mammalia
Dasyuromorpha
Diprotodontia
Rodentia
Chiroptera
Monotremata
Peramelemorpha
Carnivora

Mammals
Carnivorous marsupials
Kangaroos, Wallabies, Wombats and Possums
Mice and Rats
Bats
Echidnas and Platypus
Bandicoots and Bilbies
Dingo

39
5
4
9
11
1
1
1

Reptilia
Scincidae
Gekkonidae
Varanidae
Agamidae
Colubridae
Pygopodidae
Typhlopidae
Elapidae
Carphodactylidae
Pythonidae
Total

Reptiles
Skinks
Geckos
Monitor lizards
Dragon lizards
Colubrid snakes
Legless lizards
Blind snakes
Elapid snakes
Southern Padless Geckos
Python snakes

100
42
13
9
7
4
5
6
7
1
1
311
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4.3.3. Invertebrate data
Terrestrial invertebrates were sampled during the vertebrate sampling at Kakadu in
2014 (February–April) and at Nitmiluk in 2015 (April–May). Sampling was conducted
using pitfall traps, a standard method for trapping ground-dwelling invertebrates
(Southwood 1978, Bestelmeyer 2000) that could be readily included in the existing
fauna survey. Two sets of invertebrate-specific pitfall traps were used: a 40 × 10 m
grid of ten cup-sized (65 mm diameter) traps and a 40 × 30 m grid of twenty smaller
specimen-container sized (45 mm diameter) traps, set at 10 m intervals. Traps were ¾
filled with ethylene glycol, buried in the ground flush with the soil surface and
collected after 48 hours. Invertebrate by-catch captured in three 20-Litre vertebrate
bucket traps was also collected each morning and afternoon. For details of trapping
layout see Chapter Five (Figure 5.1). Capture data from all traps were pooled to
provide total abundance data for all species for each site. Invertebrates had not been
previously sampled at the sites, and so our data are from a single trapping session only.

Twelve invertebrate families were targeted for analysis, based on their high abundance
and diversity in traps, taxonomic tractability and broad representation of functional
diversity: Formicidae (ants), Carabidae, Staphylinidae, Curculionidae, Scarabaeidae,
Tenebrionidae and Ptinidae (beetles), Chloropidae and Phoridae (flies) and Lycosidae,
Salticidae and Zodariidae (spiders). A total of 668 species (for lists of species see
Appendix E, Tables 1–12) from these families were sampled across all three trap arrays
(Table 4.2). We consider these taxa at the level of family rather than order to provide
a finer-grained perspective on invertebrate distribution, and to avoid the potential
masking of important patterns by lumping distributions of highly diverse groups.
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Table 4.2. Invertebrate families and their total number of species recorded from faunal survey at 78 sites
in Kakadu and Nitmiluk National Parks between 2014 and 2015.
Taxon
Formicidae

Common name
Ants

Total species
320

Coleoptera
Carabidae
Staphylinidae
Curculionidae
Scarabaeidae
Tenebrionidae
Ptinidae

Beetles
Ground beetles
Rove beetles
Weevils
Scarab beetles
Darkling beetles
Spider beetles

198
62
54
28
29
18
7

Diptera
Phoridae
Chloropidae

Flies
Scuttle flies
Grass flies

61
35
26

Araneae
Salticidae
Zodariidae
Lycosidae
Total

Spiders
Jumping spiders
Ant-eating spiders
Wolf spiders

89
39
30
20
668

4.3.4. Environmental variables
We collated data on 18 environmental variables (Appendix C, Table 1) to assess
variation in environmental associations of community richness and composition
between vertebrate and invertebrate taxa. Fifteen of these variables were collected at
the sites during the 2014–2015 surveys: percent cover of grass (perennial tussock,
annual tussock and hummock), sedges, canopy, rock, litter, bare ground, other ground
cover; number of logs > 5 cm; rock type; soil composition (colour, depth and texture);
and elevation. Using ArcGIS 9.0 (Esri, California, USA), mean annual rainfall for each
site was extracted from a 1 km2 raster sourced from the WorldClim database
http://www.worldclim.org/ (Hijmans et al. 2005). Fire severity and frequency scores
were collected by park rangers by visiting the sites once or twice per year and sourced
through the LTERN data portal (https://www.ltern.org.au/knb/) from databases
compiled by Russell-Smith (2015a, b).
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4.3.5. Data analysis
4.3.5.1.

Congruence in geographic patterns

We used generalized linear models (GLMs) to assess the relationship between richness
of the 12 invertebrate taxa (response variable) and richness of amphibians, reptiles,
birds and mammals (predictor variables), or any combination of these taxa.
Relationships were also assessed between richness of all invertebrates (pooled taxa)
and all vertebrates (pooled taxa). Predictor variables were assessed for co-linearity, but
none exceeded Pearson R = 0.3. Gaussian, Poisson and negative binomial error
distributions were applied to each model and dispersion scores compared to identify
the most appropriate error distribution. Due to the excess of zeros for some invertebrate
taxa counts, zero-inflated models with Poisson and negative binomial count error
distributions were also considered, but these performed poorly compared with negative
binomial error distributions. Non-linear relationships were assessed by applying cubic
and quadratic terms to the predictor variables (four vertebrate classes). For all models,
all four vertebrate classes were included in a full model and terms removed until a
minimum adequate model was determined following Crawley (1993). Briefly, the
order of deletion of terms was determined from chi-square tests for full models and
reduced models in which only that single term had been deleted. Final models were
selected to minimize the Akaike Information Criteria (AIC), which, in some cases,
required the inclusion of non-significant predictors. When models were similar (i.e.
had relatively close AIC values ≤ 2), model deviance of nested models was compared
using likelihood ratio tests dependent on the model error structure (Zuur et al. 2009).
If there was no significant difference between similar models, the simpler model was
selected. Selected final models were validated by visual inspection of residual plots,
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normal quantile-quantile plots and residuals/leverage plots. All analyses were
conducted in the statistical programming language R v3.3.3 (R Core Team 2013) using
the ‘pscl’ (Zeileis et al. 2008), ‘MASS’ (Venables and Ripley 2002) and ‘lmtest’
(Zeileis and Hothorn 2002) packages.

We used Mantel tests to assess how inter-site variation in the composition of
invertebrate taxa was related to the composition of each of the amphibian, reptile, bird
and mammal communities. To do this we constructed a resemblance matrix across all
sites for each taxon in PRIMER-E 7.0 (Clarke and Gorley 2015) by calculating BrayCurtis similarity measures based on square-root transformed abundance data. The
transformation evens out the abundance of species so that similarities are not so
strongly driven by highly abundant species. The Bray-Curtis coefficients were zeroadjusted so that they were less erratic for samples with few individuals and were
calculable for samples with complete absences. This was done by constructing the
Bray-Curtis matrices against a dummy value of 1, which adds a pseudo-species at sites
from which no species were recorded (Clarke et al. 2006). Congruence between
vertebrate and invertebrate taxa was then assessed by applying pairwise correlations
between the Bray-Curtis resemblance matrices using the RELATE function (a nonparametric form of Mantel test) with Spearman’s Rank method (999 randomised
permutations).

4.3.5.2.

Effects of sampling intensity

To evaluate the effect of sampling intensity on congruence results, we repeated the
composition analysis described above using only the vertebrate data collected during
the single invertebrate survey session (2014–2015). The single 2014–2015 survey
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detected 83%, 76%, 77% and 41% respectively of the total amphibian, reptile, bird
and mammal species recorded when pooling across three survey sessions. We were
not able to test the effect of sampling intensity on the invertebrate data because there
were no previous invertebrate surveys. However, if low detectability were the cause
of poor congruence, then congruence would be expected to be improved by increasing
detectability of one of the two groups.

4.3.5.3.

Environmental associations

We used GLMs to identify which environmental variables were contributing to spatial
patterns of vertebrate and invertebrate species richness. We ran 16 models (12
invertebrate and 4 vertebrate taxa as response variables), each considering our 18
environmental predictor variables (Appendix C, Table 1). We ran three additional
models with the response variables total invertebrates, total vertebrates and total
species (invertebrates and vertebrates combined). The modelling procedure was the
same as that described above.

We used distance-based linear models (DistLM) in PERMANOVA+ of PRIMER-E
7.0 (Clarke and Gorley 2015) to determine the environmental variables contributing to
site variation in species composition for each of the invertebrate and vertebrate taxa.
DistLM uses a multiple regression procedure to relate a set of explanatory variables
(we used all 18 listed in Appendix C, Table 1) to a resemblance matrix of species
composition. Prior to analyses, all response and predictor variables were square-root
transformed so that they were normally distributed—a prerequisite of the analysis
approach. A Bray-Curtis resemblance matrix was calculated for each taxon (as
described above). All environmental variables were assessed for collinearity using
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Draftsman plots, but none exceeded a Pearson correlation R = 0.4 and therefore all
were included in the models. Marginal tests (999 permutations) were performed to
determine the explanatory power of each environmental variable on the assemblage
structure of each taxon. A stepwise selection procedure was applied and AIC
calculated to find the most parsimonious model, i.e., the best combination of
environmental variables that explained the greatest variation in assemblage structure.

4.4. Results
4.4.1. Congruence in geographic patterns
Cross-taxon richness modelling revealed that no combination of vertebrate taxa
explained > 28% of the inter-site variation in species richness of any of the 12
invertebrate families (Table 4.3). For Staphylinidae, only reptiles were retained as a
predictor in the best model, with a negative association that explained ~10% of
variation in richness (Table 4.3). Similarly, for Tenebrionidae only birds were retained
in the best model, with a positive association that explained ~15% of variation in
richness. In most cases (10 of 12), multiple vertebrate taxa were retained as predictors
in the invertebrate models (Table 4.3). For Salticidae, all four vertebrate taxa were
retained, but this model performed poorly (< 2% deviance explained). Birds were the
most common predictor of invertebrate richness, retained in the best model for 10 of
12 invertebrate taxa (Table 4.3). Bird relationships were largely positive, but all were
very weak (coefficient estimate ≤ 0.07). In contrast, most significant relationships
involving other vertebrate taxa were negative; the strongest of these were between
mammals and Lycosidae (-0.39) and between mammals and Curculionidae (-0.21;
Table 4.3).
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Total invertebrate richness was related to amphibian and mammal richness
negatively and to bird richness positively, with the best model explaining ~ 30% of the
observed spatial variation in total invertebrate richness. Total vertebrate richness was
a poor predictor of total invertebrate richness and a poor predictor of the richness of
all individual invertebrate taxa. Only for Tenebrionidae was there a significant
relationship with richness of total vertebrates, but this was very weak (Table 4.3).

Cross-taxon modelling of species composition revealed that vertebrate and
invertebrate taxa were significantly correlated in 18 of the 48 pairwise relations, and
in all cases the correlations were positive (Table 4.4). All significant relationships were
relatively weak, however, with none exceeding ρ = 0.28. The number of significant
correlations per vertebrate taxon ranged from one invertebrate family for mammals to
six for reptiles. No vertebrate taxon was significantly correlated with Ptinidae,
Scarabaeidae, Tenebrionidae or Zodariidae. Correlations with total invertebrates were
significantly positive for all vertebrate taxa, ranging from ρ = 0.19 for mammals to ρ
= 0.30 for birds (Table 4.4). In contrast to species richness, correlations involving total
vertebrates tended to be higher than for separate taxa. The correlation between total
vertebrates and total invertebrates was ρ = 0.36 (Table 4.4).

4.4.2. Effects of sampling intensity
Compared with the single-survey session (2014–2015; total of 226 species), data from
multiple vertebrate surveys (2004–2015; total of 311 species) increased the number of
significant correlations with invertebrate families for all four vertebrate taxa
(amphibians and reptiles from 5 to 6, birds 3 to 5 and mammals 0 to 1) and for total
vertebrates (from 3 to 6; Table 4.4). However, for most pairs of vertebrate-invertebrate
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groups, data from multiple surveys led to no or negligible increases in correlation
strength (Table 4.4). Only for amphibians did the single-survey data show marginally
higher correlations for some (5 of 12) invertebrate families, but the strength of these
was still low (maximum ρ = 0.25; Table 4.4).
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Table 4.3. Results from GLM analysis showing strength of relationship (coefficient estimate) in species richness between each invertebrate family and the four vertebrate classes
(covariates). Best-fitting model indicated by letters (NB = negative binomial, P = Poisson) and significance by asterisks (* P < 0.05, ** P < 0.01, *** P < 0.001). Degrees of
freedom for all models = 77. Empty cells indicating cases where covariates (vertebrates) were dropped sequentially to improve model fit.
Invertebrate family

Model

Intercept

Amphibians

Carabidae

NB

1.41

Chloropidae

NB

0.75

Curculionidae

NB

-0.29

Formicidae

NB

3.26

-0.05***

Lycosidae

NB

-0.77

0.15**

Phoridae

NB

-0.24

-0.08*

Ptinidae

NB

-2.07

Salticidae

-0.06*

Birds

Reptiles

% dev.

Model

Intercept

Total vertebrates

% dev.

0.03*

-0.18***

22.69

NB

1.02

-0.012

0.91

0.04*

-0.07**

16.82

NB

0.06

0.002

0.05

-0.21**

11.83

NB

-0.07

0.002

0.02

0.03*
0.02***

Mammals

-0.04

24.44

NB

3.29

0.003

0.59

-0.39*

16.37

NB

-1.09

0.01

0.49

0.06***

-0.14*

28.13

NB

0.06

0.02

1.30

0.05

-0.35

12.75

P

-2.04

0.01

0.87

0.03

-0.003

1.98

P

0.62

-0.002

0.05

-0.09*

11.70

P

-1.69

0.03

4.14

-0.11**

10.55

NB

0.90

-0.015

1.83

15.78

P

-2.10

0.04**

8.70

0.92

NB

-0.27

-0.0003

0.00

30.86

NB

3.64

0.003

0.68

NB

0.58

-0.04

0.004

Scarabaeidae

P

-0.90

0.07

0.03

Staphylinidae

NB

1.38

Tenebrionidae

P

-2.21

Zodariidae

NB

-0.69

Total invertebrates

NB

3.55

0.07***

-0.04**

-0.01

-0.03

0.02***

-0.06**
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Table 4.4. Spearman’s Rank Correlations (ρ) between species composition (Bray-Curtis dissimilarity) of vertebrate and invertebrate taxa using vertebrate data from all survey
years (2004–2015) and vertebrate data from only the invertebrate survey years (2014–2015). Significance levels determined using non-parametric Mantel test with 999
permutations: * P < 0.05, ** P < 0.01, *** P < 0.001.
Vertebrates
Amphibians

Mammals

Reptiles

Total vertebrates

Family (2014–2015)

2004–2015
(N = 29)

2014–2015
(N = 24)

2004–2015
(N = 143)

2014–2015
(N = 110)

2004–2015
(N = 39)

2014–2015
(N = 16)

2004–2015
(N = 100)

2014–2015
(N = 76)

2004–2015
(N = 311)

2014–2015
(N = 226)

Carabidae (N = 62)

0.09*

0.17*

0.11

-0.05

-0.09

-0.03

0.27***

0.06

0.17**

-0.003

Chloropidae (N = 26)

Invertebrates

Birds

0.05

0.06

0.09*

0.05

0.03

-0.05

0.07

0.04

0.09*

0.04

Curculionidae (N = 28)

0.09**

-0.03

0.03

0.01

-0.12

-0.13

0.22***

0.10*

0.09

0.03

Formicidae (N = 320)

0.23***

0.25***

0.29***

0.25***

0.18**

0.07

0.23***

0.12**

0.34***

0.28***

Lycosidae (N = 20)

0.09*

0.22*

0.01

0.03

-0.09

-0.16

0.05

-0.02

0.05

0.05

Phoridae (N = 35)

0.20*

0.02

0.15**

0.09*

-0.08

-0.02

0.22***

0.13**

0.19***

0.08*

Ptinidae (N = 7)

-0.03

-0.17

-0.04

-0.01

-0.14

0.01

0.007

0.07

-0.04

-0.05

Salticidae (N = 39)

0.07*

0.01

0.14**

0.09*

0.08

0.07

0.13*

0.16***

0.18*

0.11**

Scarabaeidae (N = 29)

0.09

0.21*

0.02

-0.13

0.04

-0.04

0.04

-0.02

0.03

-0.11

Staphylinidae (N = 54)

0.08

0.24**

0.22**

0.02

-0.09

-0.08

0.28**

0.10*

0.28***

0.06

Tenebrionidae (N = 18)

0.007

-0.17

-0.06

0.03

-0.01

0.06

0.04

0.06

-0.08

0.01

Zodariidae (N = 30)

0.07

0.1

-0.01

0.05

0.01

-0.15

-0.14

-0.13

-0.02

0.04

0.26***

0.29***

0.30***

0.27***

0.19**

0.08

0.24***

0.12**

0.36***

0.32***

Total invertebrates (N = 668)
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4.4.3. Environmental associations
Environmental associations of species richness were highly variable among the
invertebrate families (Table 4.5). Rainfall was the most common association of
richness, with increased richness for four families (Lycosidae, Phoridae, Ptinidae and
Tenebrionidae) and decreased richness for three (Salticidae, Staphylinidae and
Zodariidae) at higher rainfall sites. Rock cover was also a common environmental
association for invertebrates, with richness of five families (Carabidae, Chloropidae,
Curculionidae, Lycosidae and Staphylinidae) decreasing in more rocky areas. No other
environmental covariate was significantly associated with the richness of more than
two of the 12 families. Environmental associations of richness also varied markedly
among the vertebrate taxa, and these tended to be very different from those of
invertebrates. Birds were the only vertebrate taxon for which richness was significantly
related to rainfall (Table 4.5). Of all vertebrates, only reptile richness was related to
rock cover, with increased richness in more rocky areas rather than the prevailing
negative relationships for invertebrates. Mammal richness was significantly associated
with soil texture, and among invertebrates this was also the case for Curculionidae and
Zodariidae; however, these relationships were opposite (Table 4.5). When all
vertebrate and invertebrate species were combined, the key predictors (percent rock
cover and rainfall) matched those of the model including only invertebrates and
explained 26.7% of deviance (Table 4.5).

Rainfall and rock cover were significant explanatory variables in species composition
of all vertebrate taxa and of most invertebrate families (Table 4.6). However, there was
no concordance in the set of significant environmental associations of any vertebrate
and invertebrate taxon. Rainfall, elevation and rock cover were significantly associated
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with both total vertebrates and total invertebrates, but explained only 22.7% and 13.3%
of deviance, respectively (Table 4.6).
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Table 4.5. Comparison of key environmental associates of vertebrates and invertebrates, showing strength of relationship of contributing environmental covariates to species
richness. Best-fitting GLM indicated by letters (NB = negative binomial, P = Poisson), significance by asterisks: * P < 0.05, ** P < 0.01, *** P < 0.001. Positive associations
highlighted in dark grey and negative associations in light grey. † Time since last fire indicating years since last burning event; recent = 0–2 years ago, intermittent = 3–4 years
ago, long unburnt ≥ 5 years ago. For description of environmental variables see Appendix C, Table 1.
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Table 4.6. Comparison of key environmental associations of vertebrates and invertebrates, showing the best combination of explanatory environmental covariates of species
composition (Bray-Curtis dissimilarity) as determined by DistLM. Data other than % deviance explained denoting percent contribution of each environmental association to
species composition. Significance levels determined using non-parametric Mantel test with 999 permutations: * P < 0.05, ** P < 0.01, *** P < 0.001. For description of
environmental variables see Appendix C, Table 1.
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4.5. Discussion
Our study is one of the most comprehensive regional analyses of the congruence of
vertebrate and invertebrate diversity and composition. We considered invertebrate taxa
at the level of family rather than order to avoid the potential masking of important
patterns through the lumping of highly diverse groups, we obtained a mechanistic
understanding of cross-taxon congruence through an analysis of taxon-specific drivers
of patterns of diversity and composition, and we examined the role of sampling
intensity as a factor influencing congruence patterns. We found poor congruence in
diversity and distribution among vertebrates and invertebrates, along with marked
variation in their environmental associations, and showed that poor congruence was
not simply an artefact of low sampling intensity.

Species richness and composition of the four vertebrate classes were at best only
weakly positively associated with invertebrates, and even then just with a subset of
families. These findings add to growing evidence that geographic patterns of vertebrate
diversity and distribution are often poorly correlated with those of invertebrates in
tropical ecosystems (e.g. Kremen 1992, Lawton et al. 1998, Bennett et al. 2009, de
Andrade et al. 2014), as has been shown in other climatic zones (e.g. Wilcox et al.
1986, Prendergast et al. 1993, Oliver et al. 1998, French 1999, Lund and Rahbek
2002). Some studies have even reported inverse richness patterns of vertebrate and
invertebrate taxa (e.g. Oliver et al. 1998, Vessby et al. 2002), and we found examples
of this involving amphibians, reptiles and mammals.

Our results indicate that, of the different vertebrate groups, patterns of diversity and
distribution of birds were most congruent with those of invertebrate taxa. We found
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positive associations between birds and eleven of our twelve invertebrate families in
either species richness or composition. This suggests that when compared to
invertebrates, birds respond more similarly to environmental gradients than do other
vertebrate groups (Ricketts et al. 2002, Lovell et al. 2007, Duan et al. 2016), although
their similarly high dispersal abilities associated with flight might also be a
contributing factor. However, despite birds having highest congruence with
invertebrates than did other vertebrate groups, congruence between birds and
invertebrates was still weak. The predictive power of birds in our study was always
less than 30%, and such consistently weak relationships mean that there is little value
in their application as ‘umbrellas’ for invertebrates. These findings concur with the
vast majority of bird-invertebrate congruence studies, which consistently show birds
to be poor surrogates for ground-dwelling invertebrates (e.g. Burbidge et al. 1992,
Lawton et al. 1998, Vessby et al. 2002, de Andrade et al. 2014). This is the case even
if relationships are statistically significant; for example, a cross-taxon congruence
study in south-eastern Australia found that birds were significantly correlated with
native bees whereas reptile diversity was not, but the variation explained was only
9.5% and 4.5% for species richness and composition respectively (Yong et al. 2018).
Birds are also typically poor surrogates for non-epigeic taxa (e.g. Lawton et al. 1998,
French 1999, Lund and Rahbek 2002, Vessby et al. 2002, Williams et al. 2006, Ekroos
et al. 2013, Foord et al. 2013, Eglington et al. 2015).

Combining vertebrate taxa did not improve congruence with invertebrates in terms of
species richness but did improve congruence in species composition. Poor congruence
in richness was because different vertebrate taxa often showed inverse relationships to
each other, meaning these relationships were cancelled out when vertebrate taxa were
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combined. Combining vertebrate groups into a single measure can therefore mask
relationships of its component taxa, and so particular vertebrate taxa are more likely
to act as ‘umbrellas’ for invertebrate richness when used in isolation. In contrast, there
were no negative correlations involving species composition, and so there was no
cancelling out of relationships when all vertebrate groups were combined. These
findings indicate that factors driving variation in species composition are very different
from those driving variation in species richness. Hence, taxa that might act as a useful
‘umbrella’ in relation to richness will not necessarily do so for composition. Su et al.
(2004) found similar inconsistencies in bird-butterfly congruence across a large
montane landscape, as birds were useful in representing butterfly composition but not
richness. Ideally, a useful ‘umbrella’ taxon should be well representative in terms of
both species richness and composition, as instances of congruence across multiple
measures of biodiversity provide the most compelling tool for effective conservation
planning (Gioria et al. 2011).

It is possible that low congruence in spatial patterns of different faunal taxa are at least
partly an artefact of low sampling intensity, given that surveys typically fail to detect
many animal species that are present. We found that sampling intensity did affect
congruence results, with data from multiple surveys compared with a single survey
increasing the number of significant correlations for most vertebrate groups. However,
for most pairs of vertebrate-invertebrate groups there were no or negligible
improvements in correlation. This included correlations involving mammals, which
were substantially improved by data from multiple surveys for only one of the 12
invertebrate families (ants). Such a marginal improvement occurred despite mammals
having especially low detectability—the single 2014–2015 survey detected only 40%
of the total mammal species recorded when pooling across three survey sessions.

85

Mammal detectability is notoriously low in faunal surveys more generally (Einoder et
al. 2018) but is likely to be especially low in our study due to precipitous declines in
mammal populations that have occurred across northern Australia over recent decades
(Woinarski et al. 2010, Woinarski et al. 2011). The limited role of detectability in
explaining our findings of low congruence is also illustrated by results for amphibians,
for which the single-survey data showed somewhat better congruence with
invertebrate taxa than did the multiple-survey data, even though it detected fewer
species.

We acknowledge that even our multi-year sampling data are likely to be underrepresentative of the total vertebrate communities that occur at our study sites. We also
acknowledge that the detectability of most of our invertebrate species is likely to be
low. Species detectability of invertebrates is rarely quantified in invertebrate surveys
(Kellner and Swihart 2014), but it is often low even after repeat sampling (Kery and
Plattner 2007, Driscoll 2010, Hudgins et al. 2012). However, given that increased
sampling intensity of vertebrates led to only marginal improvements in congruence,
we would expect similarly marginal improvements with increased sampling intensity
for invertebrates. The extent to which detectability biases may confound congruence
patterns requires further investigation, but it seems highly unlikely that further
sampling of either vertebrates or invertebrates would improve congruence in our study
system substantially enough to reach the 60–80% threshold required for effective
prediction (Fleishman et al. 2005, Lovell et al. 2007, Leal et al. 2010).

The conclusion that poor congruence is not a sampling artefact is supported by our
analyses of environmental associations. Poor congruence in spatial patterns of
vertebrates and invertebrates can be expected if they show differing responses to
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environmental variables (Nelson and Nelson 2001, Ricketts et al. 2002, Heino et al.
2005, Heino et al. 2009). Our finding of very different environmental associations of
vertebrates and invertebrates, for both richness and composition, concurs with the low
congruence results. Environmental associations varied widely among both vertebrate
and invertebrate taxa, and they were especially idiosyncratic among invertebrates. The
more specialised habitat requirements and complex life-histories of many invertebrates
likely contribute to their variable environmental associations and therefore to the poor
performance of vertebrates as ‘umbrellas’ for invertebrate diversity (Mac Nally et al.
2002, Viterbi et al. 2013). The different environmental associations of vertebrates and
invertebrates imply that their conservation needs and management priorities are very
weakly aligned.

We note that our findings of low cross-taxon congruence apply to the 0.25 ha scale at
which we sampled, which is typical for biodiversity survey in Australia (Woinarski et
al. 2002a, Kutt and Woinarski 2007, Eyre 2012) and elsewhere in the world (Brown
and Heske 1990, Tietje et al. 1991, Hanya 2005, Sreekar et al. 2018). Cross-taxon
congruence might be expected to be higher if assessed at larger spatial scales
(Dumbrell et al. 2008, Westgate et al. 2014, Westgate et al. 2017), especially if such
scales over-ride the finer-scale patterning typically shown by invertebrates (Ferrier et
al. 1999, French 1999, Pik et al. 2002). This is a fruitful area for future research.

In conclusion, our study has shown that spatial patterns of vertebrate richness and
composition are weakly correlated with those of terrestrial invertebrates and do not
come close to providing the predictive power required for them to be effective
‘umbrellas’ for invertebrates in conservation planning. We have also shown that poor
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congruence is highly unlikely to be just an artefact of inadequate sampling intensity.
Our findings add to the growing body of evidence that the use of well-studied,
charismatic taxa as surrogates of highly diverse understudied groups is not an effective
solution to protecting all biodiversity (e.g. Panzer and Schwartz 1998, Andelman and
Fagan 2000, Ozaki et al. 2006, Santi et al. 2010, Dorey et al. 2018). Effective planning
for the conservation of invertebrates requires direct empirical data on their diversity
and distribution patterns.
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Chapter Five
Invertebrate by-catch from vertebrate pitfall
traps can be useful for documenting patterns of
invertebrate diversity

Vertebrate bucket pitfall trap aligned with drift-fence for faunal survey
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5. Invertebrate by-catch from vertebrate pitfall traps can
be useful for documenting patterns of invertebrate
diversity

5.1. Abstract
There is a pressing need to develop simplified sampling protocols that allow
invertebrates to be routinely incorporated into terrestrial faunal surveys for informing
conservation planning. This study assesses the usefulness of sampling invertebrate bycatch from standard vertebrate bucket pitfall traps for documenting geographic
patterns of terrestrial invertebrates. We compare among-site (N = 78) patterns of
species richness and composition of ten invertebrate families (comprising ants, beetles
and spiders) captured in vertebrate bucket traps with those captured in two different
arrays of invertebrate-specific pitfall traps. For three families (Formicidae, Carabidae
and Lycosidae) patterns of richness and composition captured in the vertebrate traps
were comparable with those captured in the invertebrate-specific trap arrays. Thus, in
some cases, vertebrate traps appeared to be as useful in detecting patterns of
invertebrate diversity as were invertebrate-specific traps. Our findings show that
sampling invertebrate by-catch from vertebrate bucket traps can be a reliable and
robust simplified protocol for documenting biodiversity patterns for some key groups
of terrestrial invertebrates. This simplified protocol can take terrestrial invertebrates
out of the ‘too-hard basket’ for biodiversity assessment and monitoring, breaking the
positive-feedback loop that currently maintains ignorance of invertebrate diversity and
distribution and that prevents their inclusion in conservation planning.
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5.2. Introduction
Invertebrates dominate almost every terrestrial ecosystem on Earth, representing a
large proportion of species diversity and playing key roles in energy flow and the
provision of ecological services, such as nutrient cycling, pollination, seed dispersal
and herbivory (Wilson 1987, Stork 1993, Eisenhauer et al. 2019). Yet they are often
ignored in conservation planning due to their limited taxonomic knowledge and
difficulties with species identification, a poor understanding of their patterns of
diversity and distribution, and the impracticability of carrying out comprehensive
sampling (Taylor et al. 2018). This creates a positive-feedback loop that maintains an
ignorance about invertebrate diversity and distribution: invertebrates are excluded
from faunal surveys because they are so poorly known and ‘too hard’, and they remain
poorly known and ‘too hard’ because they are excluded from such surveys. There is a
pressing need to break this loop of ignorance so that conservation planning can be
appropriately informed by invertebrate diversity. This requires the development of
simple and efficient sampling protocols that can be readily incorporated into existing
faunal surveys.

Pitfall trapping is a standard and frequently used method for sampling ground-dwelling
invertebrates (Pearsall 2007, Cheli and Corley 2010, Knapp and Ruzicka 2012, Skvarla
et al. 2014, Brown and Matthews 2016), and it has been successfully used to evaluate
patterns of terrestrial invertebrate diversity and composition in many ecosystems at
different spatial scales (Pekár 2002, Andersen et al. 2004, Phillips and Cobb 2005).
Pitfall traps are easy to deploy and at the completion of trapping can simply be capped,
packed and transported to the laboratory for processing. Unlike other commonly
employed trapping techniques, the use of pitfall traps requires no specialist
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entomological expertise (Pekár 2002), and their catches are largely independent of
variation in the efficacy of the field technician. Moreover, pitfall traps are already
widely used in faunal survey for sampling ground-dwelling vertebrates and thus are
familiar to most field workers.

However, the inordinate numbers of invertebrates sampled in pitfall traps and the large
amount of time required to process samples remains an ongoing challenge for their
inclusion in routine faunal survey. A number of studies have assessed variation in
pitfall trap design to optimise capture efficiency (e.g. Luff 1975, Brennan et al. 1999,
Work et al. 2002, Pearce et al. 2005), but under limited time and funds even a very
efficient design of invertebrate-specific pitfall traps can be too arduous for land
managers. An alternative approach is to sample invertebrate by-catch from pitfall traps
routinely used for sampling vertebrates such as small mammals, reptiles and frogs.
These are typically bucket-sized traps with drift fences for guiding animals into them,
and they can be expected to be especially suitable for large invertebrates. The
invertebrate by-catch from such traps provides manageable numbers of specimens, and
has been used to detect impacts of ecosystem disturbance in a highly efficient manner
(Andersen et al. 2002, Woinarski et al. 2002b). However, the extent to which such bycatch provides reliable information on geographic patterns of invertebrate richness and
composition is unknown. It is futile to develop simplified sampling techniques if they
are ultimately unreliable.

This study uses pitfall-trap data from 78 sites in the highly diverse monsoon tropics of
northern Australia to determine how useful invertebrate by-catch from standard
vertebrate bucket traps is for documenting biodiversity patterns of terrestrial

93

invertebrates. We use 10 families of invertebrates comprising ants, beetles and spiders
to assess similarity in patterns of species richness and composition of catches from
vertebrate bucket traps with those of two different arrays of pitfall traps designed
specifically for invertebrates. We use two different arrays of invertebrate-specific traps
because different trapping designs are known to provide somewhat different results
(Abensperg-Traun and Steven 1995, Brennan et al. 1999, Work et al. 2002), and the
similarity of results from the two arrays provides an appropriate benchmark for
assessing the reliability of by-catch from vertebrate traps. We therefore assess the
congruence in among-site patterns of invertebrate species richness and composition
between the vertebrate and each of the invertebrate-specific traps, compared with the
congruence between the two invertebrate-specific traps. If by-catch from vertebrate
bucket traps shows congruent patterns of diversity with those of more intensive
invertebrate-specific trapping protocols, then vertebrate traps may provide an efficient
means for incorporating invertebrates into routine faunal surveys in highly biodiverse
landscapes.

5.3. Methods
5.3.1. Study sites
Our study used 78 long-term monitoring sites of the Three Parks Savanna Fire-Effects
Plot Network (part of Australia’s previous Long Term Ecological Research Network
(LTERN); http://www.ltern.org.au/) in the contiguous Kakadu (32 sites) and Nitmiluk
(46 sites) National Parks in the tropical savanna landscapes of Australia’s Northern
Territory (see Figure 4.1). These parks encompass three major landforms: lowland
savanna woodland, the sandstone country of western Arnhem Land and Marrawal
Plateaus and floodplains associated with major river systems (Finlayson and von
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Oertzen 2012). The climate is tropical monsoonal, with high (typically 30–40 oC)
maximum temperatures throughout the year and rainfall heavily concentrated into a
summer wet season. There is a gradient in mean annual rainfall from about 1440 mm
in the north to 1080 mm in the south, over a distance of approximately 300 km.
Collectively the two parks comprise the largest conservation reserve in northern
Australia, with a combined area of approximately 22 013 km2. They support a highly
diverse biota with exceptionally high conservation values (Press et al. 1995, Woinarski
et al. 2007, Winderlich and Woinarski 2014). However, there has been very little
sampling of the terrestrial invertebrate fauna, with only limited surveys of butterflies
(Kikkawa and Monteith 1980), ants (Andersen 1991, 1993), grasshoppers (Andersen
et al. 2000) and termites (Braithwaite et al. 1988) having been conducted in Kakadu,
but none in Nitmiluk.

5.3.2. Sampling
Surveys of terrestrial vertebrates are routinely conducted at the LTERN sites,
involving diurnal and nocturnal spot-counts for birds, baited Elliot and cage traps for
small mammals, and 20-L bucket pitfall traps and associated drift fences for small
mammals, amphibians and reptiles (see Woinarski et al. 2010 for details). We sampled
invertebrate by-catch from the 20-L vertebrate bucket pitfall traps during surveys
conducted in February–April 2014 (Kakadu National Park) and April–May 2015
(Nitmiluk National Park). These months coincide with the middle and late wet-season,
a time of high biological activity. All sites were visited only once throughout that timeperiod. Three standard dry bucket vertebrate (V) traps (300 mm diameter, 380 mm
depth) were deployed in a 50 m2 quadrat, buried in the ground flush with the soil
service, and fitted with a 10-m drift fence designed for guiding ground-active
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vertebrates into the traps (Figure 5.1). Traps were inspected each morning and
afternoon for two days, and all invertebrates observed within them were collected and
stored in 70% ethanol. Specimens < 2 mm in length were not collected.

We installed two different arrays of invertebrate-specific pitfall traps 10 m adjacent to
each vertebrate trapping quadrat, with the two arrays separated by 10 m, for
comparison with the vertebrate bucket traps. The small invertebrate-trap (SI) array
consisted of 20 small (45 mm diameter, 60 mm depth) specimen containers arranged
in a 5 × 4 grid with 10 m spacing between them. The larger invertebrate-trap (LI) array
consisted of 10 larger (65 mm diameter, 100 mm depth) plastic containers arranged in
a 5 × 2 grid, also with 10 m spacing between them (Figure 5.1). In both these arrays,
traps were filled two-thirds with ethylene glycol and operated for 48 hours over the
same period as vertebrate sampling. Installation and collection were always carried out
in the morning to ensure that traps were set for an equal amount of daylight and two
full nights at each site.

Figure 5.1. Layout of the three vertebrate bucket pitfall traps and the two invertebrate-specific pitfall
trap arrays.
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5.3.3. Sample processing and selection of target taxa
For each array, specimens captured were pooled across traps. All specimens were
initially sorted to order or other higher taxon for ordinal-level analysis of entire
invertebrate assemblages. Three key taxa that were consistently well represented in the
traps were identified to family-level: ants (Hymenoptera), beetles (Coleoptera), and
spiders (Araneae). Ten families were then selected from these taxa for species-level
identification on the basis of their high abundance and diversity in samples, taxonomic
tractability and broad representation of invertebrate functional diversity: Formicidae
(ants), Carabidae, Staphylinidae, Curculionidae, Scarabaeidae, Tenebrionidae,
Ptinidae (beetles), Lycosidae, Salticidae and Zodariidae (spiders). Species were
identified using reference collections at the CSIRO Tropical Ecosystem Research
Centre (TERC) in Darwin, the CSIRO Australian National Insect Collection (ANIC)
in Canberra, the Queensland Museum (QM) in Brisbane, the Western Australian
Museum (WAM) in Perth, the Field Museum of Natural History in Chicago, and the
Zoologische Staatssammlung (ZSM) in Munich, with assistance from specialists (see
Acknowledgements). While specimens at all life stages were considered for total
abundances, only adults were identified to species-level. Many species could not be
confidently named, and these were systematically assigned number codes. To account
for potential data distortions for ant abundance due to their sociality, the number of
ants was capped at 50 specimens per species per trap. Voucher specimens of all ant
species are located in the TERC collection and all beetles and spiders in the ANIC,
except for Carabidae, Staphylinidae and Zodariidae, which are respectively located in
the ZSM, Chicago Field Museum and QM.
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5.3.4. Data analysis
We used Spearman Rank correlation to assess the extent to which catches of each of
the 10 target families from the vertebrate (V) traps showed congruent patterns of
richness and composition with the two invertebrate-specific trapping arrays (SI and
LI), along with congruence among the SI and LI arrays. The V traps collected far fewer
individuals than did the SI and LI trap arrays, and therefore would be expected to catch
fewer species. However, we were interested in comparative sample richness among
sites rather than among trap types, and so we used sample rather than rarefied richness
for our analyses. For species richness, analyses were conducted using SigmaPlot
version 12.5 (Systat Software San Jose, CA, www.systatsoftware.com), and for
species composition using PRIMER-E 7.0 (Clarke and Gorley 2015). For composition
analysis we calculated a Bray-Curtis resemblance matrix between every pair of sites
for each family based on square-root transformed abundance data (transformed so that
similarities were not just driven by highly abundant species). The Bray-Curtis
coefficients were zero-adjusted so that they were less erratic for samples with few
individuals and were calculable for samples with complete absences. This was done
by constructing the Bray-Curtis matrices against a dummy value of 1, which adds a
pseudo-species at sites where no species were recorded (Clarke et al. 2006). The
strength of each pair-wise correlation was evaluated with a Mantel test under 999
permutations using the RELATE function.

5.4. Results
5.4.1. Faunal overview
More than 160 000 invertebrate specimens of 18 ordinal-level taxa were collected
during the study, with the number from V traps (6600) representing only a fraction of
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those from the SI (6.8%) and LI (11.7%) arrays. Overall, catches were overwhelmingly
dominated by ants (109 407 individuals, or 68% of the total) and springtails (34 089,
21%), with substantial numbers of mites (3658, 2.3%), hemipterans (2 327, 1.5%),
spiders (2134, 1.3%), flies (1921, 1.2%), beetles (1318, 0.8%) and crickets (1192,
0.7%) also collected. The proportional representation of taxa was similar in the SI and
LI arrays, whereas the V trap catches comprised a greater proportion of spiders,
beetles, centipedes and cockroaches (Appendix D, Table 1). A total of 36 beetle
(Appendix D, Table 2) and 30 spider (Appendix D, Table 3) families were recorded.
The combined numbers of these families were 43, 50 and 53 in the V, SI and LI traps,
respectively.

The total numbers of individuals collected for nine of the ten target families (other than
ants) were: 252 Carabidae, 227 Curculionidae, 34 Ptinidae, 235 Staphylinidae, 48
Scarabaeidae, 154 Tenebrionidae, 653 Lycosidae, 299 Salticidae and 316 Zodariidae
(Appendix D, Tables 2‒3). These individuals comprised ~70% of total beetle and
spider specimens. Only ~60% of spider specimens were adults (151 Lycosidae, 273
Salticidae and 159 Zodariidae), on which our analyses were based. The V traps caught
only 10% and 16% respectively of the total number of specimens (including ants) of
the SI and LI arrays (Table 5.1).

The total numbers of species recorded for each of the ten target families were: 320
Formicidae, 62 Carabidae, 31 Curculionidae, 7 Ptinidae, 29 Scarabaeidae, 54
Staphylinidae, 18 Tenebrionidae, 19 Lycosidae, 40 Salticidae and 33 Zodariidae. Of
these 605 species, only about 20% could be confidently named, with most representing
undescribed taxa and many collected for the first time (for lists of species see Appendix
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E, Tables 1–10). Approximately 40% of species were recorded only once. Total
richness was generally lowest in the V traps, except for Carabidae, Curculionidae and
Lycosidae, of which richness was higher in V traps than in either of the invertebratespecific trap arrays (Table 5.1).

Both actual and estimated cumulative species richness varied markedly across the
three trap arrays, and their relative values varied markedly across taxa (Appendix D,
Figure 1). For ants and spiders, cumulative richness was substantially higher in the SI
and LI traps compared with the V traps, but for beetles it was similar in the V and SI
traps. However, sampled cumulative richness as a proportion of Chao1-estimated
richness was similar across trap arrays for all higher taxa: ants (range of 79–86%),
beetles (52–60%) and spiders (65–83%) (Appendix D, Figure 1).

100

Table 5.1. Total abundance and species richness of the ten target families captured in the vertebrate (V)
bucket pitfall traps and the two invertebrate-specific pitfall trap arrays: small (SI) and large (LI).

Family

Abundance

Richness

V

SI

LI

V

SI

LI

Formicidae

3778

41410

26074

147

247

220

Beetles

315

287

395

84

85

109

Carabidae

132

49

120

41

21

29

Curculionidae

117

54

56

19

9

16

Ptinidae

8

8

18

9

5

11

Staphylinidae

8

107

120

3

4

5

Scarabaeidae

6

24

18

5

17

14

Tenebrionidae

46

45

63

7

29

34

Spiders*

116

466

202

38

48

49

Lycosidae

45

51

55

12

10

10

Salticidae

35

147

91

15

22

23

Zodariidae

36

67

56

11

16

16

4209

42163

26671

269

380

378

Ants

Total

* values include only adult specimens. For total abundances of spiders considering all life stages see
Appendix D, Table 3.

5.4.2. Congruence in richness and composition
Species richness (Figure 5.2A) and composition (Figure 5.2B) were both significantly
correlated between the SI and LI arrays for nine of the ten families (Scarabaeidae was
the exception), but the strength of correlation was highly variable. For species richness,
the correlations ranged from ρ = 0.28 for Salticidae to ρ = 0.80 for Formicidae, and for
composition it ranged from ρ = 0.35 for Curculionidae to ρ = 0.67 for Lycosidae.
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Species richness in the V traps was significantly correlated with that in the SI and LI
arrays for six and three of the ten families, respectively (Figure 5.2A). Correlations
between the SI and LI arrays were always higher than any correlations involving the
V traps, except for Carabidae, for which the correlation between the V traps and LI
array was highest (ρ = 0.49) across the three trapping arrays. The V traps were
significantly correlated with both SI and LI arrays for Formicidae, Carabidae and
Lycosidae, and in most cases the strength of correlations was only marginally lower
than that between the SI and LI arrays. The V traps were significantly correlated with
the SI array, but not the LI array, for Curculionidae, Scarabaeidae and Tenebrionidae.
Richness of Ptinidae, Scarabaeidae, Salticidae and Zodariidae in the V traps was not
correlated with that in either the SI or the LI arrays (Figure 5.2A).

Species composition in the V traps was significantly correlated with that in the SI and
LI arrays for seven and five of the ten families, respectively (Figure 5.2B). Correlations
between the SI and LI arrays were always higher, but only marginally so in some cases,
than any correlations involving the V traps. The V traps were significantly correlated
with both SI and LI arrays for five families (Formicidae, Carabidae Tenebrionidae,
Lycosidae and Salticidae). For two families (Curculionidae and Scarabaeidae) the V
traps were significantly correlated with the SI, but not the LI, array, and for three
families (Ptinidae, Staphylinidae and Zodariidae) they were not correlated with either
the SI or the LI arrays (Figure 5.2B).
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A

B

Figure 5.2. Correlation (Spearman’s Rank) in species richness (A) and composition (B) across the
vertebrate (V) bucket pitfall traps and the small invertebrate-trap (SI) and large invertebrate-trap (LI)
arrays. Significant values are indicated with asterisks: * < 0.05, ** < 0.01, *** < 0.001.
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5.5. Discussion
Our study evaluated the reliability of simplified assessment of among-site patterns of
terrestrial invertebrate diversity based on by-catch from vertebrate bucket pitfall traps.
We have taken a novel approach by using congruence between results from different
arrays of invertebrate-specific pitfall traps as a benchmark for assessing by-catch
results. We found that sampling invertebrate by-catch from vertebrate bucket traps can
be useful for documenting patterns of diversity for some groups of terrestrial
invertebrates. For ants, carabid beetles and lycosid spiders, patterns of species richness
and composition captured in vertebrate traps were similarly congruent with those
shown by invertebrate-specific traps, compared with congruence between the two
different arrays of invertebrate-specific traps. Our findings are comparable to those of
Andersen et al. (2002), who showed that sampling ant by-catch from vertebrate bucket
traps was just as effective in indicating ecosystem disturbance as were more intensive
invertebrate-specific traps. Other studies have demonstrated the use of sampling
invertebrate by-catch from vertebrate bucket traps, including for carabid beetles
(Westby-Gibson et al. 2017) and lycosid spiders (Woinarski et al. 2002b, WestbyGibson et al. 2017). However, none of these studies have compared results with those
from invertebrate-specific trapping. Our study is novel in doing so, and it demonstrates
the reliability of by-catch from vertebrate bucket traps in providing information on
patterns of richness and composition for these key invertebrate taxa.

Vertebrate bucket traps provided reliable information on ants despite yielding just a
fraction of the number of specimens in either the small (6.1%) or large (11.3%)
invertebrate-specific trapping arrays. In other words, they provided comparable
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information but required just a fraction of the processing time. Similarly, the number
of adult lycosid spiders captured in the vertebrate traps was up to 20% less than that in
the invertebrate-specific trapping arrays, but patterns of richness and composition were
highly comparable. Although vertebrate traps yielded higher numbers of carabid
beetles than did invertebrate-specific traps, these numbers were highly manageable,
averaging only two (ranging from 0–18) individuals per site. Carabid beetles in
Australia were previously thought to be too difficult to incorporate into biodiversity
monitoring programs (New 1998), but our results, coupled with an improved
taxonomy, suggest they ought to be used more extensively. Interestingly, total
abundance and richness of curculionid beetles were also higher in the vertebrate traps
than in either of the invertebrate-specific traps, but congruence in patterns of richness
and compositions was inconsistent. Another efficiency advantage of sampling bycatch from vertebrate traps is that very small (< 2 mm) specimens were not collected
in our study. Larger species are easier to process and more likely to be known and
identifiable than are very small specimens.

Vertebrate bucket traps provided reliable information for some key invertebrate groups
despite having some obvious biases. For example, the lack of a killing agent makes it
possible for some specimens to climb or fly out of the traps, and it risks them being
consumed by small mammals and reptiles caught in the same traps. However,
invertebrate-specific pitfall trapping techniques also have biases (see Lang 2000,
Skvarla et al. 2014, Sherley and Stringer 2016), as illustrated by the fact that
congruence in patterns of richness and composition was often low between the two
invertebrate-specific trapping arrays used in our study. As was the case for our
vertebrate traps, the two invertebrate-specific arrays had different trap sizes and a
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different number of traps, and they had different catchment sizes in slightly different
sampling locations.

Given their ability to match the richness and composition results of more intensive
invertebrate-specific traps in a much more feasible manner, vertebrate traps offer land
managers a highly practical method of rapid biodiversity assessment of some terrestrial
invertebrates. While invertebrate-specific pitfall traps capture a greater range and
number of taxa, this can actually be a downside for their incorporation into routine
faunal surveys because it requires additional resources for processing samples. One
promising approach is to restrict processing and analysis to larger species only, as has
been successfully done for assessing impacts of cattle grazing on ant communities in
arid Australia (Arcoverde et al. 2018) and for assessing ant community responses to
SO2 emissions from a large smelter in the Australian semi-arid tropics (Andersen et
al. 2002). However, if specialist invertebrate trapping is not feasible, the sampling of
invertebrate by-catch from vertebrate bucket traps offers a reliable and robust
simplified sampling protocol for some key taxonomic groups. As such, this method
can take terrestrial invertebrates out of the ‘too-hard basket’ for biodiversity
monitoring and allow their inclusion in conservation planning.
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Chapter Six
Target taxa for representing terrestrial
invertebrate diversity: distinguishing between
‘total biodiversity’ and ‘all biodiversity’

An entimine weevil, Leptopius sp. (family Curculionidae) from Kakadu National Park
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6. Target taxa for representing terrestrial invertebrate
diversity: distinguishing between ‘total biodiversity’ and
‘all biodiversity’

6.1. Abstract
Invertebrates are often ignored in biodiversity surveys for conservation planning
because of the challenges associated with sampling their vast diversity.
Comprehensive assessments of invertebrate diversity are usually not feasible, and
therefore target taxa need to be identified that effectively represent invertebrate
diversity and distribution. The use of a multi-taxon approach is frequently advocated,
but the selection of taxa that together provide a robust indication of overall invertebrate
diversity remains an ongoing challenge. Our conceptual framework is that the target
taxa must represent the broad range of distributional patterns shown by different
groups (i.e. ‘all biodiversity’), rather than indicate the single metric of ‘total
biodiversity’ (i.e. all species combined). We apply this framework to selecting target
taxa among twelve families in four dominant terrestrial invertebrate orders
(Hymenoptera, Coleoptera, Diptera and Araneae) for rapid assessment of invertebrate
diversity across 78 sites in a tropical savanna landscape of northern Australia.
Congruence among families in their spatial patterns of species richness and
composition was assessed using Spearman’s Rank and Mantel tests. We scored each
family for its potential as a target taxon, based on a combination of its sampling
abundance and richness, its representativeness of other taxonomic groups and its
taxonomic tractability. Cross-taxon congruence was generally low (ρ < 0.5), and no
single family was an effective predictor of the richness or composition of all others.
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Thus, there is no general pattern of ‘total biodiversity’ in terrestrial invertebrates, and
it is necessary to select a subset of complementary taxa for survey that can effectively
represent the broad range of spatial patterns shown by different groups. We identified
four families (Formicidae, Carabidae, Tenebrionidae and Zodariidae) with high
collective potential as target taxa for rapid assessment of terrestrial invertebrate
diversity in our study system. Different subsets of taxa are likely to be most effective
in other bioregions, but our approach to selecting representative invertebrate taxa for
conservation planning and assessment is widely applicable.

6.2. Introduction
Invertebrates represent approximately 80% of all described species on earth (Cardoso
et al. 2011) and play crucial roles in ecosystem functioning (Wilson 1987, Kellert
1993, Lavelle et al. 2006). They also constitute the majority of species lost under the
current global extinction crisis (Dunn 2005, Régnier et al. 2015). Despite this,
invertebrates still continue to be largely overlooked in conservation planning (New
1999b, Braby and Williams 2016, Braby 2017, Taylor et al. 2018). A key reason for
this is that information on geographical patterns of invertebrate species distributions is
scarce (Raven and Yeates 2007, Cardoso et al. 2011, Yeates and Cassis 2017), which,
combined with their extreme diversity, renders invertebrates too difficult for most
conservation managers to consider (Ward and Larivière 2004). Conservation planning
therefore typically proceeds on the assumption that plants and vertebrates act as
‘umbrellas’ for invertebrate diversity (Murphy and Wilcox 1986, Landres et al. 1988,
Oliver et al. 1998, New and Yen 2012). However, invertebrates divide habitat on a
particularly fine scale (Newell 1997, Ferrier et al. 1999, French 1999, Pik et al. 2002),
and their spatial patterns are often poorly reflected by those of vascular plants (Crisp
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et al. 1998, Jonsson and Jonsell 1999, Eyre and Luff 2002, Koch et al. 2013) and
vertebrates (Moritz et al. 2001, Taylor and Doran 2001, Andersen et al. 2004).
Invertebrates have an especially high incidence of narrow-range endemism (Harvey
2002, Harvey et al. 2011) and can be highly sensitive to small environmental changes
(Kremen et al. 1993), which makes them particularly susceptible to disturbance (Dunn
2005). Comprehensive planning for biodiversity conservation therefore requires direct
information on invertebrates (Andersen et al. 2004, Rohr et al. 2007). Given the
invertebrate knowledge gap, this in turn requires practical methods for characterising
their geographical patterns of diversity and composition.

The great diversity of invertebrates means that sampling of all taxa is not feasible
(Oliver and Beattie 1996), and therefore attention has focussed on target groups that
effectively represent the spatial patterns, and consequently conservation needs, of
invertebrate diversity more broadly (Kremen et al. 1993, McGeoch 1998, Duelli and
Obrist 2003). Different invertebrate groups vary markedly in their spatial patterns
(Barlow et al. 2007, Cabra-García et al. 2012, Fattorini et al. 2012, Beck et al. 2013),
and therefore a multi-taxon approach is advocated (Oliver and Beattie 1996, Kotze and
Samways 1999, Slotow and Hamer 2000, Moritz et al. 2001, Lovell et al. 2010,
Gerlach et al. 2013, Sattler et al. 2014). Target taxa must be appropriately abundant
and diverse, represent a range of distributional patterns and sensitivities to local
environmental changes, be taxonomically tractable and be feasible to sample on a
regular basis (Duelli and Obrist 1998, McGeoch 1998, McGeoch et al. 2011, Gerlach
et al. 2013). Unfortunately, the representativeness of selected target taxa is more often
assumed than demonstrated (Duelli and Obrist 1998, Cushman et al. 2010).
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Many studies seek to identify invertebrate target taxa by examining the extent to which
their distributional patterns are congruent with ‘total biodiversity’, i.e. a single metric
of all species combined (e.g. Bilton et al. 2006, Cameron and Leather 2012, Morrison
III et al. 2012). This approach is problematic because, unless distribution patterns are
highly congruent among taxa, there is no single pattern of ‘total biodiversity’. Using
‘total biodiversity’ as a baseline for management planning may therefore not
adequately address the conservation needs of its varied component taxa. If there is low
congruence among taxa, then taxa selected as target groups need to be complementary
so as to capture the broad range of spatial patterns shown by different groups—i.e. ‘all
biodiversity’ patterns.

In this study we use pitfall trap data from 78 sites in a diverse tropical savanna
landscape in northern Australia to identify optimal target taxa among 12 families of
terrestrial invertebrates in the context of selecting a minimal subset of taxa for
representing their spatial patterns of diversity and composition. Specifically, we aim
to determine:
(1) whether the different taxa show generally congruent patterns of richness and
composition;
(2) whether any single taxon can represent the richness and composition of all others
combined (i.e. ‘total biodiversity’);
(3) the minimal subset of taxa that can effectively represent the range of diversity
patterns shown by all the taxa (i.e. ‘all biodiversity’). We assess the suitability of
each taxon for inclusion in the minimal subset on specified criteria relating to
abundance and richness, representativeness of other taxa and taxonomic tractability.
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6.3. Methods
6.3.1. Study location
Our study was conducted in contiguous Kakadu and Nitmiluk National Parks in the
tropical savanna landscapes of Australia’s Northern Territory (see Figure 4.1). This
area comprises the largest conservation reserve land in northern Australia, with a
combined area of approximately 22013 km2. It includes a wide range of habitat types
spanning a large latitudinal rainfall gradient, averaging approximately 1440–1080 mm
from north to south and concentrated throughout November–April. Some 80% of the
area consists of eucalypt-dominated, lowland savanna woodlands. The region features
an extensive sandstone tableland, characterised by rugged rocky ridges formed by the
junction of two biogeographical systems: the Arnhem Land Plateau, which extends
throughout the eastern side of Kakadu and beyond its borders, and the Marrawal
Plateau, which stretches further south into Katherine Gorge in Nitmiluk National Park
(Finlayson and von Oertzen 2012). This sandstone tableland is one of Australia’s
biodiversity hotspots, supporting a remarkable diversity of narrow-range endemic
species, including rodents (Begg 1981), birds (Woinarski et al. 1989), lizards (Moritz
et al. 2015), moths (Nielsen et al. 1996), butterflies (Braby 2008), grasshoppers
(Andersen et al. 2000) and ants (Andersen 2006). The other major land system is the
floodplains, which undergo dramatic seasonal changes associated with the annual
monsoonal rains, changing from extensive inundated plains in the wet season to dry
fields with scattered pools in the dry season.

The aquatic macro-invertebrates of the region have been relatively well-surveyed due
to extensive environmental monitoring in relation to mining (Watson and Abbey 1980,
Finlayson et al. 2006, Garcia et al. 2011), but the diversity and distributional patterns
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of terrestrial invertebrates are poorly known (Andersen et al. 2014b). There have been
limited surveys of butterflies (Kikkawa and Monteith 1980, Monteith 1982, Braby
2014), ants (Andersen 1991, 1993), grasshoppers (Andersen et al. 2000) and termites
(Braithwaite et al. 1988) in Kakadu, but none in Nitmiluk.

6.3.2. Study sites
Our study used 78 long-term monitoring sites of the Three Parks Savanna Fire-Effects
Plot Network (part of Australia’s previous Long Term Ecological Research Network
(LTERN); http://www.ltern.org.au/) in Kakadu (32 sites) and Nitmiluk (46 sites)
National Parks (see Figure 4.1). Routine surveys of terrestrial vertebrates have been
conducted at the sites every five years since 1996 (see Woinarski et al. 2010 for
details).

6.3.3. Sampling
Invertebrate sampling was conducted in Kakadu throughout February–April 2014 and
in Nitmiluk throughout April–May in 2015. This is during the middle and late wetseason, and the time of highest biological activity. Sampling was conducted using
pitfall traps, a standard and effective method for sampling ground-dwelling
invertebrates (Southwood 1978, Bestelmeyer 2000) that could be readily incorporated
into the existing faunal (i.e. vertebrate) surveys. Three sizes of pitfall traps were used:
(a) twenty small (45 mm diameter) traps, commonly used to catch ants, (b) ten cupsized (65 mm diameter) traps to catch larger invertebrates and (c) three 20-Litre bucket
traps typically used for catching vertebrates. The 65 mm and 45 mm pitfall traps were
¾ filled with ethylene glycol, buried into the ground flush with the soil surface and
collected after 48 hours. The vertebrate traps were buried in the ground flush with the
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soil surface and aligned with a drift fence (designed for channelling vertebrates into
them). Invertebrate by-catch from the vertebrate bucket traps was collected each
morning and afternoon over the same 48-hour period as the 65 mm and 45 mm trap
sampling time-frame. For details of trapping layout see Chapter Five (Figure 5.1). All
data from the three trap arrays were pooled for each site.

6.3.4. Invertebrate data
Twelve invertebrate families were targeted for analysis, based on their high abundance
and diversity in traps, taxonomic tractability and broad representation of functional
diversity: Formicidae (Hymenoptera), Carabidae, Staphylinidae, Curculionidae,
Scarabaeidae, Tenebrionidae and Ptinidae (Coleoptera), Chloropidae and Phoridae
(Diptera), Lycosidae, Salticidae and Zodariidae (Araneae). A total of 668 species (for
lists of species see Appendix E, Tables 1–12) from these families were sampled across
all three trap arrays (Table 6.1). These families accounted for ~70% of invertebrate
individuals captured in the pitfall traps.
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Table 6.1. Abundance and species richness of target families of ants (Hymenoptera), beetles
(Coleoptera) flies (Diptera) and spiders (Araneae) recorded across 78 sites in Kakadu and Nitmiluk
National Parks. Values represent adult specimens only. Formicidae abundances were capped at 50
individuals per trap.

Taxon

Common name

Hymenoptera

Ants/bees/wasps

109407

320

Formicidae

Ants

109407

320

Coleoptera

Beetles

950

198

Ground beetles

252

62

Staphylinidae

Rove beetles

235

54

Curculionidae

Weevils

227

28

Tenebrionidae

Darkling beetles

154

18

Scarabaeidae

Scarab beetles

48

29

Ptinidae

Spider beetles

34

7

Diptera

Flies

1310

61

Chloropidae

Grass flies

821

26

Phoridae

Scuttle flies

489

35

Araneae

Spiders

583

89

Salticidae

Jumping spiders

273

39

Zodariidae

Ant-eating spiders

159

30

Lycosidae

Wolf spiders

151

20

112250

668

Carabidae

Total

Abundance

Total species

6.3.5. Data analysis
To determine congruence in species richness among the 12 families, we calculated
Spearman’s Rank Correlations for each pair of families and for each family against all
others combined (i.e. total richness minus target family). The target family was
excluded from ‘total biodiversity’ to avoid the confounding effects of autocorrelation.
Calculations were performed in SigmaPlot version 12.5 (Systat Software San Jose,
CA, www.systatsoftware.com).
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To examine congruence in species composition among the 12 families, we calculated
a similarity matrix for each family, using Primer-E 7.0 (Clarke and Gorley 2015).
Similarity in composition was calculated between every pair of sites using Bray-Curtis
similarity measures based on square-root transformed abundance data (transformed so
that similarities were not just driven by highly abundant species). The Bray-Curtis
coefficients were zero-adjusted so that they were less erratic for samples with few
individuals and were calculable for samples with complete absences. This was done
by constructing the Bray-Curtis matrices against a dummy value of 1, which adds a
pseudo-species at sites where no species were recorded (Clarke et al. 2006). Similarity
matrices of all taxa were pairwise tested for significant correlations (999 randomised
permutations) using the RELATE function (a non-parametric form of the Mantel test)
with Spearman’s Rank method. To visualise the relationships of the 12 families we
calculated a group-average hierarchical cluster dendogram. Finally, to determine how
representative each family is of all others combined (i.e. total composition minus target
family) we correlated each family to a Bray-Curtis matrix of all families but excluding
itself, using the RELATE function as described above.

6.3.6. Selection of target taxa
We assigned each of the 12 families a score of 1–5 against five selection criteria: total
abundance, total species richness, representativeness in patterns of species richness,
representativeness in patterns of species composition, taxonomic tractability (Table
6.2). For abundance and richness, a score of 1 indicates lowest values and a score of 5
highest. Representativeness of species richness and composition were tallies of the
total number of significant pairwise correlations identified in the congruence analyses
across the 12 families. Families with only one significant pairwise correlation were
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assigned a score of 1, and families with more than five a score of 4. Families with no
significant pairwise correlations were assigned a score of 5, reflecting their lack of
representation by any other family. Our rationale here is that taxa with no significant
correlations have a premium because they can only be represented if they are included
in the representative subset of taxa. Finally, we assigned each family a score for the
taxonomic tractability of its northern Australian fauna, ranging from 1 for families
with a large proportion of undescribed species and absence of taxonomic keys or
reference collections to 5 for families that are well known taxonomically and species
identification keys are readily available (Table 6.2). We acknowledge that not all the
criteria are necessarily of equal importance when considering choice of target taxa;
however, in the absence of a clear justification for rating relative importance we
assumed equal weighting for all five criteria.

Table 6.2. Selection criteria for target taxa, scored from 1–5 based on sampling abundance and richness,
representativeness of other taxa (cross-taxon congruence in richness and composition) and taxonomic
tractability.
Score

1

2

3

4

5

Total abundance

< 50

50–200

200–500

500–1000

> 1000

Total species richness

< 10

10–20

20–50

50–100

> 100

Representativeness of
richness

1

2 or3

4 or 5

>5

0

Representativeness of
composition

1

2 or 3

4 or 5

>5

0

Taxonomic tractability

Most species
undescribed
limited
reference
collections
available
and no keys

Most
species
undescribed
some
reference
collections
available
but no keys

Most
species
undescribed
but good
reference
collections
and keys to
genera
available

Most
species
described
but
limited
keys
available

Most
species
described
and keys
available
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6.4. Results
6.4.1. Congruence among taxa
Spearman’s Rank analysis of variation in species richness among the 12 families
identified 24 significant correlations out of the 66 pairwise comparisons (Table 6.3).
The highest correlations were between Carabidae and Staphylinidae (ρ = 0.48),
Chloropidae and Phoridae (ρ = 0.45) and Chloropidae and Curculionidae (ρ = 0.42).
For species composition, only 19 of the 66 pairwise correlations were statistically
significant. The strongest significant correlation was between Carabidae and
Staphylinidae (ρ = 0.47) and Carabidae and Curculionidae (ρ = 0.33), but all others
were ρ < 0.3 (Table 6.3).
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Table 6.3. Spearman’s Rank Correlations (ρ) between species richness (above and italicised) and composition (below and not italicised) of the 12 invertebrate families. N =
number of species used in analyses. Significance levels determined using Mantel test with 999 permutations and values P < 0.05 indicated in bold.
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Hierarchical cluster analysis divided the 12 families into five main groups based on
similarity in spatial patterns of composition. The beetle families Tenebrionidae and
Ptinidae formed a pair that was dissimilar to the rest, and among the latter the spider
families Zodariidae and Salticidae formed a pair that was most dissimilar to the others.
Ants showed highest dissimilarity among the remaining families, and the strongest
pairwise relationship was between the two families of carnivorous beetles, Carabidae
and Staphylinidae (Figure 6.1).

Figure 6.1. Hierarchical cluster dendogram showing relationships among the 12 invertebrate families
in terms of species composition (Bray-Curtis). Correlations were determined using the Spearman’s
Rank Correlation coefficient.

6.4.2. Representing ‘total’ invertebrate diversity
The representative power of any single family to predict the total species richness of
all other families combined was very low. It was 20–30% for Chloropidae,
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Curculionidae and Phoridae, and < 10% for all others. It was < 10% for all families in
terms of species composition (Table 6.4).

Table 6.4. Representativeness of the 12 families of species richness and composition of all other families
combined. Richness correlations were determined using Spearman’s Rank and composition correlations
using Mantel test (999 permutations). Significance levels: * < 0.05; ** < 0.01; *** < 0.001.

% representativeness
Family
Richness

Composition

2.25

2.25**

Chloropidae

30.25***

0.49*

Curculionidae

28.09***

0.01

Formicidae

7.29**

8.41***

Lycosidae

0.04

1.69*

Phoridae

22.09***

0.81

Ptinidae

9.61**

0.04

Salticidae

0.81

0.01

Scarabaeidae

1.00

0.49

Staphylinidae

0.004

2.56**

Tenebrionidae

6.25*

0.64

Zodariidae

3.24

1.96

Carabidae

6.4.3. Representing ‘all’ invertebrate diversity
Overall scores for the five selection criteria (see Table 6.2) ranged from 10 (Ptinidae)
to 20 (Formicidae). Four of the six beetle families (Carabidae, Curculionidae,
Staphylinidae and Tenebrionidae) scored > 16, and all other families scored ≤ 15
(Table 6.5).
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Table 6.5. Ratings for each of the 12 families against the five criteria (see Table 6.2) used to select target taxa for representing ‘all biodiversity’ (i.e. the range of diversity
patterns shown across the 12 families). Species abundance and richness ratings are based on values in Table 6.1, and representativeness of richness and composition ratings are
based on results of congruence analyses presented in Table 6.3.
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6.5. Discussion
We examined cross-taxon congruence among 12 families of terrestrial invertebrates in
the context of selecting a minimal subset of taxa for representing their spatial patterns
of diversity and composition. We have differentiated between representing ‘total
biodiversity’, considering all taxa combined, and representing ‘all biodiversity’,
considering the broad range of distributional patterns shown across the taxa. We found
a lack of strong spatial congruence among taxa, indicating that there is no dominant
distributional pattern that most taxa follow. This is a reflection of the broad range of
ecological, functional and biological complexities of different groups and is consistent
with results from other studies of cross-taxon congruence among invertebrate taxa (e.g.
Barlow et al. 2007, Cabra-García et al. 2012, Fattorini et al. 2012, Beck et al. 2013).

Such findings call into question the appropriateness of using ‘total biodiversity’ as a
reference for selecting representative taxa, when patterns of ‘total biodiversity’ are so
unrepresentative of individual taxa. In our study there was very poor congruence
between patterns of ‘total’ invertebrate diversity and those of its constituent taxa—all
individual taxa were poor predictors of ‘total biodiversity’, especially in terms of
variation in species composition. It is more appropriate to select taxa based on their
capacity to represent the broad range of distributional patterns shown by different
groups, and to do this a multi-taxon approach is clearly required (Bilton et al. 2006,
Lovell et al. 2010, Gerlach et al. 2013, de Morais et al. 2018, Larrieu et al. 2018).

Selection of a suitable suite of target taxa for representing invertebrate diversity needs
to consider not only spatial representativeness but also practicality. For practicality we
focussed our attention on captures in pitfall traps, which is the most feasible method
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for sampling terrestrial invertebrates in faunal surveys. For our pitfall captures, we
used a combination of sampling abundance and richness, representativeness of other
groups and taxonomic tractability for informing the selection of a minimal subset of
taxa for representing spatial patterns of invertebrate diversity in our study system. The
taxa that scored highest on these criteria were ants and carabid beetles. They were
consistently well-sampled in pitfall traps, were representative of a range of other taxa
and were readily identifiable. Both ants (Andersen 1997, Brown 1997, Andersen et al.
2004, Majer et al. 2007, McGeoch et al. 2011) and carabid beetles (Oliver and Beattie
1996, Rainio and Niemelä 2003, Cameron and Leather 2012) have been shown to be
useful indicators of invertebrate diversity in other systems and are therefore widely
informative. Staphylinidae and Curculionidae also scored relatively well in all our
selection criteria, but their spatial patterns were similar to that of Carabidae and
therefore would not provide sufficient additional value for inclusion in a minimal
subset of taxa. In contrast, the addition of taxa with consistently weak congruence with
other taxa can be of greater value, because they provide unique information on
biodiversity patterns not represented by other taxa (Rodrigues and Brooks 2007,
Moilanen 2008, Tulloch et al. 2013, Sattler et al. 2014, Chadés et al. 2015, Westgate
et al. 2017). Thus, we argue that either Tenebrionidae or Ptinidae should be included
in our minimal subset of taxa, because their spatial patterns were most dissimilar to
those of other taxa. Tenebrionidae scored much more highly in all our other selection
criteria and are therefore the better choice. Similarly, either Zodariidae or Salticidae
should be included in the minimal subset of taxa, because their spatial patterns were
also highly dissimilar to those of all other groups. Zodariidae scored marginally better
than did Salticidae in our other selection criteria, and we therefore include this family
in our subset of taxa. Our proposed minimal subset of taxa for representing the range
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of invertebrate diversity patterns in our study system therefore consists of ants, carabid
and tenebrionid beetles and zodariid spiders.

We highlight that the target taxa that we have identified for rapid assessment of
invertebrate diversity were selected on the basis of representing the broad range of
patterns exhibited by different taxa (i.e. ‘all’ invertebrate diversity), rather than on their
capacity to represent the patterns of all taxa combined (‘total’ invertebrate diversity).
Tenebrionid beetles and zodariid spiders showed particularly low congruence with
other taxa and consequently would be among the last taxa selected for representing
‘total’ invertebrate diversity. However, such low congruence and consequent
uniqueness is specifically why we selected them among our taxa for representing ‘all’
invertebrate diversity.

We acknowledge that ants comprised a dominant proportion of all specimens and
therefore likely had better sampling completeness than did other taxa. While such an
imbalance in sampling completeness may enhance the overall congruence between
ants and other taxa, it does not differentially affect their congruence with other taxa,
and it is not relevant to pairwise relationships among the other eleven taxa. Moreover,
ants did not show particularly stronger congruence nor a higher number of significant
pairwise relations than did other families. Any differences in sampling completeness
therefore did not appear to affect our assessment of cross-taxon congruence.

Our study has dealt exclusively with captures in pitfall traps, and the subset of taxa
that most effectively represents invertebrate diversity will vary among study systems.
However, our approach to selecting representative terrestrial invertebrate taxa for
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conservation planning and assessment is widely applicable. While the use of target
taxa to assess biodiversity is not a total solution to overcoming the challenges
associated with conserving invertebrate diversity (see Cardoso et al. 2011), it can
provide a framework for incorporating invertebrates into routine faunal survey and to
lessen the knowledge gap that continues to prevent their inclusion in conservation
planning.
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Chapter Seven
General Discussion and Conclusions

An orb-weaver spider (family Araneidae) in its intricate web
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7. General Discussion and Conclusions
7.1. Discussion
If terrestrial invertebrates are to be lifted from the ‘too-hard basket’ and included in
conservation planning, there is a need to close the knowledge gaps that are maintaining
ignorance of their diversity patterns and preventing their effective protection. This
thesis has made important contributions to the mitigation of four of the seven
impediments to invertebrate conservation identified by Cardoso et al. (2011). It has
increased our understanding of species diversity and distribution patterns and
highlighted their under-appreciated conservation value (Wallacean shortfall),
demonstrated the ineffectiveness of the vertebrate-umbrella approach and the need for
direct invertebrate conservation measures (political dilemma), documented an
effective simplified sampling protocol that can be used for routine survey and data
compilation (Prestonian shortfall), and identified a subset of invertebrate target taxa
that can represent the conservation needs of a broad range of groups, without the need
for complete sampling or identification of all species (Linnean shortfall). This final
chapter brings together the results of the five data chapters and draws on these to make
recommendations for effective conservation planning.

Analyses of patterns of species diversity and endemism are key for conservation
planning (Wilson 2017), but the fact that these are still lacking, especially in highly
diverse tropical regions, remains an important challenge for biodiversity conservation
(Müller et al. 2003). Mitigating the Wallacean shortfall is a massive task, but
compiling robust distributional data is a crucial first step in any conservation planning
practice (Margules and Pressey 2000). Chapter Two provides the first assessment of
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diversity and distribution of any invertebrate group across a large biogeographic
tropical region. It documented exceptional diversity (> 900 species) and remarkably
high (> 60%) levels of endemism of ants in the ‘Top End’ of the Northern Territory.
Such species richness is comparable with that occurring in all of northern America
(Fisher and Cover 2007), and it suggests that regional diversity in the Australian
savanna landscape rivals that of lowland tropical rainforests (Wilson 1959, Verhaagh
1990, Longino et al. 2002), which are considered to be the global centres of ant
diversity. The extent to which other invertebrate groups show similarly high diversity
is unknown, highlighting the need for further research into the diversity and
biogeography of the invertebrate fauna of Australia’s Monsoonal Tropics (AMT).

In light of the growing evidence of cryptic speciation in AMT animals and plants (e.g.
Couper et al. 2005, Bostock et al. 2006, Edwards 2012, Marin et al. 2013, Catullo et
al. 2014, Eldridge et al. 2014, Joseph et al. 2014, Moritz et al. 2015), the question
arises of how under-appreciated the richness and endemism measures presented in
Chapter Two are. In Chapter Three the extent of unrecognised diversity in ants across
the AMT was examined using an integrative approach—a combination of DNA
barcoding, sequenced-based delimitation algorithms, morphology and geography.
This study identified several lineages of unrecognised, and in some cases cryptic (i.e.
species that are morphologically indistinguishable rather than just inadequately studied
taxonomically) diversity in each of six ant taxa that were previously considered to be
single widespread species. The high degree of endemism and ‘hidden diversity’
documented here for ants provides just a glimpse into the true diversity of invertebrates
and highlights the need for a better understanding of the biogeography of the AMT. It
also has important conservation implications in that, because accounts of species
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turnover are likely heavily underestimated, the effects of small-scale environmental
changes or threatening processes (such as development, fire and grazing) might not be
adequately realised as species distribution ranges are likely much narrower and thus
may be completely, rather than just partially, impacted by threats. This highlights the
importance of strategic regional biodiversity assessments as a basis for effective landuse planning across the AMT, especially in light of extensive land clearing associated
with increased pressure for economic development (Australian Government 2015, Ash
and Watson 2018). The preservation of taxonomic and functional diversity is important
for ecosystem stability (Winter et al. 2013, Forest et al. 2015), especially in areas
where high diversity is coupled with high endemism, because narrow-range endemics
are particularly vulnerable to extinction and their loss might have profound
consequences for ecosystem function at a local scale (Harvey 2002, Harvey et al.
2011). While consideration of such a high degree of unrecognised and cryptic diversity
seems a daunting task in conservation planning, we cannot simply ignore the many
species which we cannot define by taxonomy. Species indicated by means of DNA
sequences can be monitored and studied by using DNA barcodes (Deiner et al. 2015,
Delić et al. 2017) and can be included in conservation planning based on the use of
calculated metrics such as phylogenetic diversity (Asmyhr et al. 2014, Laity et al.
2015, Rosauer et al. 2017). While such measures are still unavailable for most taxa,
the need for prompt conservation action is dire and the best step forward is to increase
our efforts of extensive surveys, species detection and appraisal of diversity patterns.

The need to include invertebrates in biodiversity survey and conservation planning
must be acknowledged by policymakers and stakeholders if adequate protection
measures are to be adopted (Cardoso et al. 2011). The prevailing assumption that
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invertebrates are protected by vertebrate-based management regimes continues to be
largely unsupported (Martín et al. 2010, Schuldt and Assmann 2010) and untested
(Cabeza et al. 2008, Roth and Weber 2008). Only if invertebrates show similar spatial
patterns and responses to environmental gradients as vertebrates can one assume that
their conservation needs align and that existing conservation protocols in place for
vertebrates are simultaneously protecting invertebrates. Chapter Four assessed the
extent to which vertebrates can be used as a proxy for invertebrates in conservation
planning by comparing their geographic patterns and key environmental associations.
It showed that vertebrates do not come close to providing the predictive power required
for them to be effective ‘umbrellas’ for invertebrates. Misconceptions about the
effectiveness of the vertebrate ‘umbrella’ approach have resulted in limited or no
funding for invertebrate conservation (Cardoso et al. 2011), but the growing body of
evidence indicating the need for direct invertebrate protection measures can change
this. Mitigating the political dilemma requires the infiltration of a social support
sphere—i.e. marketing and public backing. People need to understand the importance
of invertebrate conservation, not just for ecological but also for social and economic
stability (see Losey and Vaughan 2006, Prather et al. 2013). This will encourage land
managers to prioritise vertebrates and invertebrates equally and conserve them
alongside each other. However, this requires direct empirical information on
invertebrate distribution patterns.

Even if policymakers and stakeholders recognise the need to include invertebrates in
conservation planning, they will not be willing to put this into practice if it remains
impractical and ‘too hard’. Improvement of sampling methods for rapid biodiversity
assessment remains a priority for invertebrate conservation research (Kim 1993,
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Didham et al. 2010). Recently developed methods in environmental monitoring, such
as metabarcoding (see Yu et al. 2012, Deiner et al. 2017) are a promising tool for
invertebrate biodiversity assessment, but caveats relating to cost, accessibility and
species detection rates (Sato et al. 2017, Aivelo and Medlar 2018, Bulman et al. 2018)
remain too problematic for their widespread adoption in environmental management
agencies. Land managers need methods that can be more swiftly adopted as part of
existing survey protocols. Chapter Five assessed the usefulness of sampling
invertebrate by-catch from standard vertebrate bucket pitfall traps for documenting
invertebrate diversity patterns. It showed that for some key terrestrial invertebrate
groups (ants, carabid beetles and lycosid spiders) vertebrate bucket traps can be a
reliable and robust simplified sampling protocol for documenting patterns of richness
and composition. These novel findings show that including invertebrates in
conservation planning is far from ‘too hard’, as some taxa can be readily sampled
alongside vertebrates as part of routine faunal survey. They demonstrate that the
Prestonian shortfall can be mitigated by finding effective simplified sampling
techniques, although the suitability of these techniques varies among taxa.
Nonetheless, effective survey of at least some taxa using simplified assessment can
generate the data necessary to inform management of the conservation needs of
invertebrates and progressively decrease the reluctance to incorporate invertebrates in
conservation planning.

Even with the use of sampling shortcuts, the processing and identification of all
invertebrate samples remains a challenge. Most invertebrates are undescribed (Stork
2018), and as the rate of species extinctions probably surpasses that of species
descriptions (González-Oreja 2008), conservation effort cannot be postponed until a

134

complete global inventory of invertebrate species is built, if indeed it ever will be.
Therefore, the use of a multi-taxon bio-indicator approach is often recommended to
obtain broad biological information, understand diversity patterns and define
conservation priorities without the need to identify every species (Kotze and Samways
1999, Lovell et al. 2007, Gerlach et al. 2013). In Chapter Six a subset of four
complementary taxa (ants, carabid and tenebrionid beetles and zodariid spiders) were
identified as optimal target groups for representing terrestrial invertebrate diversity
more generally. This study makes the important distinction between ‘total
biodiversity’ (i.e. the single pattern of all species combined) and ‘all biodiversity’ (i.e.
the range of patterns shown by different groups) and highlights the need for selecting
target taxa to be collectively representative of the latter. This novel approach to
selecting representative taxa for conservation planning is widely applicable across
different ecosystems and demonstrates that the Linnean shortfall can be lessened by
the use of invertebrate target taxa as a shortcut to rapid biodiversity assessment.

7.2. Conclusions
The wealth of diversity and novel taxa documented here lays claim to the AMT as an
internationally significant ‘biological frontier’ (Bowman et al. 2010). This research
has highlighted that the region’s terrestrial invertebrate fauna is of great conservation
importance, but that such values remain unappreciated and unrecognised. It has also
demonstrated that conservation planning for biodiversity requires the incorporation of
invertebrates into faunal surveys and that this is highly feasible. While further data are
needed to address invertebrate conservation from all angles, simple survey measures
can be implemented immediately to kick-start a conservation plan and preach the
invertebrate plight across wildlife management corporations. Appreciating and
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quantifying the value of invertebrate biodiversity for social benefit remains a critical
challenge, but ongoing efforts, even at a small-scale, can help cultivate interest in
future generations to facilitate an increase in taxonomic skill and contributions from
citizen scientists, which are crucial support spheres from both academic and public
perspectives. This will, in time, liberate invertebrates from the ‘too-hard basket’, allow
for better conservation of all biodiversity and help preserve the functional health of
terrestrial ecosystems.

7.3. Future research
This study has provided a broad investigation into the diversity, distribution and spatial
congruence of terrestrial invertebrates in northern Australian tropical savannas. There
are, however, still many aspects of invertebrate diversity research that remain
unexplored. For a more comprehensive understanding of the AMT invertebrate biota,
the diversity and biogeography of a greater array of taxa would need to be studied.
This also requires much more survey effort throughout the region, especially of the
poorly explored Victoria River District, Gulf of Carpentaria and Cape York Peninsula.
Better survey of these regions would increase the relative number of ant specimens
available in the TERC collection across the AMT and allow for a more comprehensive
assessment of levels of endemism, which are heavily subject to sampling bias.

Further sampling across the AMT would concurrently provide access to additional
specimens for CO1 barcoding. This would allow other species to be included in genetic
analysis. Consequently, it would be of considerable interest to subject other
invertebrate groups to CO1 analysis and assess to what degree the unrecognised
diversity documented here for ants applies to AMT invertebrates in general.
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The genetic component of this research was restricted to the CO1 gene. The use of
additional mitochondrial genes (e.g. 16S or Cytb) or nuclear genes (e.g. RHODOPSIN
or RNA pol II) for added support would have increased the value of the genetic
assessment. Given funding constraints in this research, it was more pragmatic to
maximise the number of specimens for sequencing rather than to extract multiple genes
from fewer specimens. However, the inclusion of multiple genes in future genetic
assay in ants and other invertebrates would be of great value to test the validity of CO1
for invertebrate species delimitation, as well as for better informing deeper
phylogenetic relationships.

The second component of this research was restricted to the existing LTERN faunal
survey protocols and timelines, as set by the local Northern Territory Government
Department of Flora and Fauna. It used only one sampling technique—pitfall traps—
that could be readily included in the faunal surveys. Given the cyclic time-frame of the
faunal surveys across the Top End national parks (a 3-year turn-around), repeat visits
to the 78 sites used here was not possible throughout the course of this study.
Undoubtedly, many species were not detected in the surveys. Further survey effort and
the use of multiple sampling techniques at the LTERN sites would provide a more
robust data-set of a greater array of species, for use in more comprehensive analyses
of invertebrate spatial patterns. For example, the efficacy of routinely measuring
invertebrate diversity by survey of select target taxa could be assessed with analysis of
data that spans multiple years and possibly seasons so that temporal and annual
variations in species assemblages can be considered. Sampling could also be extended
to other national parks across the Northern Territory (e.g. Gregory and Limmen
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National Parks) and across the AMT (e.g. Purnululu National Park in Western
Australia and Lakefield National Park in Queensland) to determine the extent to which
conservation implications for invertebrate communities of the Top End extend to
others across the tropical savannas of northern Australia.

The simplified sampling approach assessed in this research was effective for only two
(ants and carabid beetles) of the four (ants, carabid and tenebrionid beetles and zodariid
spiders) invertebrate taxa identified as optimal indicator target groups. It would be of
considerable interest to determine effective simplified sampling methods also for
tenebrionid beetles and zodariid spiders, because their consideration is important for
documenting a broader range of diversity patterns of terrestrial invertebrates.

The 668 invertebrate species used in the second component of this study were sorted
and identified as best possible in consultation with experts and using the literature and
diagnostic keys available, but the risk of mis-identifications could not be excluded.
This means that analyses may underestimate diversity if species with subtly different
morphological characters were not distinguished. In some cases, observation of
physical traits distinguishing species requires delicate dissections and comparison of
the genitalia, which could not be performed for all specimens. Conversely, analyses
may also overestimate diversity if, for example, species have been incorrectly split
where differences between sexes are not apparent. Species misidentification is an
inevitable risk of invertebrate studies, especially in highly diverse understudied
tropical regions, but as the collection of reference specimens recorded at the sites
grows it can provide a baseline for species identification for future work in the area.
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Afterword
The invertebrate conservation plight is not a recent development. Over three decades
ago, Edward O. Wilson, the ‘father of biodiversity’, voiced concern about the lack of
conservation effort invested in invertebrates and meticulously summarised its
imperative: “The truth is that we need invertebrates but they don't need us. If human
beings were to disappear tomorrow, the world would go on with little change. But if
invertebrates were to disappear, I doubt that the human species could last more than
a few months” (Wilson 1987). Still, the many predicaments preventing effective
conservation of invertebrates persist (see Cardoso et al. 2011), and the enormities of
their loss maintains unrealised. Only once we adopt a more rigorous attitude towards
the preservation of invertebrates can their conservation gain sufficient momentum to
achieve results. The small-scale worlds of invertebrates are easier to ignore than those
of amphibians, reptiles, birds and mammals, but it is important that we recognise the
fragility of invertebrates because “their staggering abundance and diversity should not
lead us to think that they are indestructible” (Wilson 1987).
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Appendices
Appendix A. Supplementary files for Chapter Two
Table A1. Ant species of the Top End as sorted in the TERC collection and their occurrence across the
five major bio-regions of Australia’s monsoonal tropics. The Distribution Score is the number of
bioregions that a species is recorded from. Biogeographical affinities: W= Widespread, T = Torresian,
E = Eyrean, B = Bassian. Neither Distribution Score nor Biogeographical affinity are given for
introduced species, which are indicated by *).

Victoria
River
District

North
Queensland

Distribution
Score

Biogeographical
affinity

1

1

2

T

1

1

3

T

1

1

2

T

1

1

B

1

2

W

Arnoldius sp. 2

1

1

W

Arnoldius sp. 3

1

1

W

Arnoldius sp. 4

1

1

W

Dolichoderus scrobiculatus Mayr

1

1

B

Ant species

Kimberley

Top
End

Gulf
Country

AMBLYOPONINAE
Mystrium camillae Emery
Onychomyrmex sp. 1

1

Prionopelta robynmae Shattuck

DOLICHODERNIAE
Anonychomyrma sp. 1 (biconvexa gp.)
Arnoldius sp. 1

1

Froggattella kirbii Lowne

1

Iridomyrmex anceps Roger

1

Iridomyrmex angusticeps Forel

1

Iridomyrmex nr. anteroinclinus Shattuck
Iridomyrmex coeruleus Heterick &
Shattuck

1

1

1

1

4

W

1

1

1

5

T

1

3

E

1

E

1
1

1

1

1

1

1

5

T

Iridomyrmex exsanguis Forel

1

1

1

1

1

5

E

Iridomyrmex minor Forel

1

1

1

1

1

5

E

Iridomyrmex obscurus Crawley

1

2

E

Iridomyrmex pallidus Forel

1

1

1

1

5

E

Iridomyrmex reburrus Shattuck

1

1

1

1

4

E

Iridomyrmex rufoinclinus Shattuck

1

1

1

1

1

5

E

Iridomyrmex sanguineus Forel

1

1

1

1

1

5

E

1

1

1

1

4

E

Iridomyrmex suchieri Forel

1
1

Iridomyrmex tenuiceps Heterick &
Shattuck

1

1

1

1

1

5

E

Iridomyrmex sp. 2 (mjobergi gp.)

1

1

1

1

1

5

E

Iridomyrmex sp. 3 (mjobergi gp.)

1

1

1

1

4

E

189

Iridomyrmex sp. 9 (gracilis gp.)

1

1

E

4

E

3

E

1

3

E

1

1

E

1

1

T

1

2

E

2

E

3

E

1

1

E

1

2

T

1

1

T

1

2

E

Iridomyrmex sp. 33 (anceps gp.)

1

1

T

Iridomyrmex sp. 34 (coeruleus gp.)

1

1

T

Iridomyrmex sp. 35 (coeruleus gp.)

1

1

T

4

E

2

W

4

W

Iridomyrmex sp. 12 (pallidus gp.)

1

Iridomyrmex sp. 16 (pallidus gp.)

1

Iridomyrmex sp. 20 (mjobergi gp.)

1

1

1

Iridomyrmex sp. 25 (coeruleus gp.)
1

Iridomyrmex sp. 27 (nr. luteoclypeatus)

1

1

Iridomyrmex sp. 28 (mjobergi gp.)

1

1

Iridomyrmex sp. 29 (nr. luteoclypeatus)
Iridomyrmex sp. 30 (coeruleus gp.)

1

Iridomyrmex sp. 31 (coeruleus gp.)
Iridomyrmex sp. 32 (nr. minor)

1

Ochetellus flavipes Kirby

1

Ochetellus sp. 1 (glaber gp.)

1

Ochetellus sp. 2 (glaber gp.)

1

1

1

Iridomyrmex sp. 23 (mjobergi gp.)

Iridomyrmex sp. 26 (rufoniger gp.)

1

1

1

1

1

1

1
1

1

1

Ochetellus sp. 3 (glaber gp.)

1

1

W

Ochetellus sp. 5 (glaber gp.)

1

1

W

Papyrius sp. 1 (nitidus gp.)

1

Papyrius sp. 2 (nitidus gp.)

1

5

W

1

2

W

Papyrius sp. 3 (nitidus gp.)

1

1

W

Papyrius sp. 4 (nitidus gp.)

1

2

W

Papyrius sp. 5 (nitidus gp.)

1

1

W

Papyrius sp. 6 (nitidus gp.)

1

1

W

Papyrius sp. 7 (nitidus gp.)

1

1

W

Tapinoma melanocephalum Fabricius*

1

1

-

-

1

Tapinoma sp. 1 (minutum gp.)

1

1

1

1

1

1

1

1

5

W

1

1

2

W

Tapinoma sp. 3 (minutum gp.)

1

1

W

Tapinoma sp. 4 (minutum gp.)

1

1

W

Tapinoma sp. 5 (minutum gp.)

1

1

W

Tapinoma sp. 6 (minutum gp.)

1

1

W

1

2

W

Tapinoma sp. 8 (minutum gp.)

1

1

W

Tapinoma sp. 9 (minutum gp.)

1

1

W

Tapinoma sp. 10 (minutum gp.)

1

1

W

Tapinoma sp. 11 (minutum gp.)

1

1

W

Technomyrmex difficilis Forel

1

2

T

Turneria nr. bidentata Forel

1

1

T

1

3

T

1

1

T

Tapinoma sp. 2 (minutum gp.)

Tapinoma sp. 7 (minutum gp.)

1

1

1

DORYLINAE
Aenictus acerbus Shattuck

1

1

Aenictus nr. aratus Forel
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Aenictus prolixus Shattuck

1

1

2

T

Aenictus turneri Forel

1

1

2

T

Aenictus sp. 5 (ceylonicus gp.)

1

1

T

Aenictus sp. 6 (ceylonicus gp.)

1

1

T

Aenictus sp. 7 (ceylonicus gp.)

1

1

T

Aenictus sp. 8 (ceylonicus gp.)

1

1

T

Aenictus sp. 9 (ceylonicus gp.)

1

1

T

Cerapachys ?brevicollis Clark

1

1

E

Cerapachys ?brevis Clark

1

1

1

1

1

5

T

Cerapachys dromus Clark

1

1

1

3

E

Cerapachys edentatus Forel

1

1

2

T

Cerapachys longitarsus Mayr

1

1

2

T

Cerapachys princeps Clark

1

1

2

E

1

4

E

4

T

4

E

3

T

1

5

E

1

2

E

1

3

T

1

2

T

1

1

T

1

3

T

Cerapachys sp. 14 (varians gp.)

1

1

E

Cerapachys sp. 15 (brevis gp.)

1

1

T

1

1

E

1

2

T

Cerapachys sp. 18 (longitarsus gp.)

1

1

T

Cerapachys sp. 19 (edentatus gp.)

1

1

T

Cerapachys sp. 20 (brevis gp.)

1

1

T

Cerapachys sp. 21 (brevis gp.)

1

1

T

Cerapachys sp. 22 (brevis gp.)

1

1

T

Cerapachys sp. 23 (singularis gp.)

1

1

E

Cerapachys sp. 24 (clarki gp.)

1

1

E

Cerapachys sp. 25 (clarki gp.)

1

1

E

Cerapachys sp. 26 (fervidus gp.)

1

1

T

Cerapachys sp. 27 (fervidus gp.)

1

1

T

1

T

3

E

1

1

T

Cerapachys sp. 2 (varians gp.)

1

1

1

Cerapachys sp. 3 (brevis gp.)

1

1

1

1

Cerapachys sp. 4 (singularis gp.)

1

1

1

Cerapachys sp. 7 (fervidus gp.)

1

1

1

Cerapachys sp. 8 (clarki gp.)

1

1

1

Cerapachys sp. 9 (singularis gp.)
Cerapachys sp. 10 (brevis gp.)

1

Cerapachys sp. 11 (turneri gp.)

1

1

Cerapachys sp. 12 (brevis gp.)
Cerapachys sp. 13 (edentatus gp.)

1

1

1

1

Cerapachys sp. 16 (clarki gp.)
Cerapachys sp. 17 (longitarsus gp.)

1

Cerapachys sp. 28 (fervidus gp.)

1

1

Cerapachys sp. 29 (greavesi gp.)

1

Sphinctomyrmex ?perstictus Brown

1

1

Sphinctomyrmex sp. 1

1

1

2

T

Sphinctomyrmex sp. 3

1

1

2

T

1

1

T

3

T

Sphinctomyrmex sp. 4
Sphinctomyrmex sp. 6

1

1

1

Sphinctomyrmex sp. 7

1

1

T

Sphinctomyrmex sp. 8

1

1

T
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Sphinctomyrmex sp. 9

1

1

T

Sphinctomyrmex sp. 10

1

1

T

Sphinctomyrmex sp. 11

1

1

T

Sphinctomyrmex sp. 12

1

1

T

Sphinctomyrmex sp. 13

1

1

T

Sphinctomyrmex sp. 14

1

2

T

Sphinctomyrmex sp. 15

1

1

1

T

Sphinctomyrmex sp. 16

1

1

T

Sphinctomyrmex sp. 17

1

1

T

1

1

2

T

1

1

3

W

1

1

ECTATOMMINAE
Rhytidoponera aurata Roger
Rhytidoponera borealis Crawley

1

Rhytidoponera brunnea Clark
Rhytidoponera ?convexa Mayr

1

Rhytidoponera ?cornuta Emery

1

Rhytidoponera dubia Crawley

1

1

1

Rhytidoponera haeckeli Forel

1
1

Rhytidoponera reflexa Clark
Rhytidoponera reticulata Forel

E

1

3

T

3

T

1

T

2

T

3

E

1

T

1

1

1

1
1

Rhytidoponera trachypyx Brown

1

1

1

1

Rhytidoponera sp. 1 (aurata gp.)
Rhytidoponera sp. 2 (aurata gp.)

W

2

1

Rhytidoponera foreli Crawley

Rhytidoponera hilli Crawley

1

2
1

1

1
1

1

1

1

3

T

3

W

1

T

4

T

Rhytidoponera sp. 3 (turneri gp.)

1

1

T

Rhytidoponera sp. 5 (reticulata gp.)

1

1

T

Rhytidoponera sp. 6 (reticulata gp.)

1

1

T

3

T

1

3

E

1

1

T

4

T

1

1

W

1

1

W

1

2

E

Rhytidoponera sp. 22 (borealis complex)

1

1

W

Rhytidoponera sp. 23 (araneoides gp.)

1

1

T

Rhytidoponera sp. 25 (convexa gp.)

1

2

E

Rhytidoponera sp. 26 (aurata gp.)

1

1

T

1

2

T

Rhytidoponera sp. 28 (reticulata gp.)

1

1

T

Rhytidoponera sp. 29 (aurata gp.)

1

1

T

Rhytidoponera sp. 30 (aurata gp.)

1

1

T

1

E

Rhytidoponera sp. 9 (tenuis gp.)

1

Rhytidoponera sp. 11 (tyloxys gp.)

1

1
1

Rhytidoponera sp. 10 (aurata gp.)
Rhytidoponera sp. 12 (aurata gp.)

1

1

Rhytidoponera sp. 19 (borealis complex)
Rhytidoponera sp. 20 (borealis complex)
Rhytidoponera sp. 21 (Group A)

Rhytidoponera sp. 27 (taurus gp.)

Rhytidoponera sp. 31 (nr. dubia)

1

1

1

1

1

1

1

Rhytidoponera sp. 32 (tenuis gp.)

1

1

T

Rhytidoponera sp. 33 (borealis complex)

1

1

W
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Rhytidoponera sp. 34 (nr. reticulata)

1

1

1

3

T

Rhytidoponera sp. 35 (reticulata gp.)

1

1

T

Rhytidoponera sp. 36 (reticulata gp.)

1

1

T

Rhytidoponera sp. 37 (Group A)

1

1

E

Rhytidoponera sp. 38 (Group B)

1

1

T

1

E

4

E

3

E

3

E

Rhytidoponera sp. 39 (convexa gp.)

1

Rhytidoponera sp. 40 (convexa gp.)

1

1

1

Rhytidoponera sp. 41 (convexa gp.)

1

1

1

1

1

Rhytidoponera sp. 42 (convexa gp.)
Rhytidoponera sp. 44 (aurata gp.)

1

1

1

1

T

Rhytidoponera sp. 45 (nr. cerastes)

1

1

2

T

Rhytidoponera sp. 46 (nr. taurus)

1

1

2

T

Rhytidoponera sp. 47 (nr. reflexa)

1

1

T

Rhytidoponera sp. 48 (tenuis gp.)

1

1

T

Rhytidoponera sp. 49 (borealis complex)

1

1

W

2

W

1

W

2

W

FORMICINAE
Acropyga acutiventris Roger

1

Acropyga sp. 1

1

Acropyga sp. 2

1

Acropyga sp. 3

1

1

W

1

1

W

1

2

W

Acropyga sp. 6

1

1

W

Acropyga sp. 7

1

1

W

Acropyga sp. 8

1

1

W

Acropyga sp. 9

1

1

W

Anoplolepis gracilipes Smith, F.*

1

1

-

Calomyrmex impavidus Forel

1

3

T

Calomyrmex sp. 1

1

1

T

Calomyrmex sp. 2

1

1

T

Calomyrmex sp. 3

1

1

T

Acropyga sp. 4
Acropyga sp. 5

1

1

1

1

1

Calomyrmex splendidus Mayr

1

1

1

1

1

5

T

Camponotus ?humilior Forel

1

1

1

1

1

5

T

Camponotus ?novaehollandiae Mayr
Camponotus anderseni McArthur &
Shattuck

1

1

1

1

1

5

T

1

T

1

Camponotus confusus Smith, F.

1

2

T

Camponotus crozieri McArthur & Leys

1

1

1
1

1

1

5

T

Camponotus dromas Santschi

1

1

1

1

1

5

E

Camponotus fieldeae Forel

1

1

1

1

1

5

T

Camponotus macareaveyi Taylor

1

1

1

1

4

W

Camponotus setosus Shattuck &
McArthur

1

2

E

2

T

1

2

T

Camponotus sp. 3 (janeti gp.)

1

1

T

Camponotus sp. 4 (pellax gp.)

1

1

E

1

Camponotus vitreus Smith, F.
Camponotus sp. 1 (reticulatus gp.)

1
1
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1

Camponotus sp. 5 (denticulatus gp.)

1

Camponotus sp. 6 (claripes gp.)
Camponotus sp. 7 (subnitidus gp.)

1

1
1

1

1

1

1

1

1

Camponotus sp. 8 (discors gp.)
Camponotus sp. 9 (novaehollandiae gp.)

2

W

5

E

2

W

4

E

1

1

1

T

1

1

1

3

E

1

1

2

W

1

1

W

1

1

3

T

1

1

2

W

Camponotus sp. 21 (discors gp.)

1

1

W

Camponotus sp. 22 (rubiginosus gp.)

1

1

W

Camponotus sp. 15 (pellax gp.)
Camponotus sp. 16 (rubiginosus gp.)
Camponotus sp. 17 (rubiginosus gp.)
Camponotus sp. 18 (Group D)

1

Camponotus sp. 19 (rubiginosus gp.)

Camponotus sp. 23 (rubiginosus gp.)

1

2

W

Camponotus sp. 24 (subnitidus gp.)

1

1

E

Camponotus sp. 25 (pellax gp.)

1

1

E

4

E

Camponotus sp. 26 (denticulatus gp.)

1

1

E

1

Camponotus sp. 10 (Group F)

1

1

2

1

1

1

1

Camponotus sp. 27 (rubiginosus gp.)

1

1

W

Camponotus sp. 29 (claripes gp.)

1

1

W

Camponotus sp. 30 (claripes gp.)

1

1

W

1

3

W

Camponotus sp. 31 (discors gp.)

1

1

Camponotus sp. 32 (pellax gp.)

1

Camponotus sp. 33 (rubiginosus gp.)

1

Camponotus sp. 34 (discors gp.)

1

Camponotus sp. 35 (pellax gp.)

2

E

1

W

2

W

1

1

E

Camponotus sp. 36 (rubiginosus gp.)

1

1

W

Camponotus sp. 37 (vitreus gp.)

1

1

T

Camponotus sp. 38 (Group F)

1

1

T

Camponotus sp. 41 (rubiginosus gp.)

1

1

W

Camponotus sp. 42 (pellax gp.)

1

1

E

Camponotus sp. 43 (reticulatus gp.)

1

1

T

Camponotus sp. 44 (vitreus gp.)

1

1

T

Camponotus sp. 46 (claripes gp.)

1

1

W

1

W

5

W

Camponotus sp. 47 (claripes gp.)
Camponotus sp. 49 (rubiginosus gp.)

1

1

1
1

1

1

1

2

W

Camponotus sp. 51 (rubiginosus gp.)

1

1

W

Camponotus sp. 52 (ephippium gp.)

1

1

E

Camponotus sp. 53 (pellax gp.)

1

1

E

Camponotus sp. 54 (pellax gp.)

1

1

E

Camponotus sp. 55 (pellax gp.)

1

1

E

Camponotus sp. 56 (pellax gp.)

1

1

E

Camponotus sp. 57 (pellax gp.)

1

1

E

Camponotus sp. 58 (discors gp.)

1

1

W

Camponotus sp. 59 (discors gp.)

1

1

W

Camponotus sp. 60 (discors gp.)

1

1

W

Camponotus sp. 50 (rubiginosus gp.)

1
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1

1

Camponotus sp. 61 (discors gp.)

1

1

W

Camponotus sp. 62 (discors gp.)

1

1

W

Camponotus sp. 63 (discors gp.)

1

1

W

Camponotus sp. 64 (Group F)

1

1

T

Camponotus sp. 65 (discors gp.)

1

1

W

Camponotus sp. 66 (denticulatus gp.)

1

1

E

Camponotus sp. 67 (denticulatus gp.)

1

2

E

1

2

E

Camponotus sp. 69 (reticulatus gp.)

1

1

T

Camponotus sp. 70 (janeti gp.)

1

1

T

Camponotus sp. 71 (macrocephalus gp.)

1

1

T

1

2

E

-

-

Camponotus sp. 68 (setosus gp.)

Camponotus sp. 72 (setosus gp.)

1

1

1

Lepisiota frauendedi Mayr *
Melophorus anderseni Agosti
Melophorus bagoti Lubbock

1

Melophorus ludius sulla Forel

1

1

E

1

1

3

E

1

1

1

1

4

E

1

5

E

Melophorus mjobergi FOREL, 1915

1

1

1

1

Melophorus sp. 1 (aeneovirens gp.)

1

1

1

1

4

E

Melophorus sp. 2 (aeneovirens gp.)

1

1

E

Melophorus sp. 4 (aeneovirens gp.)

1

1

E

1

2

E

1

1

E

1

2

E

2

E

Melophorus sp. 5 (Group A)

1

Melophorus sp. 6 (froggatti gp.)
Melophorus sp. 7 (Group E)

1

Melophorus sp. 8 (Group H)

1

Melophorus sp. 9 (mjobergi gp.)

1

1

E

1

1

3

E

1

1

2

E

1

2

E

Melophorus sp. 13 (ludius gp.)

1

1

E

Melophorus sp. 15 (Group J)

1

2

E

Melophorus sp. 16 (froggatti gp.)

1

1

E

Melophorus sp. 17 (ludius gp.)

1

1

E

Melophorus sp. 10 (Group D)

1

Melophorus sp. 11 (fieldi gp.)
Melophorus sp. 12 (ludius gp.)

1

Melophorus sp. 20 (fieldi gp.)

1

Melophorus sp. 21 (Group G)

1

1

1

1

1

1

1

5

E

1

1

1

4

E

Melophorus sp. 22 (Group J)

1

1

E

Melophorus sp. 23 (ludius gp.)

1

1

E

Melophorus sp. 24 (ludius gp.)

1

1

E

2

E

5

E

1

1

E

1

2

E

1

E

4

E

1

2

E

1

1

E

1

3

E

Melophorus sp. 25 (fieldi gp.)

1

Melophorus sp. 26 (froggatti gp.)

1

1
1

Melophorus sp. 27 (Group J)
Melophorus sp. 28 (wheeleri gp.)

1

Melophorus sp. 29 (wheeleri gp.)

1

1

Melophorus sp. 30 (fieldi gp.)

1

Melophorus sp. 31 (ludius gp.)

1

1

Melophorus sp. 33 (mjobergi gp.)
Melophorus sp. 34 (ludius gp.)

1

1

1
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1

1

1

Melophorus sp. 35 (aeneovirens gp.)

1

Melophorus sp. 36 (ludius gp.)

1

1

1

1

1

1

5

E

1

3

E

1

1

E

1

3

E

Melophorus sp. 39 (bruneus gp.)

1

1

E

Melophorus sp. 40 (Group J)

1

1

E

Melophorus sp. 40 (ludius gp.)

1

1

E

Melophorus sp. 41 (ludius gp.)

1

1

E

4

E

1

1

E

1

3

E

Melophorus sp. 45 (aeneovirens gp.)

1

1

E

Melophorus sp. 46 (aeneovirens gp.)

1

1

E

Melophorus sp. 47 (aeneovirens gp.)

1

1

E

Melophorus sp. 48 (Group A)

1

2

E

Melophorus sp. 50 (froggatti gp.)

1

1

E

1

3

E

Melophorus sp. 52 (aeneovirens gp.)

1

1

E

Melophorus sp. 53 (froggatti gp.)

1

1

E

Melophorus sp. 54 (Group A)

1

1

E

Melophorus sp. 55 (Group A)

1

1

E

Melophorus sp. 37 (Group A)
Melophorus sp. 38 (iridescens gp.)

Melophorus sp. 42 (perthensis gp.)

1

1

1

1

Melophorus sp. 43 (Group A)
Melophorus sp. 44 (Group A)

Melophorus sp. 51 (Group B)

Melophorus sp. 56 (Group A)

1

1

1

1

1

1

1

1

1

2

E

Melophorus sp. 57 (Group A)

1

1

E

Melophorus sp. 58 (Group A)

1

1

E

Melophorus sp. 59 (Group A)

1

1

E

Melophorus sp. 60 (Group A)

1

1

E

Melophorus sp. 61 (Group B)

1

1

E

Melophorus sp. 62 (aeneovirens gp.)

1

1

E

Melophorus sp. 63 (aeneovirens gp.)

1

1

E

Melophorus sp. 64 (aeneovirens gp.)

1

1

E

Melophorus sp. 65 (wheeleri gp.)

1

1

E

1

2

E

1

1

E

1

1

E

1

2

E

Melophorus sp. 71 (ludius gp.)

1

1

E

Melophorus sp. 72 (ludius gp.)

1

2

E

Melophorus sp. 73 (mjobergi gp.)

1

1

E

Melophorus sp. 74 (Group D)

1

1

E

1

2

E

5

E

Melophorus sp. 67 (Group F)

1

Melophorus sp. 68 (wheeleri gp.)
Melophorus sp. 69 (bruneus gp.)
Melophorus sp. 70 (ludius gp.)

1

Melophorus sp. 75 (Group D)

1

Melophorus sp. 76 (Group D)

1

1

Melophorus sp. 77 (Group D)

1

1

1

1

1

1

E

1

1

2

E

1

1

3

E

Melophorus sp. 80 (pillipes gp.)

1

1

2

E

Melophorus sp. 81 (Group J)

1

1

2

E

Melophorus sp. 78 (turneri gp.)
Melophorus sp. 79 (Group E)

1

196

Melophorus sp. 83 (fieldi gp.)

1

1

E

Melophorus sp. 84 (Group D)

1

1

E

Melophorus sp. 85 (wheeleri gp.)

1

1

E

Melophorus sp. 86 (mjobergi gp.)

1

1

E

Notoncus sp. 1 (gilberti gp.)

1

1

B

Nylanderia sp. 3 (obscura gp.)

1

1

1

1

1

5

W

Nylanderia sp. 4 (vaga gp.)

1

1

1

1

1

5

W

Nylanderia sp. 5 (vaga gp.)

1

1

2

W

1

1

W

Nylanderia sp. 7 (vaga gp.)
Nylanderia sp. 8 (obscura gp.)

3

W

1

2

W

Nylanderia sp. 10 (vaga gp.)

1

1

W

Nylanderia sp. 11 (vaga gp.)

1

1

W

1

2

W

1

1

W

1

3

W

1

3

T

1

5

T

3

T

Nylanderia sp. 9 (vaga gp.)

1
1

Nylanderia sp. 12 (obscura gp.)

1

Nylanderia sp. 13 (vaga gp.)
1

1

1

Nylanderia sp. 15 (obscura gp.)

1

Oecophylla smaragdina Fabricius

1

Opisthopsis haddoni Emery

1

1

1

Opisthopsis lienosus Wheeler, W.M.

1

1

1

Opisthopsis major Forel

1

1

1

1

4

T

Opisthopsis rufoniger Forel

1

1

1

1

5

T

1
1

1

Opisthopsis sp. 1 (haddoni gp.)

1

1

T

Opisthopsis sp. 2 (haddoni gp.)

1

1

T

1

2

W

4

W

Paraparatrechina sp. 1 (minutula gp.)

1

Paraparatrechina sp. 2 (minutula gp.)

1

1

1

1

Paraparatrechina sp. 6 (minutula gp.)

1

1

W

Paraparatrechina sp. 9 (minutula gp.)

1

1

W

Paraparatrechina sp. 10 (minutula gp.)

1

1

W

1

2

W

Paraparatrechina sp. 11 (minutula gp.)
Paraparatrechina sp. 12 (minutula gp.)

1

1

2

W

Paraparatrechina sp. 14 (minutula gp.)

1

1

1

W

Paraparatrechina sp. 15 (minutula gp.)

1

1

W

Paraparatrechina sp. 16 (minutula gp.)

1

1

W

Paraparatrechina sp. 17 (minutula gp.)

1

1

W

Paraparatrechina sp. 18 (minutula gp.)

1

1

W

Paraparatrechina sp. 19 (minutula gp.)

1

1

W

1

2

W

Paraparatrechina sp. 20 (minutula gp.)

1

Paratrechina longicornis Latreille*

1

1

1

-

-

Plagiolepis alluaudi Emery*

1

1

-

-

Plagiolepis sp. 1

1

1

W

Plagiolepis sp. 2

1

1

W

Polyrhachis anderseni Kohout

1

1

4

T

Polyrhachis atropos Smith, F.

1

1

1

T

Polyrhachis bicolor Smith, F.

1

1

T

Polyrhachis bispinosa Kohout

1

2

T

Polyrhachis clio Forel

1

2

T
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1

1

1
1

Polyrhachis clotho Forel

1

2

T

Polyrhachis constricta Emery

1

Polyrhachis cracenta Kohout

1

1

1

T

2

T

1

1

4

T

1

1

3

T

Polyrhachis cyrus Forel

1

1

2

T

Polyrhachis debilis Emery

1

1

T

Polyrhachis delicata Crawley

1

1

2

T

Polyrhachis dives Smith, F.

1

1

2

T

1

1

4

T

1

T

5

T

3

T

1

T

5

T

1

T

Polyrhachis crawleyi Forel

1

Polyrhachis creusa Emery

1

Polyrhachis gab Forel

1

1

1

Polyrhachis incerta Kohout

1

Polyrhachis inconspicua Emery

1

1

1

Polyrhachis io Forel

1

1

1

1

1

Polyrhachis kohouti Hoffmann
Polyrhachis melanura Kohout

1

1

1

1

Polyrhachis nourlangie Kohout

1

1

1

1

Polyrhachis prometheus Santschi

1

1

1

1

1

5

T

Polyrhachis pseudothrinax Hung

1

1

1

1

1

5

T

Polyrhachis schenkii Forel

1

1

1

1

1

5

T

Polyrhachis nr. schenkii

1

2

T

Polyrhachis senilis Forel

1

5

T

Polyrhachis sokolova Forel

1

1
1

1

1

1

1

2

T

Polyrhachis terpsichore Forel

1

1

T

Polyrhachis trapezoidea Mayr

1

2

T

Polyrhachis weiri Kohout

1

1

T

Polyrhachis sp. 4 (euterpe gp.)
Polyrhachis sp. 6 (cupreata gp.)

1
1

Polyrhachis sp. 7 (appendiculata gp.)
Polyrhachis sp. 9 (obtusa gp.)

1

Polyrhachis sp. 10 (obtusa gp.)

1

1

Polyrhachis sp. 12 (obtusa gp.)
Polyrhachis sp. 16 (gab gp.)

1

3

T

1

2

T

1

1

T

5

T

1

2

T

1

1

T

3

T

1

T

1

T

3

T

1

1

1

1

Polyrhachis sp. 17 (euterpe gp.)

1

1

1

1

Polyrhachis sp. 18 (euterpe gp.)
Polyrhachis sp. 19 (appendiculata gp.)

1

1
1

1

1

Polyrhachis sp. 20 (nr. cyrus)

1

1

T

Polyrhachis sp. 27 (nr. atropos)

1

1

T

Polyrhachis sp. 30 (inconspicua gp.)

1

1

T

Polyrhachis sp. 31 (inconspicua gp.)

1

1

T

Polyrhachis sp. 32 (inconspicua gp.)

1

1

T

1

2

E

1

T

4

T

1

1

T

1

3

T

1

1

T

Polyrhachis sp. 33 (schwiedlandi gp.)

1

Polyrhachis sp. 34 (penelope gp.)
Polyrhachis sp. 35 (gab gp.)

1
1

1

Polyrhachis sp. 36 (gab gp.)
Polyrhachis sp. 37 (obtusa gp.)

1

1

Polyrhachis sp. 38 (arcuata gp.)
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1

1

Polyrhachis sp. 39 (appendiculata gp.)

1

1

4

T

1

1

T

1

2

T

Polyrhachis sp. 42 (cupreata gp.)

1

1

T

Polyrhachis sp. 43 (cupreata gp.)
Polyrhachis sp. 44 (subgenus
Hedomyrma)

1

1

T

1

1

T

Polyrhachis sp. 40 (appendiculata gp.)
Polyrhachis sp. 41 (appendiculata gp.)

Stigmacros aciculata McAreavey

1

1

1

1

1

1

3

B

1

1

2

B

1

1

B

1

2

B

Stigmacros sp. 5 (flavinodis gp.)

1

1

B

Stigmacros sp. 6 (flavinodis gp.)

1

1

B

1

2

B

1

1

B

1

1

2

B

1

1

2

W

Stigmacros pilosella Viehmeyer
Stigmacros sp. 1 (rufa gp.)
Stigmacros sp. 4 (flavinodis gp.)

Stigmacros sp. 7 (hirsuta gp.)

1

1

Stigmacros sp. 8 (hirsuta gp.)

MYRMECIINAE
Myrmecia nr. desertorum Wheeler,
W.M., 1915
MYRMICINAE
Aphaenogaster kimberleyensis Shattuck
Aphaenogaster reichelae Shattuck

1

1

W

1

4

T

1

1

5

T

1

1

3

T

1

1

2

T

1

1

3

T

Cardiocondyla ?wroughtonii Forel

1

1

1

Cardiocondyla atalanta Forel

1

1

1
1

Cardiocondyla nuda Mayr
Cardiocondyla thoracica Smith, F.
Carebara affinis Jerdon

1

Carebara sp. 1

1

1

T

Carebara sp. 2

1

1

T

Carebara sp. 3

1

3

T

Carebara sp. 4

1

1

T

Carebara sp. 5

1

1

T

Carebara sp. 6

1

1

T

Carebara sp. 7

1

1

T

Carebara sp. 8

1

1

T

Carebara sp. 9

1

2

T

Carebara sp. 10

1

1

T

Carebara sp. 11

1

1

T

Carebara sp. 12

1

1

T

Carebara sp. 13

1

1

T

Carebara sp. 14

1

1

T

5

W

1

W

1

5

T

1

1

3

T

1

1

3

T

2

T

Crematogaster queenslandica Forel

1

1

1

1

Crematogaster nr. queenslandica

1

1

1

Crematogaster sp. 2 (australis complex)

1

Crematogaster sp. 3 (Group A)

1

Crematogaster sp. 4 (Group A)

1

Crematogaster sp. 5 (cornigera gp.)

1

1

1

1
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1

1

1

Crematogaster sp. 6 (cornigera gp.)
Crematogaster sp. 8 (australis complex)

1
1

3

T

1

1

T

Crematogaster sp. 9 (Group C)
Crematogaster sp. 10 (australis
complex)
Crematogaster sp. 11 (australis
complex)
Crematogaster sp. 12 (australis
complex)

1

1

T

1

5

T

1

1

3

T

1

1

2

T

1

1

1

1

T

Crematogaster sp. 9 (cornigera gp.)

1

1

1

1

Crematogaster sp. 13 (cornigera gp.)

1

1

T

Crematogaster sp. 14 (cornigera gp.)

1

1

T

Epopostruma sp. A

1

1

B

Epopostruma sp. B

1

1

B

Meranoplus ajax Forel

1

1

1

5

E

Meranoplus aureolus Crawley

1

1

1

3

E

Meranoplus berrimah Schödl

1

1

1

3

E

Meranoplus nr. dimidiatus Smith, F.

1

1

1

3

E

Meranoplus minimus Crawley

1

Meranoplus mjobergi Forel

1

Meranoplus oxleyi Forel
Meranoplus pubescens Smith, F.

1

Meranoplus snellingi Schödl

1

Meranoplus unicolor Forel

1

Meranoplus sp. 4 (mjobergi complex)

1

Meranoplus sp. 5 (mjobergi complex)
Meranoplus sp. 8 (Group F)

1

1

1

2

T

1

1
1

1

1

5

E

1

1

1

1

4

E

1

1

1

1

5

E

2

E

1

1

5

E

1

2

E

1

1

2

E

1

1

3

T

1

1

W

5

E

2

T

1
1

Meranoplus sp. 9 (puryi gp.)
Meranoplus sp. 14 (aureolus complex)

1

1

1

1

1

Meranoplus sp. 15 (Group C)

1

1

Meranoplus sp. 16 (puryi gp.)

1

1

W

Meranoplus sp. 17 (Group C)

1

1

T

Meranoplus sp. 18 (puryi gp.)

1

1

W

Meranoplus sp. 19 (puryi gp.)

1

1

W

Meranoplus sp. 20 (puryi gp.)

1

1

W

Meranoplus sp. 21 (aureolus complex)

1

1

E

Meranoplus sp. 22 (puryi gp.)

1

1

W

Meranoplus sp. 23 (excavatus gp.)

1

1

E

Meranoplus sp. 24 (aureolus complex)

1

1

E

Meranoplus sp. 26 (puryi gp.)

1

1

W

Meranoplus sp. 28 (Group C)

1

1

T

Meranoplus sp. 29 (minimus gp.)

1

1

T

Meranoplus sp. 30 (excavatus gp.)

1

1

E

Meranoplus sp. 31 (aureolus complex)

1

1

E

Meranoplus sp. 32 (aureolus complex)

1

1

E

Meranoplus sp. 33 (diversus gp.)

1

1

E

Meranoplus sp. 34 (puryi gp.)

1

1

W

Meranoplus sp. 35 (puryi gp.)

1

1

W
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1

Meranoplus sp. 36 (puryi gp.)

1

1

Meranoplus sp. 37 (diversus gp.)

1

1

E

Meranoplus sp. 38 (puryi gp.)

1

1

W

Meranoplus sp. 39 (diversus gp.)

1

1

E

Meranoplus sp. 40 (minimus gp.)

1

1

T

Meranoplus sp. 41 (Group A)

1

1

T

Meranoplus sp. 42 (Group A)

1

1

T

Meranoplus sp. 43 (Group F)

1

1

T

Meranoplus sp. 44 (Group F)

1

1

T

Meranoplus sp. 45 (testudineus gp.)

1

1

1

1

W

4

T

Meranoplus sp. 46 (testudineus gp.)

1

1

T

Meranoplus sp. 47 (testudineus gp.)

1

1

T

Meranoplus sp. 48 (Group C)

1

1

T

Meranoplus sp. 49 (Group C)

1

1

T

Meranoplus sp. 50 (puryi gp.)

1

1

W

Meranoplus sp. 51 (puryi gp.)

1

1

W

Meranoplus sp. 52 (excavatus gp.)

1

1

E

Meranoplus sp. 53 (excavatus gp.)

1

1

E

Meranoplus sp. 54 (excavatus gp.)

1

1

E

Meranoplus sp. 55 (excavatus gp.)

1

1

E

Meranoplus sp. 56 (excavatus gp.)

1

1

E

Meranoplus sp. 57 (aureolus complex)

1

1

E

Meranoplus sp. 58 (aureolus complex)

1

1

E

Meranoplus sp. 59 (aureolus complex)

1

1

E

Meranoplus sp. 60 (aureolus complex)

1

1

E

Meranoplus sp. 61 (aureolus complex)

1

1

E

Meranoplus sp. 62 (aureolus complex)

1

1

E

Meranoplus sp. 63 (aureolus complex)

1

1

E

Meranoplus sp. 64 (puryi gp.)

1

1

W

4

E

3

E

Monomorium anderseni Heterick

1

1

1

Monomorium cf. anderseni Heterick

1

1

1

Monomorium bifidum Heterick

1

1

1

1

4

E

Monomorium disetigerum Heterick

1

1

1

1

4

E

1

T

Monomorium ?fieldi Forel

1

1

1

1

1

5

T

Monomorium floricola Jerdon*

1

1

1

1

1

-

-

1

E

1

3

E

1

4

E

1

-

-

1

2

E

Monomorium nr. turneri Forel

1

1

T

Monomorium sp. 5 (insolescens gp.)

1

1

T

Monomorium sp. 6 (insolescens gp.)

1

1

T

1

1

2

T

1

1

5

T

Monomorium donisthorpei Crawley

1

Monomorium geminum Sparks

1

Monomorium kidman Sparks

1

1

Monomorium maryannae Sparks

1

1

Monomorium pharaonic Linnaeus*

1

Monomorium topend Sparks

1

1

1
1

Monomorium sp. 7 (insolescens gp.)
Monomorium sp. 8 (carinatum gp.)

1
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1

1

Monomorium sp. 9 (nigrius gp.)

1

1

T

1

4

T

1

5

T

1

3

E

1

2

T

Monomorium sp. 13 (nigrius gp.)

1

1

1

Monomorium sp. 14 (nigrius gp.)

1

1

1

1

1

Monomorium sp. 15 (rothsteini gp.)
Monomorium sp. 18 (nigrius gp.)

1

Monomorium sp. 20 (laeve gp.)

1

1

1

E

Monomorium sp. 22 (laeve gp.)

1

1

2

E

Monomorium sp. 23 (laeve gp.)

1

1

1

3

E

Monomorium sp. 24 (laeve gp.)

1

1

1

5

E

1

1

Monomorium sp. 25 (nigrius gp.)

1

1

T

Monomorium sp. 26 (sydneyense gp.)

1

1

B

Monomorium sp. 28 (carinatum gp.)

1

1

T

Monomorium sp. 29 (carinatum gp.)

1

1

T

Monomorium sp. 31 (castaneum gp.)

1

1

E

Monomorium sp. 32 (laeve gp.)

1

1

E

5

E

1

1

E

1

1

E

1

2

T

1

1

E

1

1

T

Monomorium sp. 33 (laeve gp.)

1

1

Monomorium sp. 34 (rothsteini gp.)
Monomorium sp. 36 (rothsteini gp.)
Monomorium sp. 37 (nigrius gp.)

1

Monomorium sp. 38 (castaneum gp.)

?

Monomorium sp. 39 (nigrius gp.)
Monomorium sp. 40 (carinatum gp.)

1

1

1

2

T

Monomorium sp. 42 (nigrius gp.)

1

1

T

Monomorium sp. 44 (insolescens gp.)

1

1

T

Monomorium sp. 45 (laeve gp.)

1

1

E

Monomorium sp. 46 (laeve gp.)

1

1

E

Monomorium sp. 47 (fossulatum gp.)

1

2

T

Monomorium sp. 48 (laeve gp.)

1

1

E

Monomorium sp. 49 (laeve gp.)

1

1

E

2

T

2

T

1

3

T

Monomorium sp. 53 (carinatum gp.)

1

1

T

Monomorium sp. 54 (carinatum gp.)

1

1

T

Monomorium sp. 55 (carinatum gp.)

1

1

T

1

3

E

Monomorium sp. 57 (laeve gp.)

1

1

E

Monomorium sp. 58 (laeve gp.)

1

1

E

Monomorium sp. 59 (laeve gp.)

1

1

E

Monomorium sp. 60 (laeve gp.)

1

1

E

Monomorium sp. 62 (laeve gp.)

1

1

E

Monomorium sp. 50 (nigrius gp.)

1

1

1

1

Monomorium sp. 51 (carinatum gp.)
Monomorium sp. 52 (carinatum gp.)

Monomorium sp. 56 (laeve gp.)

Monomorium sp. 63 (nigrius gp.)

1
1

1

1

1

1

1

1

1

2

T

Monomorium sp. 64 (nigrius gp.)

1

1

T

Monomorium sp. 65 (nigrius gp.)

1

1

T

Monomorium sp. 66 (nigrius gp.)

1

1

T

Monomorium sp. 67 (carinatum gp.)

1

1

T
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Monomorium sp. 68 (carinatum gp.)

1

1

T

Monomorium sp. 69 (carinatum gp.)

1

1

T

Monomorium sp. 70 (laeve gp.)

1

1

E

Monomorium sp. 71 (laeve gp.)

1

2

E

Monomorium sp. 72 (laeve gp.)

1

1

E

Monomorium sp. 73 (laeve gp.)

1

1

E

Monomorium sp. 74 (rothsteini gp.)

1

1

E

1

2

E

1

1

T

1

2

T

1

1

T

1

2

T

Monomorium sp. 80 (fossulatum gp.)

1

1

T

Monomorium sp. 81 (nigrius gp.)

1

1

T

Monomorium sp. 82 (nigrius gp.)

1

1

T

Monomorium sp. 83 (castaneum gp.)

1

1

E

Monomorium sp. 84 (laeve gp.)

1

1

E

Monomorium sp. 85 (laeve gp.)

1

1

E

Monomorium sp. 86 (laeve gp.)

1

1

E

Monomorium sp. 87 (laeve gp.)

1

1

E

Monomorium sp. 88 (carinatum gp.)

1

1

T

Monomorium sp. 89 (fossulatum gp.)

1

1

T

Myrmecina wesselensis Shattuck

1

1

T

1

3

T

1

1

T

1

0

-

1

3

E

Monomorium sp. 75 (rothsteini gp.)

1

Monomorium sp. 76 (insolescens gp.)
Monomorium sp. 77 (insolescens gp.)

1

Monomorium sp. 78 (insolescens gp.)
Monomorium sp. 79 (bifidum gp.)

Pheidole ?impressiceps Mayr

1

1

1

Pheidole nr. impressiceps Mayr
Pheidole megacephala Fabricius*
Pheidole sp. 1 (mjobergi gp.)

1

Pheidole sp. 2 (onifera gp.)

1

Pheidole sp. 3 (variabilis gp.)

1

1

1

1

1

1

3

T

1

1

4

W

Pheidole sp. 5 (Group C)

1

1

W

Pheidole sp. 8 (Group F)

1

1

T

Pheidole sp. 9 (Group B)

1

1

E

Pheidole sp. 10 (Group J)

1

1

T

1

2

T

1

1

T

4

T

Pheidole sp. 11 (Group K)

1

Pheidole sp. 12 (ampla gp.)
Pheidole sp. 13 (ampla gp.)

1

1

1

1

Pheidole sp. 14 (ampla gp.)

1

1

T

Pheidole sp. 15 (Group K)

1

1

T

Pheidole sp. 19 (Group B)

1

1

E

Pheidole sp. 20 (Group A)

1

1

W

Pheidole sp. 21 (onifera gp.)

1

1

T

Pheidole sp. 22 (Group L)

1

1

T

Pheidole sp. 23 (Group L)

1

1

T

1

2

W

Pheidole sp. 25 (ampla gp.)

1

1

T

Pheidole sp. 26 (Group B)

1

1

E

Pheidole sp. 24 (Group A)

1
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Pheidole sp. 26 (Group F)

1

1

T

Pheidole sp. 28 (Group F)

1

1

T

Pheidole sp. 29 (Group B)

1

1

E

Pheidole sp. 30 (Group C)

1

1

W

Pheidole sp. 31 (Group L)

1

1

T

Pheidole sp. 33 (Group F)

1

1

T

Pheidole sp. 34 (Group F)

1

1

T

1

3

T

2

T

Pheidole sp. 35 (Group E)

1

1

Pheidole sp. 36 (Group E)

1

Pheidole sp. 37 (mjobergi gp.)

1

1

E

Pheidole sp. 39 (Group E)

1

1

T

Pheidole sp. 40 (ampla gp.)

1

1

T

Pheidole sp. 41 (Group A)

1

1

W

Pheidole sp. 42 (GroupA)

1

1

W

Pheidole sp. 43 (GroupA)

1

1

W

Pheidole sp. 44 (Group A)

1

1

W

Pheidole sp. 45 (Group A)

1

1

W

Pheidole sp. 46 (Group A)

1

1

W

Pheidole sp. 47 (Group A)

1

1

W

Pheidole sp. 48 (variabilis gp.)

1

1

W

Pheidole sp. 49 (variabilis gp.)

1

1

W

Pheidole sp. 50 (variabilis gp.)

1

1

W

Pheidole sp. 51 (variabilis gp.)

1

1

W

Pheidole sp. 52 (variabilis gp.)

1

1

W

Pheidole sp. 53 (variabilis gp.)

1

1

W

Pheidole sp. 54 (variabilis gp.)

1

1

W

Pheidole sp. 55 (variabilis gp.)

1

1

W

Pheidole sp. 56 (onifera gp.)

1

1

T

Pheidole sp. 57 (onifera gp.)

1

1

T

Pheidole sp. 58 (onifera gp.)

1

1

1

T

Pheidole sp. 59 (mjobergi gp.)

1

1

2

E

Pheidole sp. 60 (mjobergi gp.)

1

1

2

E

Pheidole sp. 61 (mjobergi gp.)

1

1

E

Pheidole sp. 62 (mjobergi gp.)

1

1

E

Pheidole sp. 63 (mjobergi gp.)

1

1

E

Pheidole sp. 64 (Group E)

1

1

T

Pheidole sp. 65 (Group F)

1

1

T

Pheidole sp. 66 (Group E)

1

1

T

Pheidole sp. 67 (Group E)

1

1

T

Pheidole sp. 68 (ampla gp.)

1

1

T

Pheidole sp. 69 (ampla gp.)

1

1

T

Pheidole sp. 70 (ampla gp.)

1

1

T

Pheidole sp. 71 (ampla gp.)

1

1

T

Pheidole sp. 72 (ampla gp.)

1

1

T

Pheidole sp. 73 (ampla gp.)

1

1

T

Pheidole sp. 74 (ampla gp.)

1

1

T
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Pheidole sp. 75 (ampla gp.)
Pheidole sp. 76 (ampla gp.)

1

T

1

2

T

Pheidole sp. 77 (ampla gp.)

1

1

T

Pheidole sp. 78 (Group F)

1

1

T

Pheidole sp. 79 (Group F)

1

1

T

Pheidole sp. 80 (Group F)

1

1

T

Pheidole sp. 81 (Group F)

1

1

T

Pheidole sp. 82 (Group F)

1

1

T

Pheidole sp. 83 (Group F)

1

1

T

Pheidole sp. 84 (Group F)

1

1

T

Pheidole sp. 85 (Group F)

1

1

T

Pheidole sp. 86 (Group F)

1

1

T

Pheidole sp. 87 (Group F)

1

1

T

Pheidole sp. 88 (Group F)

1

1

T

Pheidole sp. 89 (Group K)

1

1

T

Pheidole sp. 90 (Group K)

1

1

T

Pheidole sp. 91 (Group K)

1

1

T

Pheidole sp. 92 (acantha gp.)

1

1

T

Pheidole sp. 93 (Group I)

1

1

T

Pheidole sp. 97 (impressiceps gp.)

1

1

T

1

2

T

1

T

2

T

Pheidole (Machomyrma) sp. 94

1

1

1

Pheidole (Machomyrma) sp. 95

1

Podomyrma femorata Smith, F.

1

Podomyrma obscurior Forel

1

1

T

Podomyrma sp. 1 (basalis complex)

1

1

T

Podomyrma tricolor Clark

1

1

1

3

T

Podomyrma sp. 2 (nr. silvicola)

1

1

1

T

Podomyrma sp. 3 (basalis complex)

1

1

T

Podomyrma sp. 4 (basalis complex)

1

1

T

Rhopalomastix rothneyi Forel

1

2

T

Solenopsis geminata Fabricius*

1

-

-

1

Solenopsis sp. 1

1

1

1

1

4

W

Solenopsis sp. 2

1

1

1

1

4

W

Solenopsis sp. 3

1

1

1

3

W

Solenopsis sp. 4

1

1

W

Solenopsis sp. 6

1

1

W

Solenopsis sp. 7

1

1

W

Solenopsis sp. 8

1

1

W

Solenopsis sp. 9

1

1

W

1

2

W

1

1

W

Solenopsis sp. 10

1

Solenopsis sp. 11
Solenopsis sp. 13

1

2

W

Solenopsis sp. 14

1

1

1

W

Solenopsis sp. 15

1

1

W

Solenopsis sp. 16

1

1

W

Solenopsis sp. 17

1

1

W
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Solenopsis sp. 18

1

1

W

Solenopsis sp. 19

1

1

W

Solenopsis sp. 20

1

1

W

Solenopsis sp. 21

1

1

W

Solenopsis sp. 22

1

1

W

Strumigenys ?godeffroyi Mayr

1

1

T

Strumigenys anchis Bolton

1

1

T

Strumigenys anderseni Bolton

1

1

T

Strumigenys chyzeri Emery

1

2

T

Strumigenys emmae (Emery)

1

1

1

2

T

Strumigenys membranifera (Emery)

1

1

T

Strumigenys peetersi Bolton

1

1

T

Strumigenys radix Bolton

1

2

T

Strumigenys shattucki Bolton

1

1

T

Strumigenys sp. 1 (emmae gp.)

1

1

T

Strumigenys nr. szalayi Emery

1

1

T

Strumigenys sp. 2 (emmae gp.)

1

1

T

Strumigenys sp. B (disjuncta gp.)

1

1

T

Strumigenys sp. C (emmae gp.)

1

1

T

Strumigenys sp. E (emmae gp.)

1

1

T

Strumigenys sp. F (emmae gp.)

1

1

T

Strumigenys sp. G (emmae gp.)

1

1

T

Strumigenys sp. H (emmae gp.)

1

1

T

Strumigenys sp. I (emmae gp.)

1

1

T

Strumigenys sp. M (emmae gp.)

1

1

T

1

1

T

1

2

T

Strumigenys sp. N (emmae gp.)
Strumigenys sp. O (emmae gp.)

1

Tetramorium bicarinatum Nylander*
Tetramorium lanuginosum Mayr

1

Tetramorium ornatum Emery

1

1

1

-

-

1

1

3

T

1

2

T

Tetramorium simillimum Smith, F.*

1

1
1

1

1

-

-

Tetramorium sjostedti Forel

1

1

1

1

4

E

Tetramorium nr. sjostedti Forel

1

1

1

1

4

E

Tetramorium sp. 1 (striolatum gp.)

1

1

1

1

4

E

Tetramorium sp. 2 (striolatum gp.)

1

1

1

1

4

E

Tetramorium sp. 3 (striolatum gp.)

1

1

E

Tetramorium sp. 5 (spininode gp.)

1

1

E

Tetramorium sp. 8 (striolatum gp.)

1

1

E

Tetramorium sp. 9 (striolatum gp.)

1

1

E

Tetramorium sp. 10 (spininode gp.)

1

1

E

Tetramorium sp. 11 (spininode gp.)

1

1

E

Tetramorium sp. 12 (spininode gp.)

1

1

E

Tetramorium sp. 13 (spininode gp.)

1

1

E

Tetramorium sp. 15 (spininode gp.)

1

1

E

Tetramorium sp. 16 (spininode gp.)

1

1

E

Tetramorium sp. 18 (ornatum gp.)

1

1

T
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Tetramorium sp. 19 (pacificum gp.)

1

1

T

Tetramorium sp. 20 (ornatum gp.)

1

1

T

Tetramorium sp. 21 (striolatum gp.)

1

1

E

Tetramorium sp. 22 (striolatum gp.)

1

1

E

Tetramorium sp. 23 (spininode gp.)

1

1

E

Tetramorium sp. 24 (Group B)

1

1

T

Tetramorium sp. 25 (striolatum gp.)

1

1

E

Tetramorium sp. 26 (striolatum gp.)

1

1

E

Tetramorium sp. 27 (striolatum gp.)

1

1

E

Tetramorium sp. 28 (striolatum gp.)

1

1

E

Tetramorium sp. 29 (striolatum gp.)

1

1

E

Tetramorium sp. 30 (striolatum gp.)

1

1

E

1

3

E

Tetramorium sp. 32 (striolatum gp.)

1

1

E

Tetramorium sp. 33 (striolatum gp.)

1

1

E

Tetramorium sp. 34 (striolatum gp.)

1

1

E

Tetramorium sp. 35 (striolatum gp.)

1

1

E

1

1

E

1

2

E

5

E

Tetramorium sp. 31 (striolatum gp.)

1

1

Tetramorium sp. 36 (striolatum gp.)
Tetramorium sp. 37 (sjostedti gp.)

1

Tetramorium sp. 38 (spininode gp.)

1

1

1

1

1

Tetramorium sp. 39 (spininode gp.)

1

1

E

Tetramorium sp. 40 (spininode gp.)

1

1

E

Tetramorium sp. 41 (spininode gp.)

1

1

E

Tetramorium sp. 42 (spininode gp.)

1

1

E

Tetramorium sp. 43 (striolatum gp.)

1

1

E

Tetramorium sp. 44 (Group A)

1

1

T

1

1

-

-

1

1

1

-

-

1

1

1

3

T

1

T

1

5

T

1

3

T

1

4

T

2

T

Trichomyrmex destructor Jerdon*

1

Trichomyrmex mayri Forel*

1

PONERINAE
Anochetus graeffei Mayr
Anochetus paripungens Brown
Anochetus rectangularis Mayr
Anochetus rufostenus Shattuck &
Slipinska

1
1

1

1

Anochetus sp. 2 (rectangularis gp.)

1

1

1
1

1

1

Anochetus sp. 3 (rufostenus gp.)

1

1

Anochetus sp. 4 (rufostenus gp.)

1

1

T

Anochetus sp. 7 (nr. graeffei)

1

1

T

Anochetus sp. 8 (rufostenus gp.)

1

1

T

Anochetus sp. 9 (rectangularis gp.)

1

1

T

1

T

4

T

Anochetus sp. 10 (rectangularis gp.)
Brachyponera lutea Mayr

1
1

1

1

1

Diacamma levis Crawley

1

1

T

Diacamma nr. levis Crawley

1

1

T

Ectomomyrmex ruficornis Clark

1

1

T

Ectomomyrmex sp. 1

1

1

T
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Hypoponera sp. 1

1

1

1

3

W

Hypoponera sp. 2

1

1

1

3

W

1

1

W

1

2

W

Hypoponera sp. 5

1

1

W

Hypoponera sp. 6

1

1

W

Hypoponera sp. 7

1

1

W

Hypoponera sp. 8

1

1

W

Hypoponera sp. 9

1

1

W

1

W

5

T

Hypoponera sp. 3
Hypoponera sp. 4

1

Hypoponera sp. 10
Leptogenys adlerzi Forel

1
1

1

1

1

1

Leptogenys nr. conigera Mayr

1

1

T

Leptogenys nr. diminuta Smith, F.

1

1

T

Leptogenys exigua Crawley

1

Leptogenys fallax Mayr

1

1

1

1

3

T

1

1

4

T

Leptogenys sp. 1 (clarki gp.)

1

1

T

Leptogenys sp. 2 (clarki gp.)

1

1

T

Leptogenys sp. 4 (clarki gp.)

1

1

T

Leptogenys sp. 5 (clarki gp.)

1

1

T

1

3

T

Leptogenys sp. 10 (fallax gp.)

1

1

T

Leptogenys sp. 11 (clarki gp.)

1

1

T

Leptogenys sp. 12 (clarki gp.)

1

1

T

Mesoponera australis Forel

1

1

2

T

Odontomachus cephalotes Smith, F.

1

1

2

T

Leptogenys sp. 7 (clarki gp.)

Odontomachus ruficeps Smith, F.

1

1

1

1

Odontomachus turneri Forel
Odontomachus nr. turneri Forel

1

3

T

1

2

T

1

5

T

1

1

T

1
1

1

Odontomachus sp. 1 (ruficeps gp.)
Odontomachus sp. 2 (ruficeps gp.)

1

1

1

1

T

1

1

3

T

1

1

2

T

Odontomachus sp. 5 (turneri gp.)

1

1

T

Parvaponera darwinii Forel, 1893

1

2

T

Platythyrea parva Crawley, 1915

1

1

T

Platythyrea sp. 3 (parallela gp.)

1

1

T

Platythyrea sp. 4 (parallela gp.)

1

1

T

Platythyrea sp. 5 (paralella gp.)

1

1

T

Platythyrea sp. 6 (parallela gp.)

1

1

T

Ponera sp. 1

1

1

T

Ponera sp. 2

1

1

T

Odontomachus sp. 3 (ruficeps gp.)

1

Odontomachus sp. 4 (ruficeps gp.)

Pseudoneoponera sp. 1 (porcata gp.)

1

1

1

2

T

Pseudoneoponera sp. 2 (porcata gp.)

1

1

T

Pseudoneoponera sp. 3 (sublaevis gp.)

1

1

T

1

3

T

1

2

T

Pseudoneoponera sp. 4 (sublaevis gp.)

1

Pseudoneoponera sp. 6 (sublaevis gp.)

1

1
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Pseudoneoponera sp. 7 (sublaevis gp.)

1

1

1

1

4

T

Pseudoneoponera sp. 8 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 9 (sublaevis gp.)

1

1

T

4

T

4

T

Pseudoneoponera sp. 10 (porcata gp.)
Pseudoneoponera sp. 11 (sublaevis gp.)

1

1

1

1

1

1

1

1

Pseudoneoponera sp. 12 (sublaevisi gp.)

1

1

T

Pseudoneoponera sp. 13 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 14 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 15 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 16 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 17 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 18 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 19 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 20 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 21 (sublaevis gp.)

1

1

T

Pseudoneoponera sp. 22 (sublaevis gp.)

1

1

T

1

3

T

1

1

T

3

T

1

T

2

T

1

T

1

3

T

1

5

T

1

2

T

1

3

T

PROCERATIINAE
Discothyrea sp. 1
Discothyrea sp. 2
Probolomyrmex latalongus Shattuck,
Gunawardene & Heterick

1

1

1

1

Probolomyrmex sp. 1

1

1

PSEUDOMYRMECINAE
Tetraponera allaborans Walker

1

Tetraponera nr. laeviceps Smith, F.

1

Tetraponera nitida Smith, F.

1

Tetraponera punctulata Smith, F.

1

1

1
1

1

Tetraponera rotula Ward

1

Tetraponera sp. A (nr. punctulata)

1

1

1

Tetraponera sp. D (nr. punctulata)

1

1

2

T

Tetraponera sp. E (nr. punctulata)

1

1

2

T
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Table A2. Taxonomic composition of each of the ten major ant genera occurring in the Top End. The
biogeographical affinity (E = Eyrean, T = Torresian, W = Widespread) of each taxon is shown, along
with the number of species sorted in the TERC collection. Taxa follow Andersen (2000). Excludes
introduced species.

Genus

Species Group

Biogeographical
affinity

Number
of species

’ Machomyrma’

T

2

acantha group

T

1

ampla group

T

15

impressiceps group

T

3

mjobergi group

E

7

onifera group

T

5

variabilis group

W

9

Group A

W

9

Group B

E

4

Group C

W

2

Group E

T

6

Group F

T

17

Group I

T

1

Group J

T

1

Group K

T

5

Group L

T

3

Pheidole

90
Monomorium
bifidum group

T

2

carinatum group

T

13

castaneum group

E

3

fossulatum group

T

3

insolescens group

T

7

laeve group

E

27

nigrius group

T

17

rothsteini group

E

9

sydneyense group

B

1

turneri group

T

1
83

Melophorus
anderseni group

E

1

bagoti group

E

1

mjobergi group

E

5

aeneovirens group

E

11

froggatti group

E

5

fieldi group

E

5
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ludius group

E

14

wheeleri group

E

5

iridescens group

E

1

bruneus group

E

2

perthensis group

E

1

pillipes group

E

1

turneri group

E

1

Group A

E

12

Group B

E

2

Group D

E

6

Group E

E

2

Group F

E

1

Group G

E

1

Group H

E

1

Group J

E

5
83

Camponotus
claripes group

W

5

confusus group

T

1

denticulatus group

E

4

discors group

W

11

ephippium group

E

2

janeti group

T

2

macrocephalus group

T

5

novaehollandiae group

T

5

pellax group

E

11

reticulatus group

T

3

rubiginosus group

W

13

setosus group

E

3

subnitidus group

E

2

Group D

T

1

Group F

T

3
71

Meranoplus
dimidiatus group

E

1

diversus group

E

8

excavatus group

E

20

minimus group

T

3

fenestratus group

E

4

puryi group

W

14

testudineus group

T

3

Group A

T

2

Group C

T

5

Group F

T

3
63

Polyrhachis
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subgenus Campomyrma

11

subgenus Chariomyrma

T

18

subgenus Cyrtomyrma

T

1

subgenus Hagiomyrma

T

12

subgenus Hedomyrma

T

12

subgenus Myrmhopla

T

2

subgenus Myrmothrinax

T

1
57

Rhytidoponera
aurata group

T

9

araneoides group

T

1

borealis complex

W

8

convexa group

E

7

foreli group

T

1

reflexa group

T

2

reticulata group

T

7

taurus group

T

4

tenuis group

T

3

turneri group

T

2

tyloxys group

E

3

Group A

E

2

Group B

T

1
50

Tetramorium
lanuginosum group

T

1

ornatum group

T

3

pacificum group

T

1

sjostedti group

E

3

spininode group

E

13

striolatum group

E

20

Group A

T

1

Group B

T

1
43

Cerapachys
varians group

E

2

brevis group

T

8

clarki group

E

5

edentatus group

T

3

fervidus group

T

5

greavesi group

E

1

longitarsus group

T

3

singularis group

E

4

turneri group

T

1
32

Iridomyrmex
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anceps group

T

2

bicknelli group

E

4

coeruleus group

T

6

gracilis group

E

3

mjobergi group

E

5

pallidus group

E

4

purpureus group

E

2

rufoinclinus group

E

2

rufoniger group

E

1

suchieri group

E

2
31
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Appendix B. Supplementary files for Chapter Three
Table B1. Hypothetical species of Papyrius defined using ABGD and PTP sequence-based algorithms. PTP shows Maximum likelihood support values. The closest matched
hypothetical species as illustrated in the trees are indicated.
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Table B2. Hypothetical species of Iridomyrmex ‘pallidus’ defined using ABGD and PTP sequence-based algorithms. PTP shows Maximum likelihood support values. The
closest matched hypothetical species as illustrated in the trees are indicated.
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Table B3. Hypothetical species of Cardiocondyla nuda group defined using ABGD and PTP sequence-based algorithms. PTP shows Maximum likelihood support values. The
closest matched hypothetical species as illustrated in the trees are indicated .
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Table B4. Hypothetical species of Camponotus novaehollandiae group defined using ABGD and PTP sequence-based algorithms. PTP shows Maximum likelihood support
values. The closest matched hypothetical species as illustrated in the trees are indicated.

Continued on next page
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Table B4 (continued)
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Appendix C. Supplementary files for Chapter Four
Table C1. Description of environmental variables used in Generalised Linear Modelling (GLM) and Distance-based Linear Models (DistLM) analyses of species
Variable

Description

Last fire

Years since last fire (recent = 0–2 years ago, intermittent = 2–4 years ago, long unburnt = ≥5 years ago)

Fire severity score

Severity of last fire (0 = unburnt, 1 = low, 2 = moderate)

Soil depth

Centimetres of soil depth (0–10 cm, 10–40 cm, >40 cm)

Soil texture

Classes of soil based on physical texture (clay, loam, sand)

Soil colour

Classes of soil based on colour (pale, grey, brown, yellow-red)

Rock type

Classes of rock based on composition/texture (sandstone, laterite, ‘other’)

Rock cover

Percent rock coverage

Litter cover

Percent ground covered in leaf and other litter

Other ground cover

Percent other vegetative ground cover e.g. forbes, herbs, ferns and small shrubs

Bare ground

Percent bare ground; without vegetative, rock or other coverage

Hummock grass

Percent coverage of hummock-forming grasses e.g. Trioda spp.

Annual tussock grass

Percent coverage of annual grasses e.g. Sorghym, Aristida and Schizachyrium spp.

Perennial tussock grass

Percent coverage of perennial tussock-ofrming grasses e.g. Sarga, Heteropogon and Themeda spp.

Sedge

Percent sedge coverage e.g. Eleocharis spp.

Logs over 5 cm

Count of logs longer than 5 cm

Canopy cover

Percent projective canopy coverage

Rainfall

Average millimetres of annual rainfall

Elevation

Meters above sea level
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Appendix D. Supplementary files for Chapter Five
Table D1. Percent total abundance of invertebrate taxa captured in vertebrate (V) bucket pitfall traps
and the two invertebrate-specific pitfall trap arrays: small (SI) and large (LI). Total catches are given in
parentheses.

Higher taxon

V
(6600)

SI
(97449)

LI
(56434)

Total
(160483)

Ants (Formicidae)

63.52

70.02

65.53

68.17

Spiders (Araneae)

8.59

0.89

1.25

1.33

Beetles (Coleoptera)

5.70

0.44

0.91

0.82

Crickets (Ensifera)

3.08

0.50

0.89

0.74

Springtails (Collembola)

3.06

21.76

22.48

21.24

Bugs (Hemiptera)

2.62

1.22

1.71

1.45

Silverfish (Zygentoma)

2.48

0.38

0.40

0.47

Wasps (Apocrita)

2.45

0.28

0.49

0.44

Centipedes & milipedes (Myriapoda)

1.76

0.02

0.07

0.11

Cockroaches (Blattaria)

1.64

0.06

0.12

0.14

Grasshoppers (Caelifera)

1.44

0.18

0.38

0.30

Other

1.42

0.57

0.63

0.63

Mites (Acariformes)

0.61

2.45

2.18

2.28

Moths (Lepidoptera)

0.59

0.03

0.10

0.08

Flies (Diptera)

0.42

0.81

1.96

1.20

Scorpiones

0.35

0.00

0.01

0.02

Termites (Termitoidae)

0.21

0.33

0.82

0.49

Pseudoscorpions (Pseudoscorpiones)

0.06

0.09

0.08

0.08

*‘Other’ includes mantids (Mantodea), lace wings (Neuroptera), earwigs (Dermaptera), stick insects
(Phasmatodea), harvestmen (Opiliones), and woodlice (Isopoda).
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Table D2. Abundance of beetle (Coleoptera) families captured in vertebrate (V) bucket pitfall traps and
the two invertebrate-specific pitfall trap arrays: small (SI) and large (LI).

Family

V

SI

LI

Total

132

49

71

252

Staphylinidae

8

107

120

235

Curculionidae

117

54

56

227

Tenebrionidae

46

45

63

154

Elateridae

25

38

31

94

Erotylidae

1

10

47

58

Chrysomelidae

13

15

21

49

Scarabaeidae

6

24

18

48

15

21

36

Carabidae

Ptiliidae
Ptinidae

8

8

18

34

Latridiidae

5

8

16

29

8

4

12

1

12

Leiodidae
Hydrophilidae

1

10

Anthicidae

5

7

Brentidae

2

3

3

8

Histeridae

3

4

7

Hybosoridae

4

3

7

Corylophidae

6

1

7

Limnichidae

2

4

6

Bostrichidae

3

2

5

2

3

Coccinellidae

1

Cerambycidae

3

Phalacridae

12

3
3

Limnichidae

3
2

2

Melyridae

1

1

2

Nitidulidae

1

1

2

Buprestidae

2

Cleridae

2

2

Hydraenidae

2
2

2

Acanthocnemidae

1

1

Dytiscidae

1

1

Geotrupidae

1

1

Scirtidae

1

1

Archeocrypticidae

1

1

Mordellidae

1

1

Passandridae
Total

1
376

1
430

514

221
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Table D3. Abundance of spider (Araneae) families captured in vertebrate (V) bucket pitfall traps and
the two invertebrate-specific pitfall trap arrays: small (SI) and large (LI). Abundances include
specimens of all life stages.

Family

V

SI

LI

Total

Lycosidae

254

206

193

653

Zodariidae

64

136

116

316

Salticidae

37

162

100

299

Gnaphosidae

39

75

59

173

Linyphiidae

20

29

43

92

Prodidomidae

26

18

26

70

Ctenidae

8

24

21

53

Oonopidae

9

21

21

51

Theridiidae

14

18

12

44

Oxyopidae

13

12

11

36

Corinnidae

14

6

8

28

Miturgidae

12

2

13

27

Nemesiidae

8

6

7

21

Thomisidae

5

6

8

19

Lamponidae

19

Sparassidae

9

4

5

18

Mysmenidae

1

4

11

16

Araneidae

2

3

6

11

Clubionidae

1

5

4

10

6

6

4

6

2

6

4

4

3

4

2

4

19

Hahniidae
Pholcidae

2

Phrurolithidae

2

2

Tetrablemmidae
Pisauridae

1

Theraphosidae

1

1

Filistatidae

1

3

Barychelidae

2

Deinopidae

3

Desidae

1

Selenopidae
Total

4
1

3
3

1

2

1
701

746

1
687

222

1999
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Figure D1. Cumulative number of species sampled in the small (SI) and large (LI) invertebrate-specific

and the vertebrate (V) trap arrays across the 78 study sites, showing observed number of species (S) and
estimated number of species (Chao1); A: Ants (Hymenoptera: Formicidae); B: Beetles (Coleoptera:
Carabidae, Curculionidae, Ptinidae, Scarabaiedae, Staphylinidae, Tenebrionidae); C: Spiders (Araneae:
Lycosidae, Salticidae, Zodariidae). Chao1 species estimates were computed in EstimateS 9.1.0
(http://viceroy.eeb.uconn.edu/estimates/) using sample-based rarefaction with 100 randomisations and
bias-correction.
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Appendix E. Species of ants (Hymenoptera), beetles (Coleoptera),
spiders (Araneae), and flies (Diptera).

Table E1. Hymenoptera: Formicidae
Subfamily

Genus

Species

Dolichoderinae

Arnoldius

sp. A

Dolichoderinae

Iridomyrmex

anteroinclinus Shattuck

Dolichoderinae

Iridomyrmex

coeruleus Heterick & Shattuck

Dolichoderinae

Iridomyrmex

exsanguis Forel

Dolichoderinae

Iridomyrmex

minor Forel

Dolichoderinae

Iridomyrmex

nr. minor Forel

Dolichoderinae

Iridomyrmex

pallidus Forel

Dolichoderinae

Iridomyrmex

reburrus Shattuck

Dolichoderinae

Iridomyrmex

rufoinclinus Shattuck

Dolichoderinae

Iridomyrmex

sanguineus Forel

Dolichoderinae

Iridomyrmex

tenuiceps Heterick & Shattuck

Dolichoderinae

Iridomyrmex

sp. 1 (anceps gp)

Dolichoderinae

Iridomyrmex

sp. 2 (mjobergi gp)

Dolichoderinae

Iridomyrmex

sp. 3 (mjobergi gp)

Dolichoderinae

Iridomyrmex

sp. 23 (mjobergi gp)

Dolichoderinae

Iridomyrmex

sp. 25 (coeruleus gp)

Dolichoderinae

Iridomyrmex

sp. 27 (nr. luteoclypeatus)

Dolichoderinae

Iridomyrmex

sp. 28 (mjobergi gp)

Dolichoderinae

Iridomyrmex

sp. 35 (coeruleus gp)

Dolichoderinae

Ochetellus

flavipes (Kirby)

Dolichoderinae

Ochetellus

sp. 1 (glaber gp)

Dolichoderinae

Ochetellus

sp. 2 (glaber gp.)

Dolichoderinae

Papyrius

sp. 1 (nitidus gp)

Dolichoderinae

Tapinoma

sp. 1 (minutum gp)

Dolichoderinae

Tapinoma

sp. 2 (minutum gp)

Dolichoderinae

Tapinoma

sp. C (minutum gp)

Dorylinae

Lioponera

?brevis Clark

Dorylinae

Lioponera

princeps (Clark)

Dorylinae

Lioponera

sp. 2 (varians gp)

Dorylinae

Lioponera

sp. 3 (brevis gp)

Dorylinae

Lioponera

sp. 4 (singularis gp)

Dorylinae

Lioponera

sp. 7 (fervida gp)

Dorylinae

Lioponera

sp. 8 (clarki gp)

Dorylinae

Lioponera

sp. 11 (turneri gp)

Dorylinae

Lioponera

sp. 14 (varians gp)

Dorylinae

Lioponera

sp. 30 (turneri gp)

Dorylinae

Ooceraea

australis Forel

Ectatomminae

Rhytidoponera

borealis Crawley

Ectatomminae

Rhytidoponera

brunnea (Clark)

Ectatomminae

Rhytidoponera

dubia Crawley
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Ectatomminae

Rhytidoponera

foreli Crawley

Ectatomminae

Rhytidoponera

hilli Crawley

Ectatomminae

Rhytidoponera

reticulata (Forel)

Ectatomminae

Rhytidoponera

nr. reticulata (Forel)

Ectatomminae

Rhytidoponera

trachypyx Brown

Ectatomminae

Rhytidoponera

sp. 2 (aurata gp)

Ectatomminae

Rhytidoponera

sp. 3 (turneri gp)

Ectatomminae

Rhytidoponera

sp. 5 (reticulata gp)

Ectatomminae

Rhytidoponera

sp. 9 (tenuis gp)

Ectatomminae

Rhytidoponera

sp. 11 (tyloxys gp)

Ectatomminae

Rhytidoponera

sp. 12 (aurata gp)

Ectatomminae

Rhytidoponera

sp. 22 (borealis complex)

Ectatomminae

Rhytidoponera

sp. 26 (aurata gp)

Ectatomminae

Rhytidoponera

nr. sp. 26 (aurata gp)

Ectatomminae

Rhytidoponera

sp. 29 (aurata gp)

Ectatomminae

Rhytidoponera

sp. 33 (borealis complex)

Ectatomminae

Rhytidoponera

sp. C (borealis complex)

Formicinae

Acropyga

sp. A

Formicinae

Camponotus

?novaehollandiae Mayr

Formicinae

Camponotus

crozieri McArthur & Leys

Formicinae

Camponotus

dromas Santschi

Formicinae

Camponotus

fieldeae Forel

Formicinae

Camponotus

setosus Shattuck & McArthur

Formicinae

Camponotus

sp. Q (claripes gp)

Formicinae

Camponotus

sp. 4 (pellax gp)

Formicinae

Camponotus

sp. 8 (discors gp)

Formicinae

Camponotus

sp. 9 (novaehollandiae gp)

Formicinae

Camponotus

sp. 10 (Group D)

Formicinae

Camponotus

sp. 16 (rubiginosus gp)

Formicinae

Camponotus

sp. 18 (Group D)

Formicinae

Camponotus

sp. 19 (rubiginosus gp)

Formicinae

Camponotus

sp. 26 (denticulatus gp)

Formicinae

Camponotus

sp. 36 (rubiginosus gp)

Formicinae

Camponotus

sp. 39 (wheeleri gp)

Formicinae

Camponotus

sp. 42 (pellax grp)

Formicinae

Camponotus

sp. 49 (rubiginosus gp)

Formicinae

Camponotus

sp. 74 (rubiginosus gp)

Formicinae

Camponotus

sp. 75 (Group D)

Formicinae

Camponotus

sp. 76 (pellax gp)

Formicinae

Melophorus

sp. 1 (aeneovirens gp)

Formicinae

Melophorus

sp. 2 (aeneovirens gp)

Formicinae

Melophorus

sp. 4 (aeneovirens gp)

Formicinae

Melophorus

sp. 5 (Group A)

Formicinae

Melophorus

sp. 6 (froggatti gp)

Formicinae

Melophorus

sp. 7 (Group E)

Formicinae

Melophorus

sp. 9 (mjobergi gp)

Formicinae

Melophorus

sp. 10 (Group D)

Formicinae

Melophorus

sp. 11 (fieldi gp)

Formicinae

Melophorus

sp. 12 (ludius gp)
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Formicinae

Melophorus

sp. 15 (Group J)

Formicinae

Melophorus

sp. 16 (froggatti gp)

Formicinae

Melophorus

sp. 17 (mjobergi gp)

Formicinae

Melophorus

sp. 20 (fieldi gp)

Formicinae

Melophorus

sp. 21 (Group G)

Formicinae

Melophorus

sp. 24 (ludius gp)

Formicinae

Melophorus

sp. 30 (fieldi gp)

Formicinae

Melophorus

sp. 31 (ludius gp)

Formicinae

Melophorus

sp. 36 (ludius gp)

Formicinae

Melophorus

sp. 38 (iridescens gp)

Formicinae

Melophorus

sp. 39 (wheeleri gp)

Formicinae

Melophorus

sp. 42 (perthensis gp)

Formicinae

Melophorus

sp. 43 (Group A)

Formicinae

Melophorus

sp. 47 (aeneovirens gp)

Formicinae

Melophorus

sp. 48 (Group A)

Formicinae

Melophorus

sp. 50 (froggatti gp)

Formicinae

Melophorus

sp. 51 (Group B)

Formicinae

Melophorus

sp. 52 (aeneovirens gp)

Formicinae

Melophorus

sp. 80 (pillipes gp)

Formicinae

Melophorus

sp. 83 (aeneovirens gp)

Formicinae

Melophorus

sp. 84 (Group D)

Formicinae

Melophorus

sp. 88 (aeneovirens gp)

Formicinae

Melophorus

sp. 89 (aeneovirens gp)

Formicinae

Melophorus

sp. 90 (aeneovirens gp)

Formicinae

Melophorus

sp. 92 (Group A)

Formicinae

Melophorus

sp. 93 (fieldi gp)

Formicinae

Melophorus

sp. 95 (wheeleri gp)

Formicinae

Melophorus

sp. 97 (fieldi gp)

Formicinae

Melophorus

sp. 98 (bruneus gp)

Formicinae

Melophorus

sp. 105 (Group D)

Formicinae

Nylanderia

sp. 3 (obscura gp)

Formicinae

Nylanderia

sp. 4 (vaga gp)

Formicinae

Nylanderia

sp. 7 (vaga gp)

Formicinae

Nylanderia

sp. 9 (vaga gp)

Formicinae

Nylanderia

sp. A (vaga gp)

Formicinae

Oecophylla

smaragdina (Fabricius)

Formicinae

Opisthopsis

haddoni Emery

Formicinae

Opisthopsis

rufoniger Forel

Formicinae

Opisthopsis

sp. 1 (haddoni gp)

Formicinae

Opisthopsis

sp. 3 (diadematus gp)

Formicinae

Paraparatrechina

sp. 1 (minutula gp)

Formicinae

Paraparatrechina

sp. 2 (minutula gp)

Formicinae

Paraparatrechina

sp. A (minutula gp)

Formicinae

Paraparatrechina

sp. B (minutula gp)

Formicinae

Paraparatrechina

sp. C (minutula gp)

Formicinae

Paraparatrechina

sp. D (minutula gp)

Formicinae

Paraparatrechina

sp. E (minutula gp)

Formicinae

Paraparatrechina

sp. F (minutula gp)

Formicinae

Paraparatrechina

sp. G (minutula gp)
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Formicinae

Paratrechina

longicornis (Latreille)

Formicinae

Polyrhachis

senilis Forel

Formicinae

Polyrhachis

crawleyi Forel

Formicinae

Polyrhachis

creusa Emery

Formicinae

Polyrhachis

gab Forel

Formicinae

Polyrhachis

inconspicua Emery

Formicinae

Polyrhachis

melanura Kohout

Formicinae

Polyrhachis

nr. melanura Kohout

Formicinae

Polyrhachis

pseudothrinax Hung

Formicinae

Polyrhachis

schenkii Forel

Formicinae

Polyrhachis

nr. schenkii Forel

Formicinae

Polyrhachis

sp. 9 (obtusa gp)

Formicinae

Polyrhachis

sp. 10 (obtusa gp)

Formicinae

Polyrhachis

sp. 12 (obtusa gp)

Formicinae

Polyrhachis

sp. 16 (gab gp)

Formicinae

Polyrhachis

sp. 34 (nr. melaneura)

Formicinae

Polyrhachis

sp. 44 (appendiculata gp)

Formicinae

Polyrhachis

sp. 45 (appendiculata gp)

Formicinae

Polyrhachis

sp. 46 (appendiculata gp)

Formicinae

Polyrhachis

sp. 48 (inconspicua gp)

Formicinae

Polyrhachis

sp. 49 (obtusa gp)

Myrmicinae

Cardiocondyla

atalanta Forel

Myrmicinae

Cardiocondyla

nr. atalanta Forel

Myrmicinae

Cardiocondyla

nuda (Mayr)

Myrmicinae

Carebara

affinis (Jerdon)

Myrmicinae

Carebara

sp. A

Myrmicinae

Crematogaster

queenslandica Forel

Myrmicinae

Crematogaster

sp. 2 (australis complex)

Myrmicinae

Crematogaster

sp. 3 (queenslandica gp)

Myrmicinae

Crematogaster

sp. 10 (australis complex)

Myrmicinae

Epopostruma

sp. B

Myrmicinae

Meranoplus

ajax Forel

Myrmicinae

Meranoplus

aureolus Crawley

Myrmicinae

Meranoplus

minimus Crawley

Myrmicinae

Meranoplus

mjobergi Forel

Myrmicinae

Meranoplus

pubescens (Smith, F.)

Myrmicinae

Meranoplus

sp. dim1 (dimidiatus gp)

Myrmicinae

Meranoplus

sp. 4 (mjobergi gp)

Myrmicinae

Meranoplus

sp. 8 (Group F)

Myrmicinae

Meranoplus

sp. 10 (Group C)

Myrmicinae

Meranoplus

sp. 14 (aureolus gp)

Myrmicinae

Meranoplus

sp. 15 (Group C)

Myrmicinae

Meranoplus

sp. 17 (Group C)

Myrmicinae

Meranoplus

sp. 21 (aureolus gp)

Myrmicinae

Meranoplus

sp. 61 (aureolis gp)

Myrmicinae

Meranoplus

sp. 64 (aureolus gp)

Myrmicinae

Meranoplus

sp. 65 (Group D)

Myrmicinae

Meranoplus

sp. 66 (Group C)

Myrmicinae

Meranoplus

sp. 67 (Group C)
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Myrmicinae

Meranoplus

sp. 68 (aureolus gp)

Myrmicinae

Meranoplus

sp. 69 (aureolus gp)

Myrmicinae

Meranoplus

sp. 99 (aureolus gp)

Myrmicinae

Meranoplus

sp. 100 (aureolus gp)

Myrmicinae

Meranoplus

sp. 101 (aureolus gp)

Myrmicinae

Meranoplus

sp. 103 (aureolus gp)

Myrmicinae

Meranoplus

sp. 104 (mjobergi gp)

Myrmicinae

Monomorium

?fieldi Forel

Myrmicinae

Monomorium

bifidum Heterick

Myrmicinae

Monomorium

disetigerum Heterick

Myrmicinae

Monomorium

nr. disetigerum Heterick

Myrmicinae

Monomorium

donisthorpei Crawley

Myrmicinae

Monomorium

sp. 1 (rothsteini gp)

Myrmicinae

Monomorium

sp. 5 (insolescens gp)

Myrmicinae

Monomorium

sp. 6 (insolescens gp)

Myrmicinae

Monomorium

sp. 8 (carinatum gp)

Myrmicinae

Monomorium

sp. 13 (nigrius gp)

Myrmicinae

Monomorium

sp. 14 (nigrius gp)

Myrmicinae

Monomorium

sp. 23 (laeve gp)

Myrmicinae

Monomorium

sp. 24 (laeve gp)

Myrmicinae

Monomorium

sp. 32 (laeve gp)

Myrmicinae

Monomorium

sp. 37 (nigrius gp)

Myrmicinae

Monomorium

sp. 40 (carinatum gp)

Myrmicinae

Monomorium

sp. 50 (nigrius gp)

Myrmicinae

Monomorium

sp. 54 (carinatum gp)

Myrmicinae

Monomorium

sp. 58 (laeve gp)

Myrmicinae

Monomorium

sp. 76 (insolescens gp)

Myrmicinae

Monomorium

sp. 81 (nigrius gp)

Myrmicinae

Monomorium

sp. 82 (nigrius gp)

Myrmicinae

Monomorium

sp. 83 (castaneum gp)

Myrmicinae

Monomorium

sp. 84 (laeve gp)

Myrmicinae

Monomorium

sp. 91 (carinatum gp.)

Myrmicinae

Monomorium

sp. A (nigrius gp)

Myrmicinae

Monomorium

sp. B (nigrius gp)

Myrmicinae

Monomorium

sp. C (nigrius gp)

Myrmicinae

Monomorium

sp. D (nigrius gp)

Myrmicinae

Monomorium

sp. E (laeve gp)

Myrmicinae

Monomorium

sp. G (laeve gp)

Myrmicinae

Monomorium

sp. I (laeve gp)

Myrmicinae

Monomorium

sp. J (laeve gp)

Myrmicinae

Monomorium

sp. K (laeve gp)

Myrmicinae

Monomorium

sp. L (laeve gp)

Myrmicinae

Monomorium

sp. N (nigrius gp)

Myrmicinae

Pheidole

?impressiceps Mayr

Myrmicinae

Pheidole

nr. impressiceps Mayr

Myrmicinae

Pheidole

sp. 1 (mjobergi gp)

Myrmicinae

Pheidole

sp. 2 (onifera gp)

Myrmicinae

Pheidole

sp. 3 (variabilis gp)

Myrmicinae

Pheidole

sp. 5 (Group C)
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Myrmicinae

Pheidole

sp. 10 (Group J)

Myrmicinae

Pheidole

sp. 13 (ampla gp)

Myrmicinae

Pheidole

sp. 14 (ampla gp)

Myrmicinae

Pheidole

sp. 19 (Group B)

Myrmicinae

Pheidole

sp. 26 (Group F)

Myrmicinae

Pheidole

sp. 27 (onifera gp)

Myrmicinae

Pheidole

sp. 29 (Group B)

Myrmicinae

Pheidole

sp. 35 (Group E)

Myrmicinae

Pheidole

sp. 36 (Group E)

Myrmicinae

Pheidole

sp. 48 (variabilis gp)

Myrmicinae

Pheidole

sp. 77 (ampla gp)

Myrmicinae

Pheidole

sp. 90 (Group K)

Myrmicinae

Pheidole

sp. 97 (impressiceps gp)

Myrmicinae

Pheidole

sp. 102 (Group B)

Myrmicinae

Pheidole

sp. 103 (Group B)

Myrmicinae

Pheidole

sp. 104 (Group B)

Myrmicinae

Pheidole

sp. 105 (Group B)

Myrmicinae

Pheidole

sp. 106 (Group B)

Myrmicinae

Pheidole

sp. 107 (Group B)

Myrmicinae

Pheidole

sp. 108 (Group B)

Myrmicinae

Pheidole

sp. 109 (Group B)

Myrmicinae

Pheidole

sp. 110 (Group K)

Myrmicinae

Pheidole

sp. 111 (Group K)

Myrmicinae

Pheidole

sp. 112 (Group B)

Myrmicinae

Pheidole

sp. 114 (Group B)

Myrmicinae

Pheidole

sp. 116 (ampla gp)

Myrmicinae

Pheidole

sp. 117 (variabilis gp)

Myrmicinae

Pheidole

sp. 119 (variabilis gp)

Myrmicinae

Pheidole

sp. 120 (variabilis gp)

Myrmicinae

Pheidole

sp. 121 (Group E)

Myrmicinae

Pheidole

sp. 188 (variabilis gp)

Myrmicinae

Pheidole

sp. D (variabilis gp)

Myrmicinae

Pheidole

sp. F (Group F)

Myrmicinae

Solenopsis

sp. 1

Myrmicinae

Solenopsis

sp. 8

Myrmicinae

Solenopsis

sp. 15

Myrmicinae

Solenopsis

sp. A

Myrmicinae

Solenopsis

sp. B

Myrmicinae

Solenopsis

sp. C

Myrmicinae

Strumigenys

sp. N

Myrmicinae

Tetramorium

lanuginosum Mayr

Myrmicinae

Tetramorium

nr. sjoestedti Forel

Myrmicinae

Tetramorium

sp. 1 (striolatum gp)

Myrmicinae

Tetramorium

sp. 2 (striolatum gp)

Myrmicinae

Tetramorium

sp. 9 (striolatum gp)

Myrmicinae

Tetramorium

sp. 16 (spininode gp)

Myrmicinae

Tetramorium

sp. 26 (striolatum gp)

Myrmicinae

Tetramorium

sp. 43 (striolatum gp)

Myrmicinae

Tetramorium

sp. 45 (spininode gp)
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Myrmicinae

Tetramorium

sp. 47 (spininode gp)

Myrmicinae

Tetramorium

sp. 49 (spininode gp)

Myrmicinae

Tetramorium

sp. 51 (spininode gp)

Myrmicinae

Tetramorium

sp. 52 (striolatum gp)

Myrmicinae

Tetramorium

sp. 53 (striolatum gp)

Myrmicinae

Tetramorium

sp. 54 (striolatum gp)

Myrmicinae

Tetramorium

sp. 55 (striolatum gp)

Myrmicinae

Tetramorium

sp. 56 (striolatum gp)

Myrmicinae

Tetramorium

sp. 57 (striolatum gp)

Myrmicinae

Tetramorium

sp. 58 (striolatum gp)

Myrmicinae

Tetramorium

sp. 60 (striolatum gp)

Myrmicinae

Tetramorium

sp. 61 (striolatum gp)

Myrmicinae

Tetramorium

sp. 63 (striolatum gp)

Myrmicinae

Tetramorium

sp. 64 (striolatum gp)

Myrmicinae

Tetramorium

sp. 66 (striolatum gp)

Myrmicinae

Tetramorium

sp. B (sjostedti gp)

Ponerinae

Anochetus

paripungens Brown

Ponerinae

Anochetus

rectangularis Mayr

Ponerinae

Anochetus

sp. 2 (rectangularis gp)

Ponerinae

Anochetus

sp. 3 (rufostenus gp)

Ponerinae

Anochetus

sp. 11 (rufostenus gp)

Ponerinae

Brachyponera

lutea (Mayr)

Ponerinae

Leptogenys

exigua Crawley

Ponerinae

Leptogenys

sp. 13 (clarki gp)

Ponerinae

Odontomachus

turneri Forel

Ponerinae

Odontomachus

sp. nr. turneri Forel

Ponerinae

Pseudoneoponera

sp. 3 (sublaevis gp)

Ponerinae

Pseudoneoponera

sp. 4 (sublaevis gp)

Ponerinae

Pseudoneoponera

sp. 13 (sublaevis gp)

Ponerinae

Pseudoneoponera

sp. 14 (sublaevis gp)

Ponerinae

Pseudoneoponera

sp. 23 (sublaevis gp)

Ponerinae

Pseudoneoponera

sp. 24 (porcata gp)

Proceratiinae

Probolomyrmex

sp. 1

Pseudomyrmecinae

Tetraponera

punctulata Smith, F.

Pseudomyrmecinae

Tetraponera

sp. nr. punctulata Smith, F.
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Table E2. Coleoptera: Carabidae
Subfamily
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Bembidiinae
Chlaeniinae
Chlaeniinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Harpalinae
Lebiinae
Lebiinae
Lebiinae
Lebiinae
Oodinae
Oodinae
Oodinae
Pentagonicinae
Pterostichinae
Pterostichinae
Pterostichinae
Pterostichinae
Pterostichinae
Pterostichinae
Pterostichinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae

Tribe
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Bembidiini
Chlaeniini
Chlaeniini
Amblystomini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Harpalini
Zuphiini
Lebiini
Lebiini
Lebiini
Lebiini
Oodini
Oodini
Oodini
Pentagonicini
Pterostichini
Pterostichini
Pterostichini
Pterostichini
Pterostichini
Pterostichini
Pterostichini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini

Genus
Elphropus
Lymnastis
Paratachys
Paratachys
Polyderis
Polyderis
Polyderis
Sphaerotachys
Tachyura
Tachyura
Tachyura
Tachyura
Tachyura
Chlaenius
Chlaenius
Amblystomus
Egadroma
Gnathaphanus
Gnathaphanus
Gnathaphanus
Hypharpax
Notiobia
Notiobia
Phorticosomus
Phorticosomus
Phorticosomus
Phorticosomus
Phorticosomus
Acrogenys
Anomotarsus
Anomotarus
Anomotarus (Nototarus)
Habutarus
Coptocarpus
Nanodiodes
Oodes
Scopodes
Cratogaster
Loxandrus
Prosopogmus
Rhytistemus
Sarticus
Sarticus
Sarticus
Carenum
Carenum
Carenum
Carenum
Carenum
Carenum
Carenum
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Species
latissimus (Motschulsky)
sp. cf. pilosus Bates
sp. cf. transversicollis (Macleay)
sp. nr. transversicollis (Macleay)
sp. cf. australicus Sloane
sp. cf. nitmiluki Giachino
sp. n. 6
curticollis (Sloane)
banksi (Sloane)
bipustulata (Macleay)
convexula (Darlington)
didyma Baehr
flavicornis (Sloane)
ophonoides Fairmaire
subcostatusMacleay
sp. n. 4
sp. cf. robustum (Sloane)
licinoides Hope
philippensis Chevrolat
upolensis Csiki
queenslandicus Csiki
sp. 1
sp. 2
crassus Sloane
macleayi Sloane
mudginberri Guthrie
nuytsii Castelnau
sp. n. 1
jabiruensis Baehr
rufescens Baehr
assimilis Baehr
puncticollis (Sloane)
canaliculatus Baehr
oberprielerae Baehr
liliputanus (Macleay)
sp. cf. parviceps Sloane
sexfoveatus Macleay
melas (Castelnau)
sp. n. 5
sp. cf. occidentalis (Macleay)
sp. cf. bovilli Blackburn
sulcatus Macleay
obsolescens substriatus Moore
obsolescens obsolescens Moore
sp. cf. bellum Sloane
sp. 1
sp. 2
sp. 3
sp. 4
sp. 5
sp. 6

Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae
Scaritinae

Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini
Scaritini

Carenum
Clivina
Clivina
Clivina
Clivina
Clivina
Clivina
Clivina
Clivina
Scaraphites
Setodyschirius
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sp. 7
balli Baehr
brevistema Sloane
conicollis Baehr
lobipes Sloane
obscuripes Blackburn
sp. 1
sp. 2
sp. 3
laticollis Macleay
pseudozonatus Bulirsch

Table E3. Coleoptera: Curculionidae
Subfamily

Tribe

Genus

Species

Dryophthorinae

Sphenophorini

Diathetes

signaticollis (Faust)

Entiminae

Cyphicerini

Myllocerus

sp. 1

Entiminae

Cyphicerini

Myllocerus

sp. 2

Entiminae

Cyphicerini

Myllocerus

sp. 3

Entiminae

Cyphicerini

Myllocerus

sp. 4

Entiminae

Cyphicerini

Myllocerus

sp. 5

Entiminae

Leptopiini

"Leptopius"

frontalis (Blackburn)

Entiminae

Leptopiini

Polyphrades

farinosus Lea

Entiminae

Leptopiini

Polyphrades

gibbipennis Lea

Entiminae

Leptopiini

"Polyphrades"

basalis Lea

Entiminae

Leptopiini

"Polyphrades"

sp. n. 1

Entiminae

Leptopiini

"Polyphrades"

sp. n. 2

Entiminae

Leptopiini

gen. n. 1 "Aunus"

sp. n.

Entiminae

Leptopiini

gen. n. 3

sp. n. 1

Entiminae

Leptopiini

gen. n. 3

sp. n. 2

Entiminae

Leptopiini

Onesorus

pullatus Lea

Entiminae

Ottistirini

Ottistirodes

murinus (Lea)

incertae sedis

Ethadomorpha group

gen. n. 4

sp. n.

incertae sedis

Gonipterini

Oxyops

pruinosus Pascoe

incertae sedis

Gonipterini

Oxyops

sp.

Molytinae

Aedemonini

Rhadinomerus

sp.

Molytinae

Cryptorhynchini

gen. indet.

sp.

Molytinae

Cryptorhynchini

Mecryptorhynchus

verus (Lea)

Molytinae

Cryptorhynchini

Tentegia

amplipennis Lea

Molytinae

Cryptorhynchini

Trigonopterus

sp.

Molytinae

Cryptorhynchini

Tyrtaeosus

sp. cf. concretus Pascoe

Molytinae

Cryptorhynchini

Tyrtaeosus

sp.

Scolytinae

Xyleborini

Xyleborus

sp. cf. volvulus (Fabricius)
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Table E4. Coleoptera: Ptinidae
Subfamily

Tribe

Genus

Species

Ptininae

Ectrephini

Diplocotes

sp. n. 1

Ptininae

Ectrephini

Diplocotes

sp. n. 2

Ptininae

Ectrephini

Diplocotes

sp. n. 3

Ptininae

Ectrephini

Diplocotes

sp. n. 4

Ptininae

Ectrephini

Polyplocotes

sp. n. 1 nr. cremastogastri (Lea)

Ptininae

Ectrephini

Polyplocotes

sp. n. 2 nr. cremastogastri (Lea)

Ptininae

Ectrephini

Polyplocotes

sp. n. 3 nr. longicollis Westwood
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Table E5. Coleoptera: Scarabaeidae
Subfamily

Tribe

Genus

Species

Aphodiinae

Aphodiini

Australammoecius

peckorum Stebnicka & Howden

Aphodiinae

Eupariini

Ataenius

sp. 1

Aphodiinae

Eupariini

Ataenius

sp. 2

Aphodiinae

Eupariini

Ataenius

sp. 3

Dynastinae

Dynastini

Haploscapanes

barbarossa (Fabricius)

Dynastinae

Pentodontini

Neonastes

glabricollis (Macleay)

Melolonthinae

Heteronychini

Heteronyx

cantrelli Britton

Melolonthinae

Heteronychini

Heteronyx

irrasusLea

Melolonthinae

Heteronychini

Heteronyx

viduus Blackburn

Melolonthinae

Heteronychini

Heteronyx

sp. 1

Melolonthinae

Heteronychini

Heteronyx

sp. 2

Melolonthinae

Heteronychini

Heteronyx

sp. 3

Melolonthinae

Liparetrini

Colpochila

iota Britton

Melolonthinae

Liparetrini

Liparetus

sp. nr. monticola Blackburn

Melolonthinae

Maechidiini

Maechidius

sp. 1

Scarabaeinae

Coprini

Coptodactyla

lesnei Paulian

Scarabaeinae

Onthophagini

Onthophagus

discolor Hope

Scarabaeinae

Onthophagini

Onthophagus

latro Harold

Scarabaeinae

Onthophagini

Onthophagus

minusculus Macleay

Scarabaeinae

Onthophagini

Onthophagus

parrumbal Matthews

Scarabaeinae

Onthophagini

Onthophagus

sp. n. 1 (rubescens group)

Scarabaeinae

Onthophagini

Onthophagus

sp. 2 (quadripustulatus group)

Scarabaeinae

Scarabaeini

Lepanus

sp. "NT2"

Scarabaeinae

Scarabaeini

Tesserodon

novaehollandiae (Fabricius)

Scarabaeinae

Scarabaeini

Tesserodon

variolosum Macleay

Scarabaeinae

Scarabaeini

Tesserodon

sp. 1 nr. intricatum Lea

Scarabaeinae

Scarabaeini

Tesserodon

sp. 2 nr. intricatum Lea

Scarabaeinae

Scarabaeini

Tesserodon

sp. 3 nr. intricatum Lea

Scarabaeinae

Scarabaeini

Tesserodon

sp. n. 4
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Table E6. Coleoptera: Staphylinidae
Subfamily

Tribe

Genus

Species

Aleocharinae
Aleocharinae
Aleocharinae
Aleocharinae
Aleocharinae
Aleocharinae
Euaesthetinae
Euaesthetinae
Euaesthetinae
Oxytelinae
Oxytelinae
Oxytelinae
Oxytelinae
Oxytelinae
Oxytelinae
Oxytelinae
Oxytelinae
Paederinae
Paederinae
Paederinae
Paederinae
Paederinae
Paederinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Pselaphinae
Scaphidiinae
Scydmaeninae
Scydmaeninae
Scydmaeninae
Scydmaeninae
Scydmaeninae
Scydmaeninae
Scydmaeninae
Staphylininae
Staphylininae

Aleocharini
Aleocharini
Aleocharini
Aleocharini
Aleocharini
Aleocharini
Euaesthetini
Euaesthetini
Euaesthetini
Blediini
Blediini
Blediini
Oxytelini
Oxytelini
Oxytelini
Oxytelini
Oxytelini
Lathrobiini
Lathrobiini
Lathrobiini
Lathrobiini
Lathrobiini
Pinophilini
Brachyglutini
Brachyglutini
Brachyglutini
Clavigerini
Ctenistini
Ctenistini
Euplectini
Euplectini
Pselaphini
Pselaphini
Pselaphini
Pselaphini
Pselaphini
Pselaphini
Pselaphini
Trichonychini?
Scaphisomatini
Glandulariini
Glandulariini
Glandulariini
Glandulariini
Glandulariini
Glandulariini
Scydmaenini
Diochini
Diochini

Aleochara
“Ale1”
“Ale2”
“Ale3”
“Ale6”
“Ale7”
Edaphus
Edaphus
Edaphus
Bledius
Bledius
Bledius
Anotylus
Anotylus
Anotylus
Anotylus
Anotylus
Sunius?
Scopaeus
Scopaeus
Scopaeus
Scopaeus
Pinophilus/Pinophilinus/Araeocerus
Eupines
Eupines
Storeyella?
Mataranka
Ctenicellus
Ctenisophus
gen. indet.
gen. indet.
Curculionellus
Curculionellus
Pselaphaulax
Pselaphaulax
Pselaphaulax?
Tyraphus
Tyraphus
gen. indet.
Scaphisoma
Euconnus
Euconnus
Euconnus
Euconnus
Euconnus
Horaeomorphus
Scydmaenus
Diochus
Diochus

sp. 1
sp. 1
sp. 2
sp. 3
sp. 6
sp. 7
sp. 1
sp. 2
sp. 4
sp. 1
sp. 2
sp. 3
sp. 1
sp. 2
sp. 4
sp. 5
sp. 6
sp. 2
sp. 1
sp. 2
sp. 3
sp. 6
sp. 1
sp. 3
sp. 4
sp. 1
sp. 1
sp. 1
sp. 1
sp. 1
sp. 2
sp. 1
sp. 2
sp. 1
sp. 2
sp. 3
sp. 1
sp. 2
sp. 1
sp. 1
sp. 1
sp. 5
sp. 6
sp. 7
sp. 12
sp. 1
sp. 1
sp. 2
sp. 3
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Staphylininae
Staphylininae
Staphylininae
Steninae
Tachyporinae

Staphylinini
Xantholinini
Xantholinini
Tachyporini?

Philonthus
Thyreocephalus
Thyreocephalus
Stenus
gen. indet.
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sp. 1
hummleri (Bernhauer)
rufitarsis (Fauvel)
caviceps Fauvel
sp. 1

Table E7. Coleoptera: Tenebrionidae
Subfamily

Tribe

Genus

Species

Alleculinae

Alleculini

Homotrysis

sp. 6

Alleculinae

Alleculini

Taxes

alphitobioides (Champion)

Diaperinae

Ectychini

Ectyche

bicolor (Carter)

Pimeliinae

Cnemeplatiini

Thorictosoma

sp. 9

Stenochiinae

Cnodalonini

Hypaulax

sp. nr. nana (Carter)

Stenochiinae

Cnodalonini

Omolipus

sp. nr. bimetallicus (Carter)

Stenochiinae

Cnodalonini

Omolipus

sp. 17

Tenebrioninae

Amarygmini

Amarygmus

sp. cf. perplexus (Blackburn)

Tenebrioninae

Heleini-Heleina

Boreosaragus

sp. 1

Tenebrioninae

Heleini-Heleina

Boreosaragus

sp. 2

Tenebrioninae

Heleini-Heleina

Pterohelaeus

walkeri (Breme)

Tenebrioninae

Heleini-Heleina

Pterohelaeus

sp. 12

Tenebrioninae

Opatrini-Opatrina

Caedus

sp. 20

Tenebrioninae

Opatrini-Opatrina

Gonocephalum

walkeri? (Champion)

Tenebrioninae

Opatrini-Opatrina

Mesomorphus

leai (Carter)

Tenebrioninae

Opatrini-Opatrina

Sobas

sp. 4

Tenebrioninae

Opatrini-Opatrina

Sobas?

sp. 8

Tenebrioninae

Palorini

Palorus

sp. 19
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Table E8. Araneae: Lycosidae
Subfamily

Genus

Species

Artoriinae

Artoria

sp. 20

Lycosinae

gen. indet.

sp. 1

Lycosinae

gen. indet.

sp. 7

Lycosinae

gen. indet.

sp. 10

Lycosinae

gen. indet.

sp. 14

Lycosinae

gen. indet.

sp. 15

Lycosinae

gen. indet.

sp. 47

Lycosinae

Hogna

crispipes (L. Koch)

Lycosinae

Hogna/Venatrix

sp.

Lycosinae

Knoelle

clara (L. Koch)

Lycosinae

"Lycosa"

laeta (L. Koch)

Lycosinae

Tuberculosa

hoggi (Framenau & Vink)

Lycosinae

Tuberculosa

harveyi Yoo & Framenau

Venoniinae

gen. indet.

sp. 16

Venoniinae

gen. indet.

sp. 26

Venoniinae

gen. indet.

sp. 39

Venoniinae

gen. indet.

sp. 49

Venoniinae

Venonia

sungahae Yoo & Framenau

Venoniinae

Venonia

sp. 30

Zoicinae

Zoica

sp.
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Table E9. Araneae: Salticidae
Group

Genus

Species

Fissidentati

Grayenulla

dejongi Zabka

Fissidentati

Grayenulla

sp. 2

Fissidentati

Grayenulla

sp. 5

Fissidentati

Grayenulla

sp. 8

Fissidentati

Grayenulla

sp. 9

Fissidentati

Grayenulla

sp. 10

Fissidentati

Grayenulla

sp. 12

Fissidentati

Grayenulla

sp. 28

Fissidentati

Grayenulla

sp. 31

Fissidentati

Grayenulla

sp. 36

Fissidentati

Grayenulla

sp. 37

Fissidentati

Grayenulla

sp. 38

Fissidentati

Grayenulla

sp. 40

Fissidentati

Grayenulla

sp. 43

Fissidentati

Grayenulla

sp. 51

Fissidentati

Grayenulla

sp. 54

Fissidentati

Grayenulla

sp. 64

Fissidentati

Omoedus

sp. 23

Fissidentati

Simaetha

sp. 18

Pluridentati

Myrmarachne

sp. 45

Unidentati

Bianor

sp. 75

Unidentati

Cytaea

sp. 3

Unidentati

Cytaea

sp. 30

Unidentati

Cytaea

sp. 50

Unidentati

Cytaea

sp. 62

Unidentati

Cytaea

sp. 49

Unidentati

gen. indet.

sp. 53

Unidentati

gen. indet.

sp. 56

Unidentati

Holoplatys

sp. 41

Unidentati

Holoplatys

sp. 44

Unidentati

Holoplatys

sp. 47

Unidentati

Maratus

sp. 59

Unidentati

Maratus

sp. 61

Unidentati

Maratus

sp. 74

Unidentati

Omoedus

durvillei (Walckenaer)

Unidentati

Omoedus

orbiculatus (Keyserling)

Unidentati

Omoedus

sp. 46

Unidentati

Omoedus

sp. 72

Unidentati

Pungalina

sp. nr. weiri Richardson
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Table E10. Araneae: Zodariidae
Subfamily

Genus

Species

Lachesaninae

Australutica

sp. 7

Lachesaninae

Australutica

sp. 8

Lachesaninae

Australutica

sp. 25

Zodariinae

Euasteron

sp. nr. raveni Baehr

Zodariinae

Euasteron

sp. 4

Zodariinae

Euasteron

sp. 17

Zodariinae

Euasteron

sp. 28

Zodariinae

Euasteron

sp. 30

Zodariinae

Chilumena?

sp. 3

Zodariinae

gen. indet.

sp. 9

Zodariinae

gen. indet.

sp. 52

Zodariinae

Habronestes

sp. nr. Bradleyi1 (O. Pickard-Cambridge)

Zodariinae

Habronestes

sp. nr. bradleyi2 (O. Pickard-Cambridge)

Zodariinae

Habronestes

sp. 1

Zodariinae

Habronestes

sp. 2

Zodariinae

Habronestes

sp. 6

Zodariinae

Habronestes

sp. 10

Zodariinae

Habronestes

sp. 11

Zodariinae

Habronestes

sp. 16

Zodariinae

Habronestes

sp. 20

Zodariinae

Habronestes

sp. 24

Zodariinae

Habronestes

sp. 53

Zodariinae

Masasteron

mas (Jocqué)

Zodariinae

Neostorena

sp. 5

Zodariinae

Neostorena

sp. 42

Zodariinae

Neostorena?

sp. 51

Zodariinae

Neostorena?

sp. 54

Zodariinae

Spinasteron

sp. nr. nigriceps1 Baehr

Zodariinae

Spinasteron

sp. nr. nigriceps2 Baehr

Zodariinae

Spinasteron

sp. nr. ramboldi Baehr & Churchill
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Table E11. Diptera: Chloropidae
Subfamily

Genus

Species

Oscinellinae

Caviceps

sp.1

Oscinellinae

Gaurax

sp. 1

Oscinellinae

Gaurax

sp. 2

Oscinellinae

Gaurax

sp. 3

Oscinellinae

Gaurax

sp. 4

Oscinellinae

Gaurax

sp. 5

Oscinellinae

Gaurax

sp. 6

Oscinellinae

Gaurax

sp. 7

Oscinellinae

Gaurax

sp. 8

Oscinellinae

Gaurax

sp. 9

Oscinellinae

Gaurax

sp. 10

Oscinellinae

Gaurax

sp. 11

Oscinellinae

Gaurax

sp. 12

Oscinellinae

gen. indet. “A”

sp. 1

Oscinellinae

gen. indet. “B”

sp. 1

Siphonellopsinae

Apotropina

sp. 1

Siphonellopsinae

Apotropina

sp. 2

Siphonellopsinae

Apotropina

sp. 3

Siphonellopsinae

Apotropina

sp. 4

Siphonellopsinae

Apotropina

sp. 5

Siphonellopsinae

Apotropina

sp. 6

Siphonellopsinae

Apotropina

sp. 7

Siphonellopsinae

Apotropina

sp. 8

Siphonellopsinae

Apotropina

sp. 9

Siphonellopsinae

gen. indet. “B”

sp. 1

Siphonellopsinae

gen. indet. “C”

sp. 1
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Table E12. Diptera: Phoridae
Subfamily

Genus

Species

Metopininae

gen. indet. “D”

sp. 1

Metopininae

gen. indet. “F”

sp. 1

Metopininae

Megaselia

sp. 1

Metopininae

Megaselia

sp. 2

Metopininae

Megaselia

sp. 3

Metopininae

Megaselia

sp. 4

Metopininae

Megaselia

sp. 5

Metopininae

Megaselia

sp. 6

Metopininae

Megaselia

sp. 7

Metopininae

Megaselia

sp. 8

Metopininae

Megaselia

sp. 9

Metopininae

Megaselia

sp. 10

Metopininae

Megaselia

sp. 11

Metopininae

Megaselia

sp. 12

Metopininae

Megaselia

sp. 13

Metopininae

Megaselia

sp. 14

Metopininae

Megaselia

sp. 15

Metopininae

Megaselia

sp. 16

Metopininae

Megaselia

sp. 17

Metopininae

Megaselia

sp. 18

Metopininae

Megaselia

sp. 19

Metopininae

Megaselia

sp. 20

Metopininae

Megaselia

sp. 21

Metopininae

Megaselia

sp. 22

Metopininae

Megaselia

sp. 23

Metopininae

Megaselia

sp. 24

Metopininae

Megaselia

sp. 25

Metopininae

Puliciphora

sp. 1

Phorinae

gen. indet. “A”

sp. 1

Phorinae

gen. indet. “E”

sp. 1

Phorinae

gen. indet. “G”

sp. 1

Phorinae

gen. indet. “H”

sp. 1

Phorinae

gen. indet. “I”

sp. 1

Phorinae

gen. indet. “J”

sp. 1

Phorinae

gen. indet. “K”

sp. 1
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