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Thesis summary

Bees are a diverse group of insects that are ecologically and agriculturally crucial. Despite this, the
taxonomy and biology of most bee species are poorly understood. Such knowledge is foundational
for higher level questions and its paucity limits research and conservation of bee species. In this
thesis, my first three chapters focus on a relatively simple ecological system — the endemic Fijian
bee species in the genus Homalictus (Hymenoptera: Halictidae). My fourth chapter examines

another tropical bee species, Pharohylaeus lactiferus (Cockerell, 1910) (Hymenoptera: Colletidae).

The endemic Fijian bee fauna was previously considered to be depauperate, with only four
described species of Homalictus. However, recent sampling has uncovered surprising cryptic
species diversity. In my first chapter, | used mitochondrial DNA (mtDNA) gene sequences and
morphology to described nine new species. This chapter also highlights that the majority of the
Fijian Homalictus diversity is found in highland regions (>800 m above sea level) and that there are
more species requiring description. The total diversity is at least 22 species, all of which have
arisen relatively recently from a single Fijian colonisation event. How this diversity has arisen in
Fiji so quickly and predominantly in the highlands is of great interest. In my second chapter, | used
phylogenetic analyses of mtDNA and single nucleotide polymorphism (SNP) data to contrast two
ecological models of speciation: (i) the taxon cycle model and (ii) phylogenetic niche conservatism.
Across most speciation events elevational state was conserved, providing support for phylogenetic
niche conservatism over the taxon cycle model. This diversity likely arose through repeated
contractions to, and expansions from, the highlands over past climate cycles, encouraging repeated
isolation (vicariance) and admixture. With a strong phylogenetic signal across the phylogeny, it is
likely that past climate cycles impacted the demography of even lowland Fijian Homalictus species.
In my third chapter, I use COI, SNPs, and improved analytical methods to examine the past
demography of H. fijiensis on two Fijian islands, Viti Levu and Kadavu. | found that the H. fijiensis
population on Viti Levu has undergone a recent population increase that broadly coincided with the
arrival and modification of the environment by humans (~3,000 years ago), but not with changing
climates. In contrast to this, the Kadavu population has remained stable for the past 11,500 years
and acts as a control for human impacts due to its limited history of anthropogenic disturbance. |
show that the Fijian Homalictus are (i) species rich, (ii) most diversity in the highlands, (iii) have
been impacted by past climate cycles, (iv) likely vulnerable to future climate change, and (v) have

been impacted by human modification of the environment.
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My final chapter describes the rediscovery, after 100 years, of the Australian tropical bee,
Pharohylaeus lactiferus. It reviews the current knowledge of the genus. Then provides novel
information about potential host and habitat specialisation and associated anthropogenic threats to

P. lactiferus.

This thesis highlights the importance of taxonomy and the utility of tropical bees in studying the

impacts of climate and humans on insect evolution, ecology, and conservation.
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General introduction

Pollination is a vital ecosystem service that is provided by many animals; bees, however, are
considered to be the single most-important contributors [1-6]. Much pollination research has
focussed on pollination by the European honeybee (Apis mellifera; Hymenoptera: Apidae). But this
research often ignores the estimated 25,000 other bee species that are found worldwide [7-9].
Despite their importance, the taxonomy of many bee groups remains poorly-resolved [8,10,11]. For
example, prior to my research, only four of the 22 currently known Fijian Homalictus
(Hymenoptera: Halictidae) species were recognized and covered by taxonomic keys [12,13].
Taxonomic knowledge is foundational to most biological research and conservation. Hence,
taxonomic gaps must be addressed before complex and novel evolutionary and ecological questions

can be reliably addressed.

The framework of island biogeography theory has often been used to explore evolutionary and
ecological hypotheses. At its core, island biogeography theory aims to explain the development and
maintenance of species richness on islands, with implications for continental taxa [14-16].
Considering past climate cycles in island biogeography theory is an important addition to the theory
[17,18], yet it has received relatively little empirical attention [50]. Shifts in climate, sea level, wind
regimes, and ocean currents will all have impacted island biogeography [19]. The scale of climatic
changes is predicted to be less in the tropics than at higher latitudes [51]. However, because tropical
ectotherms have evolved as thermal specialists, they are generally more sensitive to climatic
variations than their temperate or boreal counterparts [52,53]. This suggests that the impacts of (i)
past climate cycles on species richness, and (ii) future climate change on extinction risks, might be

greater at lower latitudes.

In addition to species richness, past climate cycles have also been hypothesised to have impacted
past population sizes. However, studies that attempt to address such demographic questions are
often confounded by the potential impacts of human alteration of the environment [20-24]. Pacific
archipelagos are likely ideal systems to answer these hypotheses because many have relatively
recent, varied, and tractable histories of human activity; Fiji is one such archipelago [25-27].
Answering these questions could also indicate the degree to which human modification of the
environment can impact insect populations — currently a hotly-debated topic [28-31]. Parallels can

then be drawn between Fiji and continental regions such as Australia.

In this thesis | aim to address several knowledge gaps about tropical bee systematics, evolution, and

extinction risks. Primarily, | have collected and analysed molecular and distributional data from the
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only known endemic bee species in Fiji, Homalictus. The relative simplicity of the Fijian
archipelago means that my aims can be addressed in the absence of many potential confounding
factors present on continents. Firstly, I aimed to describe several of the Fijian Homalictus species
— those where we had both male and female specimens. Secondly, | aimed to empirically compare
and contrast the relative importance of the taxon cycle and phylogenetic niche conservatism models
of speciation in generating Fiji’s Homalictus diversity. Thirdly, | aimed to examine if past climate
or human modification of the environment was associated with a sudden population increase in the
predominant lowland Fijian bee species, H. fijiensis (Perkins & Cheesman, 1928). And finally, I
aimed to locate the tropical bee species, Pharohylaeus lactiferus (Cockerell, 1910) (Hymenoptera:
Colletidae) and explore if human modification of the environment might have influenced its

extreme rarity.

My thesis is comprised of four data chapters. Chapter one was published in the journal Zootaxa
(doi: https://doi.org/10.11646/zootaxa.4674.1.1); chapter two was published in the journal

Proceedings of the Royal Society B: Biological Sciences (doi:
https://doi.org/10.1098/rspb.2020.0045), chapter three was published in Molecular Ecology (doi:
https://doi.org/10.1111/mec.16034), and chapter four was published in the Journal of Hymenoptera
Research (doi: https://doi.org/10.3897/jhr.81.59365). While all four chapters have been published
in separate journals, they all share a common reference format and list in this thesis.

A chapter-by-chapter break-down of author contributions can be found in the division of labor table
(above). For all chapters, | was the first author and responsible for the majority of all work
undertaken. Notable exceptions to this are: (i) most Fijian specimen collection was shared with
other authors (SVCG, MIS, MPS, EJD, and CR) prior to and during my field work, which began in
2017; (i) most molecular laboratory work was undertaken by other authors (SVCG, EJD, CR, and
AVC); (iii) the concept, design, planning and implementation of chapter two was carried out by
myself with advice from MPS and MIS; and (iv) the initial SNP filtering and analysis for chapter
two was aided by EHF, with inputs from CSM. All authors made inputs into the chapters that they
co-authored, but MPS and MSYL were particularly instrumental in the analysis and interpretation

of chapters two and three. With this in mind, each chapter is briefly outlined below.

Chapter 1: Review of the bee genus Homalictus Cockerell (Hymenoptera: Halictidae) from

Fiji with description of nine new species
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In this chapter, | redescribe the four named Fijian Homalictus species and describe an additional
nine species — those for which we have specimens of both sexes. | used both morphology and
phylogenetics to delimit species. The new species described here are H. atritergus sp. nov., H.
concavus sp. nov., H. groomi sp. nov., H. kaicolo sp. nov., H. nadarivatu sp. nov., H. ostridorsum
sp. nov., H. taveuni sp. nov. H. terminalis sp. nov., and H. tuiwawae sp. nov.. | provide an
identification key for all species examined. Species descriptions include the (i) material examined,
(ii) a species diagnosis for both sexes, (iii) a species description for both sexes (including an image
plate), (iv) comments (if applicable), (v) distribution (including a map), and (vi) the etymology of
new species names. | also discuss the distributional patterns of Homalictus diversity in Fiji, as well

as potential risks associated with climate change.

Chapter 2: Radiation of tropical island bees and the role of phylogenetic niche conservatism
as an important driver of biodiversity

My second chapter aimed to address why the newly recognized (Chapter 1) Homalictus species
richness in Fiji is so high compared to studies prior to my PhD. From a single colonization event,
Fiji now has at least 22 species of Homalictus, most of which are restricted to only a few
topographically-complex islands. In this chapter, | use extensive phylogenetic analyses to compare
the contributions of the taxon cycle (adaptive radiation in insular regions) and phylogenetic niche
conservatism models of speciation to Homalictus species richness in Fiji. | argue that poor adaptive
capacities of many Fijian Homalictus species have combined with past climate cycles and Fiji’s
topographic complexity to encourage climate-driven cycles of speciation. I suggest that
phylogenetic niche conservatism is likely an important driver of diversity in tropical ectotherms and

that it also might lead to major extinction risks under future climate change scenarios.

Chapter 3: Holocene population expansion of a tropical bee coincides with early human
colonisation of Fiji rather than climate change

In chapter two | inferred that the Fijian Homalictus fauna has been strongly impacted by past
climate cycles; particularly the numerous highland species. Hence, it seems likely that the most-
common lowland bee species, H. fijiensis, might also have been impacted in the past by changing
climates as suggested by Groom, et al. [32]. However, the methods used in that study were flawed.
In this chapter | use an expanded mitochondrial DNA (mtDNA) dataset, as well as a large single
nucleotide polymorphism (SNP) dataset, more advanced analyses, and carefully filtered data, to
examine the past demography of H. fijiensis. In contrast to Groom, et al. [32], | found that the
timing of population increase on the largest island of Viti Levu broadly coincided with the arrival

of humans in the archipelago (~3,000 years ago) and not climatic changes. Unlike Viti Levu, the
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nearby island of Kadavu — which has a limited history of human clearing — shows no change in
past demography in the past 11,500 years. Over this same time period there has been very little
change in sea surface temperatures, but | estimated an approximate halving of available land area.
Together, these results indicate that (i) human modification of the environment had a large, and
positive, impact on H. fijiensis population size on Viti Levu and (ii) climatic changes in the last
11,500 years have not had a major impact of H. fijiensis demography. Importantly, these results
indicate that tropical ectotherms can be used to uncover very recent demographic patterns and
compare the relative impacts of climate change and human dispersals. Additionally, it provides
empirical evidence that human modification of the environment, through habitat alteration, can

have a large impact on bee populations in pre-modern times.

Chapter 4: Missing for almost 100 years: the rare and potentially threatened bee,
Pharohylaeus lactiferus (Hymenoptera, Colletidae)

Reliable empirical evidence of anthropogenically-induced insect declines is important, but difficult
to provide [33]. Like the Fijian bees, the foundational research for many Australian bee groups is
absent [10]. In my final chapter, I report on the rediscovery, after almost 100 years, of the colletid
bee species, P. lactiferus. This tropical species is particularly important as it is the only Australian
species in the genus and has only one close relative — P. papuaensis, in Papua New Guinea. |
provide the first biological information about the species, including: associated plant species,
known distribution, potential habitat specialization, and behaviour. | also undertake exploratory
GIS analyses to identify possible reasons for the rarity of P. lactiferus and its potential threats. So
far, P. lactiferus has been found on only two plant species — Stenocarpus sinuatus (Proteaceae)
and Brachychiton acerifolius (Malvaceae) — and near a single habitat type (tropical or subtropical
rainforest). Despite extensive sampling, a lack of data makes drawing conclusions difficult. To this
end, | highlight avenues of future research that could provide a stronger understanding of the
species and its threats, particularly: the (i) use of trap nests, (ii) targeted sampling with an a priori
sampling regime, (iii) species distribution modelling, and importantly (iv) genetic sampling for

demographic reconstruction.

| conclude my thesis with a general discussion of my key research results and their broader

implications.
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Thesis structure

The thesis is broken into four chapters. These chapters are, most-importantly, preceded by a thesis
summary and general introduction and succeeded by the general discussion. These sections are kept

brief as important introduction and discussion materials are included within each chapter.

Each of these four chapters have been published in separate journals and are reproduced here with
slight variations and permission from the publishers, where permission was required. While all of
these journals have their own referencing style, this thesis shares one reference style and the single
reference list is placed near the end of this thesis. Each of these journals also has their own
formatting requirements. While I have made much of the formatting consistent across the thesis, |
have intentionally maintained some journal formatting where | thought appropriate. For example,
my thesis chapter names remain the same as the journal publications, | have kept figures embedded
in chapter one for ease of reading, and other nuances might remain the same. Hence, the style of

published chapters may vary from other thesis sections.

This thesis can easily be navigated by finding the page number of relevant sections and their

headings in the table of contents.
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Abstract

The genus Homalictus Cockerell has not been taxonomically reviewed in the Fijian archipelago for 40 years. Here we
redescribe the four known species and describe nine new ones, bringing the number of endemic Homalictus in Fiji to 13
species. We provide identifications keys to all species. Most of the species diversity (11 species) have their distributions
over 800 m asl (meters above sea level; highlands), and with only two species under 800 m asl (lowlands). We highlight
the vulnerability of the highland-restricted species to a warming climate, and document the potential extinction of one
highland species. The new species described here are H. atritergus sp. nov., H. concavus sp. nov., H. groomi sp. nov.,
H. kaicolo sp. nov., H. nadarivatu sp. nov., H. ostridorsum sp. nov., H. taveuni sp. nov. H. terminalis sp. nov. and H.
tuiwawae sp. nov.. [Zoobank URL: urn:Isid:zoobank.org:act:71318BEC-40CD-470F-A1E7-0E1FD18A6459]
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Abstract

The genus Homalictus Cockerell has not been taxonomically reviewed in the Fijian archipelago for
40 years. Here we redescribe the four known species and describe nine new ones, bringing the
number of endemic Homalictus in Fiji to 13 species. We provide identifications keys to all species.
Most of the species diversity (11 species) have their distributions over 800 m asl (meters above sea
level; highlands), and with only two species under 800 m asl (lowlands). We highlight the
vulnerability of the highland-restricted species to a warming climate and document the potential
extinction of one highland species. The new species described here are H. atritergus sp. nov., H.
concavus sp. nov., H. groomi sp. nov., H. kaicolo sp. nov., H. nadarivatu sp. nov., H. ostridorsum
sp. nov., H. taveuni sp. nov., H. terminalis sp. nov., and H. tuiwawae sp. nov.. [Zoobank URL.:
urn:lsid:zoobank.org:act:71318BEC-40CD-470F-A1E7-0E1FD18A6459]
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Introduction

The genus Homalictus Cockerell (Hymenoptera: Halictidae) was established by Cockerell [34]
almost a century ago. More recently Homalictus has been suggested to be a subgenus of
Lasioglossum Curtis based on phylogenetic analysis that renders Lasioglossum sensu lato
paraphyletic [35,36]. However, Homalictus was not formally revised and placed as a subgenus of
Lasioglossum. Most authors have retained the generic status Homalictus [8,37-44], while others
place it within Lasioglossum [35,36,45,46]. Without a formal revision of the tribe Halictini, we are
uncertain if Homalictus is indeed a subgenus of Lasioglossum or if Lasioglossum, as currently
recognized, comprises multiple clades that may warrant generic status. While we treat Homalictus
as a distinct genus, we recognise and highlight the need for comprehensive formal revision of the
group and the new species names proposed here would survive relegation of Homalictus to

subgeneric status.

The Fijian Homalictus form a monophyletic group resulting from a single colonisation event, with
an estimated crown age of ~400 ka [47]. Only four endemic Fijian species of Homalictus have been
described: H. fijiensis (Perkins & Cheesman 1928), H. versifrons (Perkins & Cheesman 1928), H.
hadrander Michener, 1979 and H. achrostus Michener, 1979. Based on recent molecular analysis
(using a fragment of the mitochondrial (MtDNA) cytochrome oxidase ¢ subunit I (COI) gene) and
morphological (male genitalia) characters many more species of Homalictus are present in Fiji,

with most of these still undescribed [49].

Here we describe nine new Homalictus species for which both male and female specimens are

currently available.

Materials and methods

DNA extraction and sequencing. Tissue samples for DNA extraction were obtained by removing
a single hind leg from a specimen of each species (n = 764) except for H. versifrons as material
could not be acquired. DNA extraction and PCR amplification prior to the 2014 samples was
completed at the Canadian Centre for DNA Barcoding (CCDB) at the Biodiversity Institute of
Ontario [32] and amplification used the universal COI barcoding primers (LepF1 and LepR2
[32,50]). For all samples obtained after 2014, DNA extraction and PCR amplification was
completed at the South Australian Regional Facility for Molecular Ecology and Evolution
(SARFMEE); PCR amplification of the 710 bp fragment of the DNA (COI) was completed using
the primers LCO1490 (forward) and HCO2198 (reverse) [51]. DNA extractions for post 2014
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samples followed protocols described by Ivanova, et al. [52] with the subsequent DNA eluted into
75 uL of TLE buffer. The 25 pL PCR reactions comprised the following reagents: sterile H20
(15.9 pL), MRT buffer (5 pL), 1 uL (5 uM) of LCO1490, 1 uL (5 pM) of HCO2198, Immolase Taq
(0.1 puL), and DNA from specimen (2 pL). The thermocycling regime comprised of one cycle at
94 C for 10 min for initial denaturation, followed by five cycles at 94 C for 1 min, annealing at
46 C for 90 sec, and extension at 72 T for 75 sec, followed by 35 cycles at 94 C for 60 sec, 51 C for
90 sec, 72 C for 75 sec. Finalising with one cycle at 72 C for 10 min, and 25 for 2 min.

Sequences were checked against the NCBI BLAST database to screen for non-Homalictus mtDNA.
Forward and reverse sequences of Homalictus specimens were aligned and checked using
chromatograms for nucleotide assignment errors before creating final consensus sequences in
Geneious version 10.2.2 [53]. All chromatograms sequence files were manually checked and all
base calls were unambiguous. The Homalictus alignment was trimmed to 630 bp to avoid spurious

results that could arise from missing data [54,55].

Phylogenetic analyses. Parameters for phylogenetic analyses were set using BEAULti version 1.8.4
[56]. Sequences were divided into three partitions based on codon position with substitution models
unlinked, but tree and uncorrelated relaxed clock [57] models were linked for all partitions. The
first and second codon positions were assigned an HKY+I+I" substitution model, while the third
codon position was given an HKY+T substitution model because those non-coding positions are
not subject to selection. A Yule Process [58,59] speciation tree model was applied for the single
specimen phylogeny while Bayesian skyline [60] was implemented for the multiple specimen
phylogeny. Phylogenetic analyses were implemented in BEAST version 1.10.0 [60] with 500
million iterations, sampled every 50,000th iteration. Resulting log files were analysed in Tracer
version 1.6 [61] and a burnin of 5x107 iterations was employed, which was always after stationarity
had been achieved. Maximum credibility trees and posterior probability (PP) support values were

obtained using TreeAnnotator Version 1.8.4 [56].

Morphological analyses. Morphological characters were visualised using a Nikon SMZ1000
microscope and an LED ring light scored digitally and checked for their reliability and relevance
before inclusion in descriptions or dichotomous keys. Surface puncture terminology was scored
following Leijs, et al. [62] and Houston [63] and surface sculpture terminology follows Harris [64].
The ventral surfaces of male genitalia were imaged and examined, with a focus on the gonostylus

and dorsoapical crest of the gonocoxite. Where some specimens were missing part of their
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metasoma, body length measurements have been omitted. Existing Homalictus species were
identified using the key from Michener [65]. We were unable to identify any specimens of H.
versifrons from the key or from the descriptions, so only the type specimen was examined. The
type specimens of H. achrostus, H. fijiensis, and H. hadrander were each examined using a series

of focus-stacked images provided by curators in CNC, NHMUK and SEMC, respectively.

Images were taken with a Canon EOS 5D MK iv or Canon EOS 5DSR using macro (dorsal, lateral,
and rear; Canon MP-E 65 mm f 2.8 1-5x macro) and microscopic (head; Nikon 4x plan achromat,
pygidial plate, propodeum, vertex, and supraclypeal area; Nikon 10x plan achromat) lenses, while
male genitalia were imaged using a Nikon Eclipse 50i with the same camera attached.

Measurements were taken using a dissecting microscope or using size-calibrated images.

Maps of Fiji were produced in ArcMap [66] and a Fiji digital elevation model (DEM) was provided
by Fiji Lands Information System [67].

Terminology
The terminology used broadly follows Michener [68]:

UID: upper interorbital distance: shortest distance between upper inner margins of eyes.

LID: lower interorbital distance: shortest distance between lower inner margins of eyes.

AOD: antennocular distance: shortest distance from inner eye margin to rim of antennal socket.
IAD: interantennal distance: shortest distance between inner margins of antennal sockets.

OAD: ocellantennal distance: shortest distance between posterior margin of antennal socket and
anterior margin of median ocellus.

IOD: interocellar distance: shortest distance between inner margins of rear ocelli.

OOD: ocellocular distance: shortest distance between upper inner margin of eye and ipsilateral rear
ocellus.

EW: eye width: greatest width of eye in side view.

GW: genal width: greatest width of gena in side view.

ML.: metanotum length: greatest width of metanotum measured anterioposteriorly.

SL: scutellum length: greatest width of scutellum measured anterioposteriorly.

BL: body length: distance from antennal sockets to posterior end of metasoma.

FL: forewing length: proximal end of costal vein to distal tip of wing.

m asl: metres above sea level

T1: first metasomal tergite
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NHMUK — Natural History Museum UK
CNC - Canadian National Collection of Insects, Arachnids, and Nematodes, Ottawa.
SEMC - Snow Entomological Museum Collection, University of Kansas.

BPBM - Bernice Pauahi Bishop Museum, Honolulu.

The holotype and allotype specimens are deposited in the South Australian Museum, Adelaide

(SAMA), while paratypes are on loan to Museums Victoria.
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Key to Fijian Homalictus males
1. Fovea along anterior inner margin of eye present (Fig. 1d) 2
- Fovea along anterior inner margin of eye absent (Fig. 1h) 3

2. Habitus mostly blue and propodeum moderately strigate-rugose (Fig. 8)  H. hadrander

- Habitus mostly black and propodeum has strong striae dorsally (Fig. 4) H. achrostus

3. Supraclypeal area mostly finely colliculate (Fig. 1f—g) 4

- Supraclypeal area mostly moderately colliculate (Fig. 1e) 8

4. Posterior or margin of scutum about straight (Fig. 11a) 5

- Posterior margin of scutum concave (Fig. 13a) H. concavus sp. nov.

5. Transverse striae along proximal margin of compound eyes, scutum and scutellum mostly
golden, purple, blue and/or

Pink H. ostridorsum sp.
nov.

- Mostly colliculate along proximal margin of compound eyes, scutum and scutellum mostly golden

green and metallic 6
6. T1 black or nearly so (Fig. 11a—) H. atritergus sp. nov.
- T1 green (Figs 17 & 23a-c) 7.

7. Scutellum to forewing length ratio 1:14, supraclypeal area and scutum completely golden green
and metallic H. taveuni sp. nov.
- Scutellum to forewing length ratio 1:16.5, supraclypeal area and scutum with golden and orange
colouration H. kaicolo sp. nov.
8. Antennal sockets and paraocular area not strongly depressed, clypeus mostly finely colliculate 9

- Antennal sockets and paraocular area strongly depressed, clypeus finely and moderately

colliculate 12
9. Frons with vertical striae 10
- Frons with many diagonal striae 11

10. Scape extends to or below anterior margin of medial ocellus and T1 green

H. fijiensis
- Scape extends above head and T1 black or nearly so H. terminalis sp.
nov.
11. Labrum with two medial projections, clypeus shiny and almost smooth ~ H. nadarivatu sp.
nov.
- Labrum simple, clypeus finely colliculate H. tuiwawae sp. nov.
12. Scutum mostly purple, striae on frons mostly transverse, posterior surface of the propodeum

does not have transverse striae and metasoma “shining blackish brown and metallic” [48]
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H. versifrons

- Scutum mostly green, striae on frons mostly longitudinal, posterior surface of the propodeum

with diagonal striae ventrally and proximally and joins dorsal striae and metasoma dark green or

green, dark along posterior edges

H. groomi sp. nov.
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Key to Fijian Homalictus females
1. Habitus mostly blue or black (Fig. 4, 8) 2
- Habitus mostly green (Fig. 11) 3
2. Habitus mostly blue and propodeum moderately strigate-rugose (Fig. 8g)  H. hadrander
- Habitus mostly black and propodeum with strong striae dorsally (Fig. 4)  H. achrostus
3. Supraclypeal area mostly finely colliculate (Fig. 1f—g) 4
- Supraclypeal area mostly moderately colliculate (Fig 1e) 8
4. Pygidial plate with few minute sparse punctures or open to dense fine punctures medially (Fig.
2), Scutum and scutellum golden, green or reddish 5
- Pygidial plate with close fine punctures (Figs 2, 21i), Scutum and scutellum mostly purple, with
some orange and green (Fig. 21f) H. ostridorsum sp.
nov.
5. Posterior margin of scutum about straight, propodeum coarsely strigate-rugose dorsally (Fig. 1a)
6
- Posterior margin of scutum concave, propodeum moderately strigate-rugose dorsally (Fig. 1b) H.
concavus sp. nov.
6. Pygidial plate smooth (Fig. 11j), frons striate immediately above antennal sockets
7
- Dense line of medial hairs on pygidial plate (Figs 2, 27j), frons colliculate immediately above
antennal sockets H. tuiwawae sp. nov.
7. Striae on dorsal, posterior margin of propodeum not forming a triangular pattern (Fig. 11f)
H. atritergus sp. nov.
- Striae on dorsal, posterior margin of propodeum forms triangular pattern (Fig. 17f)
H. kaicolo sp. nov.
8. Scape extends above head 9
- Scape does not extend beyond posterior margin of medial ocellus 10
9. Sculpturing on anterior of scutum colliculate but not lineolate, if there are punctures on the
pygidial plate they are found in a medial line H. terminalis sp.
nov.
- Sculpturing on anterior of scutum is colliculate and lineolate, minute punctures on pygidial plate
(Figs 2, 19j) H. nadarivatu sp.
nov.
10. Propodeum coarsely strigate-rugose (Fig. 1a), posterior margin of scutum straight and posterior

surface of propodeum with transverse striae ventrally and proximally 11
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- Propodeum moderately strigate-rugose dorsally (Fig. 1b), posterior margin of scutum concave and
posterior surface of propodeum with diagonal striae originating ventrally and proximally

H. groomi sp. nov.
11. Propodeum with a strong anterior medial groove dorsally (Fig. 6f) H. fijiensis

- Propodeum without a medial anterior groove dorsally (Fig. 23f) H. taveuni sp. nov.
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Figure 1. Propodeum dorsally showing (a) coarsely, (b) moderately, and (c) finely strigate-rugose

sculpturing. Fovea along anterior inner margin of eye (d) present and (h) absent. Supraclypeal area

showing (e) mostly moderately, (f) mostly finely, and (g) entirely finely sculpturing.
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Figure 2. Grades of (a) pit density, and (b) pit size. Reproduced from Houston (1975) with
permission from CSIRO Publishing.

Molecular analyses

The maximum credibility tree of the mtDNA (COI) gene from our BEAST analysis (Figs. 3 and
S1) indicates the existence of 12 distinct clades. Distal clades generally had higher posterior
probability support than basal clades, except for H. achrostus. Seven of the 11 clades in our
BEAST analysis are restricted to single geographical highland regions (>800 m asl), while H.

taveuni sp. nov. is restricted to a single island.
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Figure 3. (a) maximum credibility tree of the Fijian Homalictus where branch colour represents (b)
geographic location. Numbers at tree nodes show posterior probability and numbers in parentheses

indicate sample sizes.

Systematics of Homalictus from Fiji

Taxonomy

Family Halictidae Thomson, 1869
Subfamily Halictinae Thomson, 1869
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Tribe Halictini Thomson, 1869

Genus Homalictus Cockerell, 1919

Characters common to all Fijian Homalictus

The diagnosis for Homalictus remains unchanged, see Cockerell (1919). Here we summarise
characters common to all Fijian Homalictus (male and female). The Fijian Homalictus have open to
sparse (Fig. 2), moderate to long hairs covering their heads and thoraces; some hairs on the dorsal
side of the metasoma becoming denser posteriorly and long to very long hairs on the ventral surface
of the metasoma, with the longest and densest hairs on females. All females possess a black fovea
along the proximal anterior margin of the eyes; this feature was also found in some males and
might indicate feminization in some species. Mandibles of both males and females can be simple or
bidentate and vary within species, perhaps the result of wear. The propodeum has a weak carina
along the posterior dorsal margin, this can be depressed medially, or not, and can vary in breadth.
The number of spines on the inner hind tibial spur varies greatly with 4-18 spines found on H.
fijiensis alone and a range of one or two for other species. The claws of all specimens examined
were cleft. The redescriptions below for H. fijiensis, H. hadrander, H. achrostus, and H. versifrons

are provided to standardise the descriptions of Fijian Homalictus.

29



772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806

Homalictus achrostus Michener, 1979
(Figs 4-5)

Material examined

Type material &' Fiji, Viti Levu Nandaravatu, 1100m Microwave Stn. 16-23.V111.78 S.&J. Peck-
Mal. Trap. Holotype Homalictus achrostus C.D. Michener. Holotype Homalictus achrostus
Michener CNC No. 15918.

Allotype @, and 4 @ paratypes: FIJI: Viti Levu: malaise trap at telecom tower, Nadarivatu, 1,100 m
altitude, 1-16.VI111.1978, S & J Peck (after Michener 1979). Holotype and allotype in SEMC,
paratypes deposited in CNC, BPBM and NHMUK. The material below is consistent with the type
specimen described by Michener (1979).

Other material examined
1 &: AFO055, 1/9/10, 10:03 AM, 1,040 m asl, -17.5762, 177.9350, SVC Groom, Viti Levu.
1 9: AFOO056, 1/9/10, 10:03 AM, 1,040 m asl, -17.5762, 177.9350, SVC Groom, Viti Levu.

Diagnosis

Males: Bee mostly black. Additionally, males of H. achrostus also have comparatively large
mandibles (Fig. 4d), a strong medial depression of their clypeus (Fig. 4d), strong striations on the
dorsal surface of their propodeum (Fig. 4a) and comparatively elongate gonostylus (Fig. 4e).
Females: Bee mostly black. Additionally, females of H. achrostus have a weaker medial depression
of their clypeus (Fig. 4i), strong striations on the dorsal surface of their propodeum (Fig 3f) and a

longitudinal medial carina on the pygidial plate (Fig. 4j).

Description

Males:

Measurements: UID 0.95 mm. LID 0.91 mm. AOD 0.31 mm. IAD 0.19 mm. OAD 0.37 mm. I0OD
0.24 mm. OOD 0.32 mm. GW 0.36 mm. EW 0.33 mm. BL 5.61 mm. ML 0.14 mm. SL 0.3 mm. FL
4.51 mm.

Colouration: Body (including clypeus, supraclypeal area, frons, paraocular area, scutum, scutellum,
propodeum dorsally and metasoma) black. Fovea along anterior and proximal margin of eye
present.

Sculpturing: Paraocular area fine striae and colliculate along margin of compound eyes. Frons
mostly longitudinal striae and transverse striae under ocelli. Supraclypeal area mostly finely

colliculate. Clypeus finely colliculate. Vertex punctures small and sparse. Scutum anteriorly finely
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colliculate and lineolate; medially moderately fine colliculate and almost smooth; posteriorly finely
colliculate and almost smooth. Scutellum almost entirely smooth except for punctation. Scutellum
punctation open and sparse. Propodeum dorsal striae close and strong and weak medial anterior
groove present; laterally finely colliculate, some striae anteriorly, dorsally, and ventrally;
posteriorly finely colliculate and diagonal striae ventrally and proximally.

Morphology: Scape extends to posterior margin of medial ocellus. Interantennal distance greater
than diameter of socket. Clypeus strongly depressed medially. Posterior margin of scutum shape

mostly straight. Gonostylus elongate, gonocoxite with dorsoapical crest weak (Michener 1979).

Females:

Measurements: UID 0.82 mm. LID 0.83 mm. AOD 0.25 mm. IAD 0.15 mm. OAD 0.43 mm. 10D
0.19 mm. OOD 0.26 mm. GW 0.27 mm. EW 0.35 mm. BL 5.56 mm. ML 0.18 mm. SL 0.34 mm.
FL 4.75 mm.

Colouration: Body (including frons, propodeum dorsally, metasoma) black except clypeus,
supraclypeal areas, paraocular area, scutum, and scutellum black or partially sub-metallic.
Sculpturing: Paraocular area fine striae and colliculate along margin of compound eyes. Frons
mostly longitudinal striae and colliculate above antennal sockets. Supraclypeal area mostly finely
colliculate. Clypeus finely colliculate. Vertex punctures small and sparse. Scutum anteriorly
moderately fine colliculate and lineolate; medially and posteriorly moderately fine colliculate.
Scutellum punctation open and sparse. Propodeum dorsally strong striae close and weak medial
anterior groove; laterally finely colliculate and posteroventral and anterior striae curve towards
each other and can meet; posteriorly finely colliculate and transverse striae ventrally and
proximally.

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal distance
greater than diameter of socket. Labrum simple. Clypeus moderately depressed medially. Area

posterior of vertex with strong and close striae. Posterior margin of scutum shape mostly straight.

Comments

This species was last collected in 2010, where a single male and female were sampled from their
type locality near Nadarivatu. When the species was described by Michener [65] only one male and
five females where collected at 1,100 m asl — the highest elevation in the Nadarivatu region. That
no more specimens have been collected since 2010, despite intensive searching most years between
2010 and 2018, suggests that this species might have become extinct, perhaps due to the
combination of its limited range on a single high mountain peak and global climate warming.
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Figure 4. Homalictus achrostus male (a) dorsal habitus, (b) lateral habitus, (c) dorso posterior, (d)

anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral habitus, (h)

dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 5. Collection map of Homalictus achrostus from specimens with identity confirmed by

mtDNA COI gene. Sample size is 2.

Distribution

Homalictus achrostus has only ever been sampled from the telecom towers at Nadarivatu on the

largest island, Viti Levu [65], with only two specimens sampled in this study, both in 2010 (Fig. 5).

Our specimens of H. achrostus were sampled at 1,040 m asl.
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Homalictus fijiensis (Perkins & Cheesman)
(Figs 6-7)

Halictus fijiensis Perkins & Cheesman 1928: 21.
Halictus suvaensis Cockerell 1929: 357.
Homalictus fijiensis: Michener 1965: 180 (new combination); Michener 1979: 229.

Homalictus suvaensis: Michener 1965: 181 (new combination); Michener 1979: 229 (synonymy).

Material examined

Type material: Holotype — Fiji, &, Fiji 1.1905 R.C.L.P, Halictus fijiensis type. Cheesman and
Perkins. R.C.L. Perkins Coll. B.M. 1942-95. B.M. TYPE HYM. 17A2586. [Specimen collection
number] NHMUKO010576228.

Fiji: Cuvu (5 &, 6 9),24, 25.vi.1915 (Veitch), Suva (1 Q), 22.ix.1920, Yasawa (1 &), 14.x.1921,
Ovalau, (1 &), 21.x.1921, and Taveuni (1 9), 19.xii.1921 (Simmonds) (after Perkins & Cheesman
1928). Types deposited in NHMUK. The material below is consistent with the type specimen
described by Perkins & Cheesman [48].

Other material examined

5d: 17FJ81 (SAMA 32-036189), 28/4/17, 12:00 PM, 612 m asl, -17.67438, 177.53976, JB Dorey,
Mt. Batilamu, long grass and weeds on the path down the mountain. 17FJ188 (SAMA 32-036190),
28/4/17, 12:08 PM, 543 m asl, -17.61783, 177.53863, JB Dorey & OK Davies, Mt. Batilamu,
cleared embankment with purple weed flowers. Near a possible nesting site with substantial areas
of exposed clay, down the mountain track. 17FJ211 (SAMA 32-036191), 19/4/17, 934 m asl, -
17.5826, 177.93654, BA Parslow, Nadarivatu Rd, towards telecom tower. ABT008 (SAMA 32-
036192), 8/8/10, 11:01 AM, 71 masl, -19.038, 178.170, SVC Groom, Kadavu. AAO043 (SAMA
32-036193), 19/7/11, 11:59 AM, 7 m asl, -18.247, 178.080, SVC Groom, Viti Levu — Coastal.

5 Q: 17FJ24 (SAMA 32-036184), 28/4/17, 11:30 AM, 664 m asl, -17.67602, 177.54025, JB Dorey
& OK Davies, Mt. Batilamu, swept off long grass with no canopy, used for cattle and goat farming.
Overcast but warm. Swept off flowering weeds amongst grass. 17FJ187 (SAMA 32-036185),
17/4/17, 12:08 PM, 872 m asl, -17.73819, 178.06611, OK Davies, Monasavu Rd, swept off low
grass where they were flying in a group in front of the clay nesting site. 17FJ210 (SAMA 32-
036186), 19/4/17, 934 m asl, -17.5826, 177.93654, BA Parslow, Nadarivatu Rd, towards telecom
tower. ABT005 (SAMA 32-036187), 7/8/10, 11:01 AM, 71 m asl, -19.038, 178.170, SVC Groom,
Kadavu. AAO042 (SAMA 32-036188), 19/7/11, 11:59 AM, 7 m asl, -18.247, 178.080, SVC
Groom, Viti Levu — Coastal.
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Diagnosis

Male: In combination: Bee mostly green, supraclypeal area mostly moderately colliculate (Fig. 1e),
antennal sockets and paraocular area not strongly depressed, antennal sockets and paraocular area
not strongly depressed, clypeus mostly finely colliculate, frons has vertical striae and scape extends
at or below anterior margin of medial ocellus. Additionally, the genitalia of H. fijiensis are unique
in having both a proximally and posteriorly-directed gonostylus (Fig. 6e).

Female: In combination: Bee mostly green, supraclypeal area mostly moderately colliculate (Fig.
1le), scape does not extend beyond posterior margin of medial ocellus and propodeum has a strong
anterior medial groove dorsally (Fig. 6i). Additionally, females can be distinguished from some
species (except H. hadrander, H. ostridorsum, and H. tuiwawae) by a dense (Fig. 2) medial line of

hair on the pygidial plate (Fig. 6j).

Description
Males:

Measurements: UID 0.66-0.87 mm. LID 0.59-0.68 mm. AOD 0.15-0.22 mm. IAD 0.13—-
0.17 mm. OAD 0.34-0.47 mm. IOD 0.18-0.42 mm. OOD 0.18-0.38 mm. GW 0.25-0.32 mm. EW
0.35-0.39 mm. BL 4.55-4.9 mm. ML 0.11-0.16 mm. SL 0.25-0.32 mm. FL 3.14-3.72 mm.

Colouration: Whole clypeus golden green and metallic. Supraclypeal and paraocular area
metallic green or golden green. Frons, scutum, scutellum, and dorsal area of propodeum golden
green and metallic. Metasoma green, dark green along posterior edges.

Sculpturing: Paraocular area colliculate, longitudinal striae posteriorly and proximally
above antennal socket or striae and colliculate along margin of compound eyes. Frons mostly
longitudinal striae, transverse striae under ocelli and colliculate above antennal sockets.
Supraclypeal area mostly moderately colliculate. Clypeus finely colliculate. Vertex punctures
small, close, and open. Scutum anteriorly moderately colliculate and lineolate; medially moderately
fine colliculate, rarely lineolate; posteriorly moderately fine colliculate. Scutellum punctation close,
open, and sparse. Propodeum dorsally linear pattern, strong striae, weak or strong medial anterior
groove, and coarsely strigate-rugose; laterally finely or moderately colliculate, lineolate, ventral,
and anterior striae curve towards each other and can meet or some striae anteriorly and dorsally;
posteriorly moderately fine colliculate, transverse striae medially and ventrally and proximally.

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance greater than diameter of socket. Labrum simple. Clypeus not depressed medially. Area

posterior of vertex with strong striae or striae close. Posterior margin of scutum straight.
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Gonostylus with posterior and proximal projections, dorsoapical crest of gonocoxite well

developed. Gonocoxite relatively broad and penis valves strongly hooked.

Females:

Measurements: LID 0.84-1.01 mm. AOD 0.29-0.38 mm. IAD 0.11-0.14 mm. OAD 0.29—
0.65 mm. 10D 0.22-0.28 mm. OOD 0.22-0.30 mm. GW 0.30-0.67 mm. EW 0.39-0.45 mm. BL
5.32-5.80 mm. ML 0.11-0.18 mm. SL 0.28-0.36 mm. FL 3.75-3.94 mm.

Colouration: Clypeus anteriorly black; middle iridescent; posteriorly green, golden green,
and metallic, rarely orange. Supraclypeal area green or golden green and metallic. Frons green,
golden green, and metallic, rarely orange. Paraocular area green, golden green, and metallic, rarely
orange. Scutum golden green and metallic, rarely red and orange. Scutellum golden green and
metallic, rarely orange and red. Propodeum dorsally golden green and metallic. Metasoma green
and dark green along posterior edges or rarely almost black.

Sculpturing: Paraocular area colliculate, longitudinal striae posteriorly and proximally
above antennal socket or striate and colliculate along margin of compound eyes. Frons mostly
longitudinal striae, having transverse striae under ocelli and colliculate above antennal sockets.
Supraclypeal area moderately colliculate, medial area finely colliculate, rarely finely colliculate
anteriorly. Clypeus mostly finely colliculate. Vertex punctures small and close, rarely small and
open. Scutum anteriorly moderately colliculate and lineolate; medially finely colliculate,
moderately fine colliculate, rarely lineolate; posteriorly moderately fine colliculate. Scutellum
punctation close and open. Propodeum dorsally linear pattern, strong striae, strong medial anterior
groove or coarsely strigate-rugose; laterally finely colliculate, moderately colliculate, lineolate,
ventral and anterior striae curve towards each other and meet or some striae ventrally; posteriorly
moderately fine colliculate, transverse striae medially and ventrally and proximally, rarely
transverse striae dorsally. Pygidial plate close fine punctures medially.

Morphology: Scape extends to posterior margin of medial ocellus. Interantennal distance
about equal to diameter of socket. Labrum with two medial projections parallel from one another.
Clypeus not depressed medially. Area posterior of vertex strong or weak close striae. Posterior

margin of scutum straight.

Comments

Homalictus fijiensis exhibits a significant amount of morphological variation. Female body and
wing length can vary from 4.9—7.0 mm and 3.7-5.0 mm, respectively, while male body and wing
length varies from 4.5-6.0 mm and 3.1-4.2 mm respectively [65]. Colour can also vary greatly in

H. fijiensis, with most individuals being mostly green, but others can be more orange and golden

36



960
961
962
963
964
965

966

(e.g. ABT005 from Kadavu). Some individuals can have a blue scutum, but never have an

essentially entirely blue thorax as seen in H. hadrander. This variation is the reason that Michener

[68] synonymised H. suvaensis with H. fijiensis.

Homalictus fijiensis is the most common bee found in the Fijian lowlands and can be found in both

disturbed and undisturbed areas, often in great local abundance.
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Figure 6. Homalictus fijiensis male (a) dorsal habitus (b) lateral habitus, (c) dorsoposterior view,

(d) face frontal view and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral habitus, (h)

dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 7. Collection map of Homalictus fijiensis from specimens with identity confirmed by

mtDNA COI gene. Sample size is 500.

Distribution

Homalictus fijiensis has the widest distribution of any of the Fijian Homalictus species, being found

on every island where we have sampled (Fig. 7). While most common at lower elevations, H.

fijiensis has been found up to 1,120 m asl.
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Homalictus hadrander Michener, 1979
(Figs 8-9)

Material examined

Type material: Holotype and allotype — Fiji — Viti Levu, Nadarivatu 2700 ft. 25 June 1959 C.D.
Michener. Specimens held at The University of Kansas Biodiversity institute.

Holotype 7, allotype @, and 43 &, 4 @ paratypes: FIJI: Viti Levu: Nadarivatu, 823 m (2,700 ft)
altitude, 23.V1.1959, CD Michener, 5 © paratypes, same locality but from malaise trap at telecom
tower, 1,100 m altitude, 1-16.VI111.1978, S & J Peck (after Michener 1979). Holotype and allotype
lodged in the SEMC, paratypes in NHMUK, CNC, and BPBM. The material below is consistent
with the type specimen described by Michener (1979).

Other material examined

1 J3: 17FJ16 (SAMA 32-036208), 28/4/17, 12:00 PM, 612 m asl, -17.67438, 177.53976, JB Dorey,
Mt. Batilamu, long grass and weeds on the path down the mountain.

2 9:17FJ162 (SAMA 32-036206) and 17FJ7 (SAMA 32-036207), 19/4/17, 10:35 AM, 865 m asl,
-17.609817, 177.979867, JB Biddle, RK Schober, JB Dorey & CS Matthews, Navai village, caught
amongst weeds and grass above a kava plantation (cleared but surrounded by forest). Sunny, little

to no breeze in clearing.

Diagnosis
Males: Fovea along anterior inner margin of eye is present (Fig. 1d) and habitus is mostly blue.

Females: Habitus mostly blue and propodeum moderately strigate-rugose (Fig. 8g).

Description
Males:

Measurements: UID 0.85 mm. LID 0.86 mm. AOD 0.3 mm. IAD 0.14 mm. OAD 0.5 mm.
10D 0.25 mm. OOD 0.24 mm. GW 0.32 mm. EW 0.38 mm. BL 6.22 mm. ML 0.16 mm. SL 0.32
mm. FL 4.56 mm.

Colouration: Clypeus anteriorly black; middle blue. Whole clypeus partly iridescent.
Supraclypeal area blue, yellowish medially. Fovea along anterior and proximal margin of eye
present. Frons, paraocular area, scutum, scutellum, and dorsal area of propodeum blue. Metasoma
black or some iridescence.

Sculpturing: Paraocular area striae, colliculate along margin of compound eyes. Frons

mostly longitudinal striae, transverse striae under ocelli, and colliculate above antennal sockets.
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Supraclypeal area mostly moderately colliculate, medial area finely colliculate. Clypeus finely
colliculate. Vertex punctures small and close. Scutum anteriorly finely colliculate and lineolate;
medially and posteriorly finely colliculate. Scutellum punctation close, open, and close posteriorly.
Propodeum dorsally linear pattern, weak medial anterior groove, and moderately strigate-rugose;
laterally finely colliculate and posteroventral and anterior striae curve towards each other and can
meet; posteriorly finely colliculate and diagonal striae ventrally and proximally.

Morphology: Scape extends to above vertex. Interantennal distance about equal to diameter
of socket. Labrum simple. Clypeus strongly or moderately depressed medially. Area posterior of
vertex with strong and close striae. Posterior margin of scutum shape about straight. Gonostylus
well developed with a slight constriction at its base, dorsoapical crest of gonocoxite is well

developed. Penis valves strongly hooked.

Females:

Measurements: UID 0.86-0.88 mm. LID 0.92-0.94 mm. AOD 0.31-0.32 mm. IAD 0.12—
0.13 mm. OAD 0.48-0.49 mm. 10D 0.23-0.25 mm. OOD 0.22-0.25 mm. GW 0.36-0.4 mm. EW
0.34-0.36 mm. BL 6.1-6.41 mm. ML 0.18-0.19 mm. SL 0.35-0.38 mm. FL 5.04-5.46 mm.

Colouration: Clypeus, partly iridescent, lower black; middle blue. Supraclypeal area blue,
yellow, orange and purple. Frons blue. Paraocular area blue. Fovea along anterior and proximal
margin of eye present or has some iridescence. Scutum blue. Scutellum blue. Propodeum dorsally
blue or partly black. Metasoma black, some iridescent purple or iridescence.

Sculpturing: Paraocular area fine striae, colliculate along margin of compound eyes. Frons
mostly fine and dense longitudinal striae and colliculate above antennal sockets. Supraclypeal area
mostly moderately colliculate, medial area finely colliculate. Clypeus finely colliculate. Vertex
punctures small and close or open. Scutum anteriorly finely colliculate, moderately colliculate or
lineolate; medially and posteriorly finely colliculate. Scutellum punctation close or open.
Propodeum dorsally no linear pattern or linear pattern, posterior striae triangular, weak medial
anterior groove and moderately strigate-rugose; laterally finely colliculate, some striae anteriorly
and dorsally or some striae ventrally; posteriorly finely colliculate and diagonal striae ventrally and
proximally. Pygidial plate close and fine punctures medially and hairs emerging on ventral 1/3.

Morphology: Scape extends to above vertex. Interantennal distance less than diameter of
socket. Labrum with two medial projections parallel from one another. Clypeus not depressed
medially. Area posterior of vertex with weak striae, lineolate or finely colliculate. Posterior margin

of Scutum shape concave or about straight.

Comments
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1050  Homalictus hadrander has a wide-spread distribution for a mostly highland species and yet is found
1051  in small numbers in some lowland regions in the southern parts of Viti Levu. It is possible that
1052  climate (or some other factor) in this region is more like that at higher elevations.

(2)

1053

1054  Figure 8. Homalictus hadrander male (a) dorsal habitus, (b) lateral habitus, (c) dorso posterior, (d)
1055 anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral habitus, (h)

1056  dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 9. Collection map of Homalictus hadrander from specimens with identity confirmed by

mtDNA COI gene. Sample size is 30.

Distribution

Homalictus hadrander has only been sampled on the largest island, Viti Levu (Fig. 9). While H.

hadrander is mostly found between 600 m asl and 1,290 m asl, two individuals have been found at

lower elevations (150 m asl) in the cooler and wetter forested areas of Viti Levu.
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Homalictus versifrons (Perkins & Cheesman)
(Fig. 10)

Halictus versifrons (Perkins & Cheesman 1928): 22.

Homalictus versifrons (Michener 1965): 181.

Material examined (1 &)
Holotype — Fiji, a single &, i.1905 (after Perkins & Cheesman 1928). Located and examined in
NHMUK. [Specimen collection number] NHMUKO013455808.

Diagnosis
Male: In combination: Antennal sockets and paraocular area strongly depressed, striae on frons are
mostly transverse. Additionally, the abdomen is “shining blackish brown and metallic” [48], which

appears to be unique amongst the Fijian Homalictus described here.

Description
Male:

Measurements: UID 0.67 mm. LID 0.52 mm. AOD 0.17 mm. IAD 0.12 mm. OAD 0.35
mm. 10D 0.16 mm. OOD 0.19 mm. GW 0.16 mm. EW 0.33 mm. BL 3.8 mm. ML 0.16 mm. SL
0.42 mm. FL 2.97 mm.

Colouration: Clypeus, supraclypeal area, frons, paraocular area, and propodeum dorsally
golden green and metallic. Scutum mostly purple. Scutellum strongly iridescent purple and pink.
Metasoma brown.

Sculpturing: Paraocular area striae not straight. Frons striae transverse tapering towards
frontal line. Supraclypeal area mostly moderately colliculate, finely colliculate medially. Clypeus
finely and moderately colliculate. Clypeus not depressed medially. Scutum anteriorly finely and
moderately colliculate and lineolate; medially and posteriorly finely colliculate. Punctures on
scutum and scutellum sparse. Propodeum dorsally coarsely strigate-rugose and moderately
colliculate between grooves; laterally ventral and anterior striae curve towards each other and can
meet; posteriorly moderately fine colliculate.

Morphology: Scape extends to posterior margin of medial ocellus. Interantennal distance
about equal to diameter of socket. Labrum simple. Vertex has very few punctures small and open.
Area posterior of vertex strong striae strong and close. Region around antennal sockets extending to
paraocular area depressed. Posterior margin of scutum shape mostly straight. Dorsal subapical crest

of gonocoxite weakly developed compared to H. fijiensis (Michener 1979).
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Comments

Only a single specimen of this species is available and it is kept at the NHMUK, and type locality is
simply recorded as “Fiji” by Perkins & Cheesman (1928). Michener (1979) collected from the
telecom tower at 1,100 m asl (Nadarivatu) where he found this species to be quite numerous.
Seventeen pinned specimens labelled as H. versifrons (1 & and 16 ) are at SEMC, all but one
female of which | have been able to examine. None of these specimens matched the description of
H. versifrons although, without DNA, association of males and females is unlikely. The 16 females
that were examined keyed to H. tuiwawae, H. nadarivatu, H. kaicolo, and two undescribed species.
We have not collected any individuals that are consistent with the description for this species and it

is therefore omitted from any phylogenetic analysis.

44



1115
1116

1117
1118
1119
1120

1 mm

Figure 10. Homalictus versifrons male (a) dorsal habitus, (b) lateral habitus, (c) dorso posterior, (d)

anteriorly frontal face, and (e) ventral genitalia.

Distribution

Fiji.
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Homalictus atritergus sp. nov.
(Figs 11-12)

Material examined

Holotype J: 17FJ140 (SAMA 32-036172), 17/4/17, 10:45 AM, 1,328 m asl, -17.614762,
178.018284, JB Biddle, JB Dorey, CS Matthews & RK Schober, peak of Mt. Tomanivi, general
sweep of grasses and flowers.

Allotype ©: 17FJ135 (SAMA 32-036173), Mt. Tomanivi, Fiji, -17.614762, 178.018284,
17.04.2017, 10:45 AM, 1,328 m asl, JB Dorey, JB Biddle, CS Matthews, RS Schober, HG17JB33,
peak of Mt. Tomanivi, cleared patch of grass, no flowers, general sweep, sunny, light breeze.

Paratypes 2 & 17FJ133 (SAMA 32-036174), 17/4/17, 10:45 AM, 1,328 m asl, -17.614762,
178.018284, JB Biddle, JB Dorey, CS Matthews & RK Schober, peak of Mt. Tomanivi, cleared
patch of grass, no flowers, general sweep, sunny, light breeze. 17FJ148 (SAMA 32-036175),
17/4/17, 10:45 AM, 1,328 m asl, -17.614762, 178.018284, JB Biddle, JB Dorey, CS Matthews &
RK Schober, cleared patch of grass with no flowers at top of Mt. Tomanivi, sunny and a light
breeze. General sweep of grasses and flowers, and 2 ¢, 17FJ125 (SAMA 32-036176) and 17FJ126
(SAMA 32-036177), 17/4/17, 10:45 AM, 1,328 m asl, -17.614762, 178.018284, JB Biddle, JB
Dorey, CS Matthews & RK Schober, cleared patch of grass with no flowers at top of Mt. Tomanivi,

sunny and a light breeze. General sweep of grasses and flowers.

Other material examined

1 3 17FJ105, 18/4/17, 12:31 PM, 1,289 m asl, -17.615347, 178.017228, JB Biddle, JB Dorey &
RK Schober, Mt. Tomanivi — open area along ridge between peaks, sun out, low wind, clear
weather grassy open area.

2 Q:17FJ)98 and 17FJ99, 18/4/17, 12:31 PM, 1,289 m asl, -17.615347, 178.017228, JB Biddle, JB
Dorey & RK Schober, Mt. Tomanivi — open area along ridge between peaks, sun out, low wind,

clear weather grassy open area.

Diagnosis

Males: T1 black or nearly so (Figs. 11a-c).

Females: In combination: Supraclypeal area mostly finely colliculate (Fig. 1f-g), scutum reddish,
posterior margin of scutum abought straight, pygidial plate smooth (Fig. 11j), and posterior margin

of propodeum does not form a triangular pattern (Fig. 11f).

Description
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Males:

Measurements: UID 0.7-0.88 mm. LID 0.55-0.69 mm. AOD 0.2-0.5 mm. IAD 0.12-0.16
mm. OAD 0.36-0.44 mm. 10D 0.2-0.27 mm. OOD 0.21-2.7 mm. GW 0.22-0.25 mm. EW 0.3-0.39
mm. BL 4.1-4.7 mm. ML 0.09-0.13 mm. SL 0.21-0.26 mm. FL 4.18-4.23 mm.

Colouration: Clypeus golden green and metallic can be partly iridescent. Supraclypeal area
golden green and metallic. Frons golden. Paraocular area golden green and metallic can be partly
iridescent. Scutum golden green and metallic, can have some orange and appear reddish. Scutellum
and propodeum dorsally golden green and metallic. Metasoma T1 black or nearly so, T2 onwards
dark green or green, dark along posterior edges.

Sculpturing: Paraocular area colliculate, longitudinal striae posteriorly and proximally
above antennal socket. Frons longitudinal and rarely diagonal striae posteriorly and anterior striae
messy. Supraclypeal area mostly finely colliculate. Clypeus finely colliculate. Vertex punctures
fine, close, and sparse. Scutum anteriorly and posteriorly finely or moderately colliculate; medially
finely colliculate. Scutellum punctation open and sparse. Propodeum dorsally strong striae, weak
medial anterior groove coarsely strigate-rugose; laterally fine to moderately colliculate and some
striae anteriorly, dorsally and can meet; posteriorly finely colliculate, transverse striae medially and
ventrally and proximally.

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance about equal to diameter of socket. Labrum simple. Clypeus not depressed medially. Area
posterior of vertex with strong and close striae. Posterior margin of Scutum shape mostly straight or
convex. Gonostylus short and broad, dorsoapical crest of gonocoxite moderate with proximal

hooks.

Females:

Measurements: UID 0.73-0.77 mm. LID 0.72-0.74 mm. AOD 0.25-0.26 mm. IAD 0.11-0.11
mm. OAD 0.41-0.49 mm. 10D 0.18-0.21 mm. OOD 0.2-0.22 mm. GW 0.24-0.33 mm. EW 0.32-0.4
mm. BL 5.55-6.48 mm. ML 0.14-0.16 mm. SL 0.3-0.36 mm. FL 4.37-4.63 mm.

Colouration: Clypeus anteriorly black; posteriorly golden green and metallic. Whole
clypeus partly iridescent. Supraclypeal area, frons, paraocular area golden green and metallic.
Scutum golden green and metallic, partly metallic orange and pink, and can appear reddish.
Scutellum golden green and metallic, can be golden, partly metallic orange, pink or blue.
Propodeum dorsally golden green and metallic. Metasoma T1 black or nearly so, T2 onwards black
to dark green, dark along posterior edges and some iridescent purple.

Sculpturing: Paraocular area some messy striae below antennal sockets and colliculate,

longitudinal striae posteriorly and proximally above antennal socket. Frons mostly longitudinal
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striae and anterior striae messy. Supraclypeal area mostly finely colliculate, rarely some messy
striae posteriorly. Clypeus finely colliculate. Vertex punctures fine and close, open and/or sparse,
and rarely minute and open. Scutum anteriorly finely colliculate and lineolate; medially and
posteriorly finely colliculate. Scutellum punctation close and open. Propodeum dorsally linear
pattern present or absent, some posterior transverse striae, weak medial anterior groove and
coarsely strigate-rugose; laterally finely colliculate, some striae anteriorly and dorsally and some
striae ventrally; posteriorly finely colliculate, transverse striae dorsally, medially and ventrally and
proximally and striae originating ventrally and medially almost forms circles with dorsal striae.
Pygidial plate open fine punctures medially and few minute sparse punctures.

Morphology: Scape extends to above vertex. Interantennal distance about equal to diameter
of socket. Labrum with two medial projections parallel from one another. Clypeus not depressed
medially. Area posterior of vertex with strong and close striae. Posterior margin of scutum shape

mostly straight.
Comments

Given the very limited geographical and elevational distribution of H. atritergus it is likely to be

threatened by future climate warming.

48



1208
1209

1210
1211

Figure 11. Homalictus atritergus sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral

habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 12. Collection map of Homalictus atritergus sp. nov. from specimens with identity

confirmed by mtDNA COI gene. Sample size is 17.

Distribution

Homalictus atritergus has only been sampled from Mt. Tomanivi on the largest island, Viti Levu

(Fig. 12). Collections of H. atritergus have only been made between 1,289 m asl and 1,328 m asl,

and the latter is the highest elevation in Fiji.

Etymology

T1 of both males and females of H. atritergus are black. The name H. atritergus is derived from the

Latin adjective atri meaning ‘dark’ (genitive case of ‘ater’) and the noun tergus meaning ‘back’ or

‘rear’.
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Homalictus concavus sp. nov.
(Figs 13-14)

Material examined

Holotype J: 17FJ170 (SAMA 32-036200), 13/4/17, 1:20 PM, 815 m asl, -16.81945,
179.93845, MI Stevens, Taveuni, edge of the bog from sweeping the tiny white flowers at edge of
lake.

Allotype Q: 17FJ177 (SAMA 32-036201), Taveuni, Fiji, -16.819650, 179.942050, JB
Dorey, 14.04.2017, 816 m asl, TV17-JD04, Taveuni, 100 m to edge of forest, wet ground, among
stands of cabbage tree-like plants. Several larger plants (trees) with bottle brush-like red flowers.
Only a few of these trees were flowering with this tree flowering the most profusely. This tree was
4-5 m high.

Paratypes 2 &: AFG006 (SAMA 32-036204) and AFG001 (SAMA 32-036205), 30/8/11,
11:55 AM, 703 m asl, -16.8287, -179.9810, SVC Groom, and 2 ¢, 17FJ182 (SAMA 32-036202),
14/4/17, 11:49 AM, 818 m asl, -16.819267, -179.93862, JB Dorey, edge of the bog from sweeping
the tiny white flowers at edge of lake. No bees were caught in the malaise or blue vein at this
location, and 17FJ181 (SAMA 32-036203), 14/4/17, 10:47 AM, 816 m asl, -16.81965, -179. 94205,
JB Dorey, Taveuni, 100 m from edge of forest, wet ground, among stands of cabbage tree-like
plants. Several larger plants (trees) with bottle brush-like red flowers. Only a few of these trees
were flowering with this tree flowering the most profusely. This tree was 4-5 m high.

Other material examined
1 Q:17FRJ171, 13/4/17, 1:20 PM, 815 m asl, -16.81945, 179.93845, MI Stevens, Taveuni, edge of
the bog from sweeping the tiny white flowers at edge of lake.

Diagnosis

Males: Supraclypeal area mostly finely colliculate (Fig. 1f-g) and posterior margin of scutum
concave (Fig. 13a).

Females: Bee mostly green, posterior margin of scutum concave (Fig. 13f) and propodeum

moderately strigate-rugose dorsally (Fig. 13f).

Description
Males:

Measurements: UID 0.69-0.87 mm. LID 0.58-0.69 mm. AOD 0.21-0.24 mm. IAD 0.16—
0.19 mm. OAD 0.37-0.45 mm. 10D 0.2-0.25 mm. OOD 0.21-0.27 mm. GW 0.17-0.19 mm. EW
0.25-0.36 mm. ML 0.1-0.17 mm. SL 0.28-0.33 mm. FL 4.13-4.18 mm.
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Colouration: Clypeus, supraclypeal area, frons, paraocular area, scutum, scutellum, and
propodeum dorsally golden green and metallic. Metasoma T1 can be black or nearly so, T2
onwards green, dark along posterior edges.

Sculpturing: Paraocular area colliculate and some messy striae below antennal sockets,
longitudinal striae posteriorly and proximally above antennal socket. Frons mostly longitudinal
striae, transverse striae under ocelli and striae messy. Supraclypeal area mostly finely colliculate.
Clypeus finely colliculate. Vertex punctures fine, close, and open. Scutum anteriorly finely
colliculate and lineolate; medially and posteriorly finely colliculate. Scutellum punctation close and
sparse. Propodeum dorsally strong striae, weak medial anterior groove, or coarsely strigate-rugose;
laterally fine to moderately colliculate or ventral and anterior striae curve towards each other and
can meet; posteriorly finely colliculate, transverse or diagonal striae medially and transverse striae
ventrally and proximally with striae almost forming circles with dorsal striae.

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance greater than diameter of socket. Labrum simple. Clypeus not depressed medially. Area
posterior of vertex with strong and close striae. Posterior margin of Scutum shape concave.
Gonostylus extends beyond gonocoxite, dorsoapical crest of gonocoxite weak. Gonobase relatively

narrow.

Females:

Measurements: UID 0.78-0.79 mm. LID 0.79-0.8 mm. AOD 0.26-0.27 mm. IAD 0.12 mm.
OAD 0.43-0.44 mm. 10D 0.19-0.22 mm. OOD 0.23 mm. GW 0.25-0.33 mm. EW 0.34-0.43 mm.
BL 5.56-5.61 mm. ML 0.11-0.12 mm. SL 0.33-0.39 mm. FL 4.51-4.7 mm.

Colouration: Clypeus anteriorly black; posteriorly golden green and metallic. Whole
clypeus partly iridescent. Supraclypeal area golden green and metallic. Frons golden green and
metallic. Paraocular area golden green and metallic. Scutum green and yellow. Scutellum yellow,
blue, and green. Propodeum dorsally golden green and metallic. Metasoma T1 black or nearly so,
T2 onwards dark green or green, dark along posterior edges.

Sculpturing: Paraocular area colliculate, fine and dense longitudinal striae posteriorly, and
proximally above antennal socket with fine striae. Frons mostly fine and dense longitudinal striae.
Supraclypeal area mostly finely colliculate. Clypeus finely colliculate. VVertex punctures fine, close,
and open. Scutum anteriorly finely colliculate or lineolate; medially and posteriorly finely
colliculate. Scutellum punctation close and open. Propodeum dorsally strong striae, strong medial
anterior groove and moderately strigate-rugose; laterally finely colliculate, some striae anteriorly,
dorsally, and ventrally; posteriorly finely colliculate and striae originating ventrally and medially

almost forms circles with dorsal striae. Pygidial plate with few minute sparse punctures.
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Morphology: Scape extends to above vertex. Interantennal distance less than or about equal
to diameter of socket. Labrum with two medial projections parallel from one another. Clypeus not
depressed medially. Area posterior of vertex with strong and close striae. Posterior margin of

Scutum shape concave.
Comments

Although H. concavus has only been sampled up to 810 m asl, it is possible that it extends higher in

elevation as we have not sampled the highest elevation on Taveuni.
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Figure 13. Homalictus concavus sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral

habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 14. Collection localities of Homalictus concavus sp. nov. from specimens with identity

confirmed by mtDNA COI gene. Sample size is 15.

Distribution
Homalictus concavus has only been sampled from the island of Taveuni (Fig. 14) at elevations

between 700 m asl and 810 m asl — Taveuni’s highest elevation is 1,241 m asl.
Etymology

The name concavus is Latin for ‘concave’ and refers to the concave posterior scutal margin in both

the males and females of this species.
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Homalictus groomi sp. nov.
(Figs 15-16)

Material examined

Holotype J: yCMR_136 (SAMA 32-036178), 4/5/15, 922 m asl, -17.58268, 177.93645, C
Matthews, Viti Levu.

Allotype 9: ED31_F04 (SAMA 32-036179), 1/4/15, 1,004 m asl, -17.58508, 177.91965, E
Deans, Viti Levu.

Paratypes 3 &: yYCMR52_E06 (SAMA 32-036180), 5/5/15, 889 m asl, -17.57001, 177.95586, C
Matthews, yCMR44_EO05 (SAMA 32-036181), 5/5/15, 889 m asl, -17.57001, 177.95586, C
Matthews, and yYCMR41_B05 (SAMA 32-036182), 6/5/15, 923 m asl, -17.58268, 177.93645, C
Matthews, and 1 9: yCMR27_DO03 (SAMA 32-036183), 6/5/15, 923 m asl, -17.58268, 177.93645,
C Matthews.

Diagnosis

Males: In combination: Antennal sockets and paraocular area strongly depressed (Fig. 15d) and
posterior surface of the propodeum has diagonal striae ventrally and proximally and joins dorsal
striae (Fig. 15c). Additionally, male genitalia have a large ridge proximal to the gonostylus (Fig.
15e).

Females: In combination: Bee mostly green, supraclypeal area mostly moderately colliculate (Fig.

1e), and posterior margin of scutum concave (Fig. 15f).

Description
Males:

Measurements: UID 0.65 mm. LID 0.55 mm. AOD 0.2 mm. IAD 0.13 mm. OAD 0.37 mm.
IOD 0.17 mm. OOD 0.21 mm. GW 0.15 mm. EW 0.31 mm. BL 4.75 mm. ML 0.13 mm. SL 0.27
mm. FL 2.9 mm.

Colouration: Clypeus, supraclypeal area, frons, paraocular area, scutum, and propodeum
dorsally golden green and metallic. Scutellum golden green and metallic or some pink and blue.
Metasoma dark green or green and dark green along posterior edges.

Sculpturing: Paraocular area colliculate, some horizontal striae along central margin of
compound eyes, longitudinal striae posteriorly and proximally above antennal socket and striae
course and messy. Frons mostly longitudinal striae, transverse striae under ocelli, striae messy, and
colliculate above antennal sockets. Supraclypeal area mostly moderately colliculate. Clypeus fine

and moderate colliculate. Vertex punctures fine, close, and open. Scutum anteriorly moderately
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colliculate and lineolate; medially finely colliculate; posteriorly finely and moderately fine
colliculate. Scutellum punctation open. Propodeum dorsally strong striae, posterior striae triangular,
weak medial anterior groove and coarsely strigate-rugose; laterally moderately colliculate and some
striae anteriorly and dorsally; posteriorly finely colliculate, striae originating ventrally and medially
almost forms circles with dorsal striae and diagonal striae ventrally and proximally.

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance greater than diameter of socket. Labrum simple. Area posterior of vertex striae strong and
close. Region around antennal sockets extending to paraocular area depressed. Posterior margin of
scutum shape concave. Gonostylus with strong posterior projection and weaker proximal
projection, dorsoapical crest of gonocoxite well developed. Entire genital is smaller and the

gonocoxite narrower than in H. fijiensis.

Females:

Measurements: UID 0.7 mm. LID 0.66 mm. AOD 0.22 mm. IAD 0.1 mm. OAD 0.42 mm.
IOD 0.18 mm. OOD 0.18 mm. GW 0.27 mm. EW 0.32 mm. BL 5.31 mm. ML 0.16 mm. SL 0.29
mm. FL 4.04 mm.

Colouration: Clypeus anteriorly black. Middle and upper clypeus golden and partly
iridescent. Supraclypeal area golden, blue and purple. Frons golden and some purple iridescence.
Paraocular area golden, golden green and metallic, and some purple iridescence. Scutum and
scutellum very dark green, strongly metallic purple and pink, and partly metallic orange.
Propodeum dorsally golden green and metallic. Metasoma black, dark green, and some iridescent
purple.

Sculpturing: Paraocular area colliculate, some messy striae below antennal sockets,
longitudinal striae posteriorly and proximally above antennal socket, and striae course. Frons
mostly longitudinal striae. Supraclypeal area mostly moderately colliculate, medial area finely
colliculate, or finely colliculate anteriorly. Clypeus finely colliculate. VVertex punctures fine, close
and open, and small and open. Scutum anteriorly moderately colliculate and lineolate; medially and
posteriorly finely colliculate. Scutellum punctation open. Propodeum dorsally linear pattern, weak
medial anterior groove and finely strigate-rugose; laterally finely colliculate, some striae anteriorly,
dorsally and ventrally; posteriorly finely colliculate, striae originating ventrally meet those from
dorsal side and diagonal striae ventrally and proximally. Pygidial plate with close and fine
punctures.

Morphology: Scape extends to posterior margin of medial ocellus. Interantennal distance

about equal to diameter of socket. Labrum with two medial projections parallel from one another.
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Clypeus not depressed medially. Area posterior of vertex with strong striae and broken. Posterior

margin of scutum concave.

Comments

Like H. hadrander, H. groomi is found mostly at higher elevations but has also been sampled at a

lower elevation site in the southern part of Viti Levu. It is possible that the climate (or some other

factor) in this region is similar to climates at higher elevations.
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Figure 15. Homalictus groomi sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral
habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 16. Collection map of Homalictus groomi sp. nov. from specimens with identity confirmed
by mtDNA COI gene. Sample size is 43.

Distribution

Homalictus groomi has mostly been sampled from the central highlands of Viti Levu, near
Nadarivatu (Fig. 16). A single specimen has been collected from a remote forested region in the
south of Viti Levu at 250 m asl; otherwise, H. groomi has been collected between 730 m asl and
1,000 m asl.

Etymology

Homalictus groomi is named after Dr. Scott V. C. Groom who initiated recent studies of Fijian bees

and provided the first understandings of their origins and phylogenetics.
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Homalictus kaicolo sp. nov.
(Figs 17-18)

Material examined

Holotype J: 17FJ197 (SAMA 32-036168), 17/4/17, 1:25 PM, 932 m asl, -17.73810, 178.05539,
SA Hammond, Monasavu Rd, roadside sweep.

Allotype @: 17FJ94 (SAMA 32-036169), Viti Levu, Fiji, -17.615347, 178. 017228, L, JB
Dorey, JB Biddle, RK Schober, 18.04.2017, 1,289 m asl, Mt. Tomanivi — open area along ridge
between peaks, sun out, low wind, clear weather grassy open area.

Paratypes 2 9: 17FJ205 (SAMA 32-036170) and 17FJ199 (SAMA 32-036171), 17/4/17, 12:43
PM, 872 masl, -17.73809, 178.05673, MOJ Bazin, caught on Sphagneticola trilobata, Monasavu
Rd.

Diagnosis

Males: In combination: supraclypeal area mostly finely colliculate (Fig 1f-g), posterior margin of
scutum about straight, scutum and scutellum mostly golden green and metallic, T1 green and
scutellum to forewing length ratio 1:14. Additionally, dorsal subapical crest of gonocoxite is poorly
developed, and gonostylus is well developed (Fig. 17¢).

Females: Striae on dorsal, posterior margin of propodeum forms triangular pattern (Fig. 17f).
Supraclypeal area completely finely colliculate, habitus mostly green, scutum and scutellum
golden, green or reddish, pygidial plate has few minute sparse punctures or open fine punctures
medially, posterior margin of scutum is about straight, scutum and scutellum partly iridescent

orange and pink, striae on dorsal, posterior margin of propodeum forms triangular pattern.

Description
Males:

Measurements: UID 0.64 mm. LID 0.54 mm. AOD 0.19 mm. IAD 0.13 mm. OAD 0.33
mm. 10D 0.17 mm. OOD 0.2 mm. GW 0.22 mm. EW 0.29 mm. ML 0.09 mm. SL 0.23 mm. FL 3.8
mm.

Colouration: Upper golden green and metallic. Supraclypeal area golden medially. Frons
golden green and metallic. Paraocular area golden green and metallic. Scutum orange or golden
green and metallic. Scutellum golden green and metallic. Propodeum dorsally golden green and
metallic. Metasoma dark green or green, dark along posterior edges.

Sculpturing: Paraocular area some messy striae below antennal sockets or colliculate,

longitudinal striae posteriorly and proximally above antennal socket. Frons mostly longitudinal
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striae with transverse striae under ocelli. Supraclypeal area mostly finely colliculate. Clypeus finely
colliculate. Vertex punctures small, sparse, close, and open. Scutum finely colliculate. Scutellum
punctation close and open. Propodeum dorsally no linear pattern and coarsely strigate-rugose;
laterally fine to moderately colliculate with some striae anteriorly and dorsally; posteriorly finely
colliculate and striae originating ventrally and medially almost forming circles with dorsal striae.
Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance greater than diameter of socket. Labrum simple. Clypeus not depressed medially. Area
posterior of vertex with strong and close striae. Posterior margin of scutum shape mostly straight.

Gonostylus short and rounded, dorsoapical crest of gonocoxite very weak.

Females:

Measurements: UID 0.72-0.74 mm. LID 0.71-0.73 mm. AOD 0.25-0.27 mm. IAD 0.09-
0.1 mm. OAD 0.43-0.47 mm. 10D 0.18-0.18 mm. OOD 0.21-0.22 mm. GW 0.2-0.21 mm. EW
0.31-0.33 mm. BL 4.94-5.18 mm. ML 0.11-0.13 mm. SL 0.28-0.29 mm. FL 4.09-4.13 mm.

Colouration: Clypeus anteriorly black; posteriorly golden green and metallic. Whole
clypeus partly iridescent. Supraclypeal area green or golden green and metallic. Frons golden green
and metallic. Paraocular area golden green and metallic. Scutum golden green and metallic, partly
metallic orange, pink and gold and appears reddish. Scutellum golden green and metallic or golden
and partly metallic orange and pink. Propodeum dorsally golden or golden green and metallic.
Metasoma T1 black or nearly so, T2 onwards dark green or green, dark along posterior edges with
some iridescent purple.

Sculpturing: Paraocular area colliculate, some messy striae below antennal sockets,
longitudinal striae posteriorly and proximally above antennal socket. Frons mostly longitudinal
striae, anterior striae messy and transverse striae under ocelli. Supraclypeal area mostly finely
colliculate. Clypeus finely colliculate. Vertex punctures fine, close, and open. Scutum anteriorly
finely colliculate and lineolate; medially and posteriorly finely colliculate. Scutellum punctation
close and open. Propodeum dorsally strong striae, posterior striae form consecutive triangular
pattern, weak or strong medial anterior groove and coarsely strigate-rugose; laterally finely and
moderately colliculate and posteroventral and anterior striae curve towards each other and can
meet; posteriorly finely colliculate with striae originating ventrally and medially almost forming
circles with dorsal striae. Pygidial plate few minute sparse punctures.

Morphology: Scape extends to above vertex. Interantennal distance about equal to diameter
of socket. Labrum has two medial projections parallel from one another. Clypeus not depressed
medially. Area posterior of vertex strong and close striae. Posterior margin of scutum shape mostly

straight.
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Comments

Homalictus kaicolo appears to be a relatively uncommon species in the areas that we sampled.

Figure 17. Homalictus kaicolo sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral
habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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1495
1496  Figure 18. Collection localities of Homalictus kaicolo sp. nov. from specimens with identity

1497  confirmed by mtDNA COI gene. Sample size is 6.
1498
1499  Distribution

1500 Homalictus kaicolo has been sampled from the central highlands of the largest island, Viti Levu
1501  (Fig. 18). Collections of H. kaicolo have been made between 870 m asl and 1,050 m asl.

1502

1503  Etymology

1504  The name H. kaicolo is a noun in apposition derived from the Fijian term “kai colo” (pronounced
1505  ky-thow-low) which means “from the hills”. Homalictus kaicolo is named so because of its wider-
1506  distribution in the highland regions of Viti Levu, between 800 m asl and 1,100 m asl.

1507

1508
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Homalictus nadarivatu sp. nov.
(Figs 19-20)

Material examined

Holotype J: AFO004 (SAMA 32-036151), Nadarivatu, Fiji, -17.5762, 177.9350, 31.7.2010,
SVC Groom, 1,040 m asl, Viti Levu.

Allotype 9: 17FJ203 (SAMA 32-036152), 21/4/17, 9:40 AM, 842 m asl, -17.73819, 178.06611,
AC Grieve, near Monasavu Dam.

Paratypes J': AFO049 (SAMA 32-036154), 14/12/11, 10:03 AM, 1,041 m asl, -17.5762,
177.9350, SVC Groom, and @: AFO065 (SAMA 32-036153), 14/12/11, 10:03 AM, 1,041 m asl, -
17.5762, 177.9350, SVC Groom.

Other material examined
1 &: AFO002, 31/7/10, 10:03 AM, 1,040 m asl, -17.5762, 177.9350, SVC Groom, Viti Levu.

Diagnosis

Males: Labrum has two medial projections and can be distinguished from H. terminalis by the
many diagonal striae on the frons. Additionally, gonostylus are strongly proximally-directed (Fig.
19e).

Females: In combination: Bee is mostly green, supraclypeal area mostly moderately colliculate
(Fig. 1e), scape extends above head and sculpturing on anterior of scutum is colliculate and

lineolate.

Description
Males:

Measurements: UID 0.59-0.62 mm. LID 0.5-0.52 mm. AOD 0.17-0.2 mm. IAD 0.12-0.13
mm. OAD 0.28-0.31 mm. 10D 0.16-0.19 mm. OOD 0.18 mm. GW 0.17-0.2 mm. EW 0.26-0.27
mm. ML 0.09-0.1 mm. SL 0.2-0.22 mm. FL 2.99-3.12 mm.

Colouration: Clypeus, supraclypeal area, frons, paraocular area, scutum, scutellum, and
propodeum dorsally golden green and metallic.

Sculpturing: Paraocular area fine striae, colliculate along margin of compound eyes. Frons
with many diagonal striae and some transverse striae under ocelli. Supraclypeal area mostly
moderately colliculate, medial area finely colliculate and quite shiny. Clypeus finely colliculate,
quite smooth and shiny. Vertex punctures fine, close, open and/or sparse. Scutum anteriorly

moderately colliculate and lineolate; medially finely colliculate, rarely lineolate; posteriorly
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moderately fine colliculate. Scutellum finely colliculate or almost entirely smooth except for
punctation. Scutellum punctation close to sparse. Propodeum dorsally coarsely strigate-rugose or
strong striae, striae very sparse, and weak medial anterior groove present; laterally moderately
colliculate and posteroventral and anterior striae curve towards each other and can meet; posteriorly
finely colliculate and transverse striae ventrally and proximally.

Morphology: Scape extends to posterior margin of medial ocellus or above head.
Interantennal distance greater than diameter of socket. Labrum with two medial projections parallel
from one another or simple. Clypeus not depressed medially. Area posterior of vertex striae strong
and close. Posterior margin of scutum shape mostly straight. Gonostylus directed proximally and

well developed, dorsoapical crest of gonocoxite strong with small posterior projection.

Females:

Measurements: UID 0.68 mm. LID 0.63 mm. AOD 0.15 mm. IAD 0.1 mm. OAD 0.36 mm.
IOD 0.16 mm. OOD 0.2 mm. GW 0.22 mm. EW 0.29 mm. BL 5.342 mm. ML 0.13 mm. SL 0.24
mm. FL 3.73 mm.

Colouration: Clypeus anteriorly black; posteriorly golden green and metallic. Whole
clypeus partly iridescent. Supraclypeal area, frons, paraocular area, scutellum, and propodeum
dorsally golden green and metallic. Scutum golden green and metallic, partly metallic orange and
pink, and appears reddish. Metasoma dark green or green, dark green along posterior edges.

Sculpturing: Paraocular area striae, some messy striae below antennal sockets, some
horizontal striae laterally and colliculate along margin of compound eyes. Frons mostly
longitudinal striae, transverse striae under ocelli and colliculate above antennal sockets.
Supraclypeal area mostly moderately colliculate, medial area finely colliculate. Clypeus finely
colliculate. Vertex punctures fine and open. Scutum anteriorly finely colliculate and lineolate;
medially finely and moderately fine colliculate; posteriorly finely colliculate. Scutellum punctation
close and open. Propodeum dorsally linear pattern and coarsely strigate-rugose; laterally
moderately colliculate and posteroventral and anterior striae curve towards each other and can
meet; posteriorly finely colliculate, transverse striae medially and ventrally and proximally.
Pygidial plate with close and minute punctures.

Morphology: Scape extends to above vertex. Interantennal distance about equal to diameter
of socket. Labrum has two medial projections parallel from one another. Clypeus not depressed
medially. Area posterior of vertex with striae strong and close. Posterior margin of Scutum shape

mostly straight.
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Figure 19. Homalictus nadarivatu sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral

habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 20. Collection map of Homalictus nadarivatu sp. nov. from specimens with identity

confirmed by mtDNA COI gene. Sample size is 9.

Distribution

Homalictus nadarivatu has mostly been sampled from the Nadarivatu telecom towers, but has also
been collected near Monasavu dam (Fig. 20). Collections have been made between 840 m asl and
1,040 m asl.

Etymology

The name H. nadarivatu refers to the region that this species was discovered in, Nadarivatu

(pronounced Nan-dari-vah-two) on the Fijian island of Viti Levu.
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Homalictus ostridorsum sp. nov.
(Figs 21-22)

Material examined

Holotype J: 17FJ141 (SAMA 32-036194), 17/4/17, 10:45 AM, 1,328 m asl, -17.614762,
178.018284, JB Biddle, JB Dorey, CS Matthews & RK Schober, peak of Mt. Tomanivi, cleared
patch of grass, no flowers, general sweep, sunny, light breeze.

Allotype Q: 17FJ101 (SAMA 32-036195), Viti Levu, Fiji, -17.615347, 178.017228, Q, JB
Dorey, JB Biddle, RK Schober, 18.04.2017, 1,289 m asl, Tomanivi Clade, HG17CM0028, Mt.
Tomanivi, open area along ridge between peaks, Sun out, low wind, clear weather grassy open area.

Paratypes 2 &: 17FJ110 (SAMA 32-036196) and 17FJ111 (SAMA 32-036197), 18/4/18, 12:31
PM, 1,289 m asl, -17.615347, 178.017228, JB Biddle, JB Dorey & RK Schober, open area along
ridge between peaks of Mt. Tomanivi, sun out and low wind, and 2 9: 17FJ119 (SAMA 32-
036198), 18/4/17, 1:45 PM, 1,303 m asl, -17.616583, 178.016600, JB Biddle, JB Dorey & RK
Schober, caught on ridge between peaks but closer to lookout. Clear, sunny and breezy, and
17FJ143 (SAMA 32-036199), 17/4/17, 10:45 AM, 1,328 m asl, -17.614762, 178.018284, JB
Biddle, JB Dorey, CS Matthews & RK Schober, cleared patch of grass with no flowers at top of
Mt. Tomanivi, sunny and a light breeze. General sweep of grasses and flowers.

Other material examined

1 &:17FJ152, 18/4/17, 2:30 PM, 1,222 m asl, -17.614691, 178.017909, JB Dorey & CS
Matthews, open vegetated area flat just before an incline going towards peak, few dead trees
sticking up along ridge, swept off grass and plants, stiff breeze, no canopy.

1 Q:17FJ131, 17/4/17, 10:45 AM, 1,328 m asl, -17.614762, 178.018284, JB Biddle, JB Dorey,
CS Matthews & RK Schober, peak of Mt. Tomanivi, cleared patch of grass, no flowers, general

sweep, sunny, light breeze.

Diagnosis

Males: In combination: Supraclypeal area mostly finely colliculate (Fig. 1f-g) and scutum and
scutellum mostly golden, purple, blue and/or pink.

Females: In combination: Supraclypeal area mostly finely colliculate (Fig. 1f-g), scutum and
scutellum mostly purple, with some orange and green (Fig. 21f), and pygidial plate has close fine

punctures (Figs. 2, 21i).

Description
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Males:

Measurements: UID 0.67-0.77 mm. LID 0.53-0.59 mm. AOD 0.19-0.28 mm. IAD 0.13—
0.15 mm. OAD 0.33-0.37 mm. IOD 0.17-0.0.18 mm. OOD 0.21-0.22 mm. GW 0.17-0.27 mm.
EW 0.25-0.35 mm. BL 4.13-4.66 mm. ML 0.09-0.12 mm. SL 0.27-0.33 mm. FL 3.7-4.67 mm.

Colouration: Clypeus, supraclypeal area, paraocular area and propodeum dorsally golden
green and metallic. Scutum blue posteriorly, pink and orange medially, golden green and metallic
anteriorly and laterally. Scutellum orange, golden and some pink and blue. Metasoma black.

Sculpturing: Paraocular area some horizontal striae along central margin of compound eyes
and longitudinal striae, colliculate along margin of compound eyes. Frons many diagonal striae and
some transverse striae under ocelli. Supraclypeal area mostly finely colliculate. Clypeus finely
colliculate. Vertex punctures small and close. Scutum finely colliculate. Scutellum punctuation
open and sparse. Propodeum dorsally coarsely strigate-rugose with strong striae and a strong or
weak medial anterior groove; laterally finely colliculate, lineolate and posteroventral and anterior
striae curve towards each other and can meet; posteriorly finely colliculate and diagonal striae
ventrally and proximally.

Morphology: Scape extends to posterior margin of medial ocellus. Interantennal distance
greater than diameter of socket. Labrum simple. Clypeus not depressed medially. Area posterior of
vertex with strong striae, striae close, lineolate, and finely colliculate. Posterior margin of Scutum
shape mostly straight. Gonostylus moderate, dorsoapical crest of gonocoxite moderate with a small

proximal and posterior projection.

Females:

Measurements: UID 0.72-0.89 mm. LID 0.7-0.86 mm. AOD 0.25-0.5 mm. IAD 0.12-0.13 mm.
OAD 0.41-0.48 mm. 10D 0.17-0.19 mm. OOD 0.21-0.25 mm. GW 0.25-0.36 mm. EW 0.3-0.34
mm. BL 5.88-6.03 mm. ML 0.14-0.16 mm. SL 0.3-0.35 mm. FL 3.94-4.42 mm.

Colouration: Clypeus anteriorly black; middle iridescent; posteriorly golden green and metallic.
Supraclypeal area golden green metallic, orange medially. Frons, paraocular area and Propodeum
dorsally golden green and metallic. Scutum mostly purple. Scutellum mostly purple, some orange
and green. Metasoma black.

Sculpturing: Paraocular area some horizontal striae along central margin of compound eyes
and colliculate, longitudinal striae posteriorly and proximally above antennal socket. Frons mostly
longitudinal striae and transverse striae under ocelli. Supraclypeal area mostly finely colliculate.
Clypeus finely colliculate. Vertex punctures small and close or fine and sparse. Scutum anteriorly
moderately colliculate and lineolate; medially moderately fine colliculate; posteriorly finely

colliculate. Scutellum punctation close. Propodeum dorsally strong striae, weak medial anterior
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groove and coarsely strigate-rugose; laterally finely colliculate and posteroventral and anterior
striae curve towards each other and can meet; posteriorly finely colliculate, striae medially and
ventrally curve dorsally and then ventrally towards the sides, and medial striae diagonal. Pygidial
plate with close and fine punctures.

Morphology: Scape extends to above vertex. Interantennal distance less than or about equal
to diameter of socket. Labrum has two medial projections parallel from one another. Clypeus not
depressed medially. Area posterior of vertex with strong striae, lineolate and finely colliculate.

Posterior margin of scutum shape mostly straight.
Comments

Given the very limited geographical and elevational distribution of H. ostridorsum, similar to that

of H. achrostus, it is also likely to be threatened by future climate warming.
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Figure 21. Homalictus ostridorsum sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral
habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 22. Collection map of Homalictus ostridorsum sp. nov. from specimens with identity

confirmed by mtDNA COI gene. Sample size is 43.

Distribution

Homalictus ostridorsum has only been sampled from Mt. Tomanivi (the highest mountain in Fiji
and previously known as Mt. Victoria) on the main island of Viti Levu (Fig. 22). Samples were
collected between 1,200 m asl and 1,328 m asl, the latter is the highest elevation of Mt. Tomanivi.

Etymology
Both the males and females of this species have a purple scutum. The name is derived from the

Latin ostrum meaning ‘purple’ and dorsus meaning ‘back’.
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Homalictus taveuni sp. nov.
(Figs 23-24)

Material examined

Holotype J: ACQ003 (SAMA 32-036163), Taveuni, Fiji, -16.967000, 179.997000, SVC
Groom, 01.09.2010, 15 m asl, Clade E, MSAPB164_11 ACQO003.

Allotype @: ACQ002 (SAMA 32-036164), Taveuni, Fiji, -16.967, 179.997, 15 m asl, Clade E,
SVC Groom, Taveuni.

Paratype J': ACQ004 (SAMA 32-036165), 1/9/10, 16 m asl, -16.967, 179.997, SVC Groom.

Diagnosis

Males: In combination: Supraclypeal area mostly finely colliculate (Fig. 1f-g), posterior or margin
of scutum about straight (Fig. 23a), scutum, scutellum and supraclypeal area golden green and
metallic, and scutellum to forewing length ratio 1:14.

Females: In combination: Supraclypeal area mostly moderately colliculate (Fig. 1e), scape does not
extend beyond posterior margin of medial ocellus, propodeum coarsely strigate-rugose (Fig. 1a)

and propodeum does not have a medial anterior groove dorsally (Fig. 23f).

Description
Males:

Measurements: UID 0.63 mm. LID 0.46 mm. AOD 0.19 mm. IAD 0.11 mm. OAD 0.32
mm. 10D 0.18 mm. OOD 0.19 mm. GW 0.17 mm. EW 0.29 mm. ML 0.1 mm. SL 0.22 mm. FL
3.14 mm.

Colouration: Clypeus, supraclypeal area, frons, paraocular area, scutum and scutellum
golden green and metallic. Propodeum dorsally green. Metasoma dark green or green, dark along
posterior edges.

Sculpturing: Paraocular area some messy striae below antennal sockets and colliculate,
longitudinal striae posteriorly and proximally above antennal socket. Frons has many diagonal
striae and some transverse striae under ocelli. Supraclypeal area mostly finely colliculate. Clypeus
finely colliculate. Vertex punctures fine, close, and open. Scutum anteriorly finely colliculate and
lineolate; medially finely and moderately fine colliculate; posteriorly finely colliculate. Scutellum
punctation open and sparse. Propodeum dorsally strong striae, weak medial anterior groove, and
coarsely strigate-rugose; laterally finely colliculate and posteroventral and anterior striae curve
towards each other and can meet; posteriorly longitudinal striae ventrally and transverse striae

medially.

74



1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance about equal to diameter of socket. Labrum simple. Clypeus not depressed medially. Area
posterior of vertex with striae strong and close. Posterior margin of scutum shape mostly straight.

Gonostylus moderate, dorsoapical crest of gonocoxite moderate. Entire genital relatively small.

Females:

Measurements: UID 0.65 mm. LID 0.62 mm. AOD 0.22 mm. IAD 0.9 mm. OAD 0.38 mm.
10D 0.18 mm. OOD 0.165 mm. GW 0.19 mm. EW 0.3 mm. BL 4.51 mm. ML 0.13 mm. SL 0.26
mm. FL 3.61 mm.

Colouration: Clypeus anteriorly black; posteriorly golden green and metallic. Whole
clypeus partly iridescent. Supraclypeal area, frons, scutellum, and propodeum dorsally golden green
and metallic. Scutum golden green and metallic and partly metallic orange and pink. Metasoma
dark green or green, dark green along posterior edges.

Sculpturing: Paraocular area striae, colliculate along margin of compound eyes. Frons
mostly longitudinal striae. Supraclypeal area mostly moderately colliculate, medial area finely
colliculate. Clypeus finely colliculate. Vertex punctures fine and close. Scutum anteriorly
moderately colliculate and lineolate; medially and posteriorly finely colliculate. Scutellum
punctation close and open. Propodeum dorsally linear pattern and coarsely strigate-rugose; laterally
ventral and anterior striae curve towards each other and can meet; posteriorly finely colliculate and
transverse striae ventrally and proximally. Pygidial plate with close minute punctures medially,
punctures mostly on posterior half and hairs emerging on ventral 1/3.

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance about equal to diameter of socket. Labrum with two medial projections parallel from one
another. Clypeus not depressed medially. Area posterior of vertex striae strong and close. Posterior

margin of scutum shape mostly straight.

Comments

This species has only been found at low elevations and in small numbers at a single site.
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Figure 23. Homalictus taveuni sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral

habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 24. Collection localities of Homalictus taveuni sp. nov. from specimens with identity

confirmed by mtDNA COI gene. Sample size is 3.

Distribution
Homalictus taveuni has only been sampled from the island of Taveuni (Fig. 24). Collections have

only been made at 15 m asl.

Etymology
The name H. taveuni refers to the island of Taveuni that this species appears to be restricted.
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1776  Homalictus terminalis sp. nov.

1777  (Figs 25-26)

1778

1779  Material examined

1780 Holotype J: 17FJ48 (SAMA 32-036147), Mt. Batilamu, Fiji, -17.68656, 177.54394, JB Dorey,
1781 OK Davies, 27.4.2018, 1,118 m asl, 9:50 AM, RP170KD0030, sweep netting area around the hut,
1782  long grasses and weeds (0.5-2 m high) with minimal flowers. Mostly roosting bees.

1783 Allotype Q: 17FJ43 (SAMA 32-036148), Mt. Batilamu, Fiji, -17.68656, 177.54394, 1,118 m,
1784  sweep netting, JB Dorey, OK Davies, 24.7.17, across the area around the hut, long grasses and
1785  weeds (0.5-2 m high) with minimal flowers. Mostly roosting bees.

1786 Paratypes 2 9: 17FJ44 (SAMA 32-036149) & 17FJ41 (SAMA 32-036150), 27/4/17, 9:50 AM,
1787 1,118 masl, -17.68656, 177.54394, JB Dorey & OK Davies, Mt. Batilamu, across the area around
1788  the hut, long grasses and weeds (0.5-2 m high) with minimal flowers. Mostly roosting bees.

1789 Other material examined

1790 2 9:17FJ50 and 17FJ68, 27/4/17, 9:50 AM, 1,118 m asl, -17.68656, 177.54394, JB Dorey &
1791 OK Davies, Mt. Batilamu, across the area around the hut, long grasses and weeds (0.5-2 m high)
1792  with minimal flowers. Mostly roosting bees.

1793

1794  Diagnosis

1795 Males: Labrum has two medial projections and can be distinguished from males of H. nadarivatu
1796 by alack of many vertical striae on the frons. Dorsal subapical crest of gonocoxite poorly

1797  developed and gonostylus laterally flattened (Fig. 25e).

1798  Females: In combination: Bee is mostly green, supraclypeal area is mostly moderately colliculate,
1799  scape extends above head and sculpturing on anterior of scutum colliculate but not lineolate.

1800

1801  Description

1802  Males:

1803 Measurements: UID 0.7 mm. LID 0.67 mm. AOD 0.26 mm. IAD 0.1 mm. OAD 0.44 mm.
1804 10D 0.17 mm. OOD 0.2 mm. GW 0.24 mm. EW 0.4 mm. BL: 4.99 mm ML 0.13 mm. SL 0.33 mm.
1805  FL 3.85 mm.

1806 Colouration: Whole clypeus partly iridescent, golden green, and metallic. Supraclypeal area,
1807  frons, paraocular area, scutellum, and propodeum dorsally golden green and metallic. Scutum
1808  partly metallic orange and pink and golden green and metallic. Metasoma T1 is black or nearly so,

1809 T2 onwards is green, dark green along posterior edges.
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Sculpturing: Paraocular area striae, colliculate along margin of compound eyes. Frons with
many diagonal striae, lateral striae under ocelli. Supraclypeal area mostly moderately colliculate,
medial area finely colliculate. Clypeus finely colliculate. Vertex punctures very few, small and
sparse. Scutum anteriorly finely colliculate and lineolate; medially finely colliculate; posteriorly
moderately colliculate and lineolate. Scutellum punctation open and sparse. Propodeum dorsally
linear pattern and coarsely strigate-rugose; laterally finely colliculate and posteroventral and
anterior striae curve towards each other and can meet; posteriorly finely and moderately colliculate
and diagonal striae ventrally and proximally.

Morphology: Scape extends to above vertex. Interantennal distance about equal to diameter
of socket. Labrum simple. Clypeus not depressed medially. Area posterior of vertex with strong and
close striae. Posterior margin of Scutum shape mostly straight. Gonostylus well developed and
flattened laterally, dorsoapical crest of gonocoxite weak. Fovea along anterior and proximal margin

of eye absent.

Females:

Measurements: UID 0.6-0.87 mm. LID 0.57-0.84 mm. AOD 0.2-0.3 mm. IAD 0.09-0.1
mm. OAD 0.32-0.49 mm. 10D 0.17-0.21 mm. OOD 0.16-0.25 mm. GW 0.1-0.32 mm. EW 0.11-
0.38 mm. BL 4.51-5.56 mm. ML 0.11-0.16 mm. SL 0.25-0.39 mm. FL 3.34-4.18 mm.

Colouration: Clypeus anteriorly black; posteriorly golden green and metallic. Whole
clypeus partly iridescent. Supraclypeal area, frons, and paraocular area golden green and metallic or
golden. Scutum metallic orange, pink, and golden green. Scutellum golden green and metallic or
partly metallic orange and pink. Propodeum dorsally golden green and metallic. Metasoma black,
dark green or green, dark green along posterior edges.

Sculpturing: Paraocular area with some horizontal striae laterally and longitudinal striae,
colliculate along margin of compound eyes. Frons mostly longitudinal striae. Supraclypeal area
mostly moderately colliculate, medial area finely colliculate, rarely finely colliculate anteriorly.
Clypeus finely colliculate. Vertex punctures minute open, fine, and close. Scutum anteriorly
moderately fine colliculate; medially and posteriorly finely colliculate or moderately fine
colliculate. Scutellum punctation close and open. Propodeum dorsally linear pattern, strong striae,
weak medial anterior groove and coarsely strigate-rugose; laterally finely colliculate, ventral and
anterior striae curve towards each other and can meet, some striae anteriorly and dorsally and some
striae ventrally; posteriorly finely colliculate, moderately fine colliculate, transverse striae medially,
transverse striae ventrally and proximally and striae originating ventrally and medially almost

forms circles with dorsal striae. Pygidial plate with close minute punctures medially.
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Morphology: Scape extends to above vertex. Interantennal distance about equal to diameter of
socket. Labrum has two medial projections parallel from one another. Clypeus not depressed
medially. Area posterior of vertex with strong and close striae. Posterior margin of Scutum shape

mostly straight.

Comments
Given the very limited geographical and elevational distribution of H. terminalis it is likely to be

threatened by climate warming in the future.
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Figure 25. Homalictus terminalis sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral

habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 26. Collection map of Homalictus terminalis sp. nov. from specimens with identity

confirmed by mtDNA COI gene. Sample size is 10.

Distribution
Homalictus terminalis has only been sampled on Mt. Batilamu on the largest island of Viti Levu
(Fig. 26). Collections of H. terminalis sp. nov. have only been made between 1,100 m asl and 1,118

m asl — the summit of Mt. Batilamu is 1,195 m asl.

Etymology

Homalictus terminalis has only been found within 95 m of the maximum elevation available to it,
like numerous other Homalictus species in Fiji. The Latin noun terminalis means limit or boundary
indicating the upper elevational and thermal limit that H. terminalis inhabits and could ultimately
result in its extinction with global climate warming.
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Homalictus tuiwawae sp. nov.
(Figs 27-28)

Material examined

Holotype J: 17FJ216 (SAMA 32-036155), Nadarivatu, Fiji, 810 m asl, -17.6185, 177.9787,
18.4.2017, BL Barnden, Nadarivatu Rd, towards telecom tower, caught on 4 petal yellow flower.

Allotype @: 17FJ158 (SAMA 32-036156), 19/4/17, 10:35 AM, 865 m asl, -17.609817,
177.979867, JB Biddle, RK Schober, JB Dorey & CS Matthews, caught amongst weeds and grass
above kava plantation (cleared and surrounded by forest). Sunny and little to no breeze in clearing.

Paratypes 3 &: ED42_D03 (SAMA 32-036157), 28/8/10, 923 m asl, -17.58268, 177.93645, E
Deans, ABL002 (SAMA 32-036158), 4/8/10, 12:45 AM, 842 m asl, -17.678, 178.001, SVC
Groom, ABL003 (SAMA 32-036159), 4/8/10, 12:45 AM, 842 m asl, -17.678, 178.001, SVC
Groom, and 3 9: 17FJ80 (SAMA 32-036160), 28/4/17, 11:00 AM, 842 m asl, -17.67782,
177.54044, JB Dorey, Mt. Batilamu, long grass and weeds on the path down near the edge of the
forest. Some "butterfly’ suitable flowers. Swept off the trees. Generally, overcast with some sun.
Males generally caught around the outside of the compound. ABN001 (SAMA 32-036161), 4/8/10,
1:45 PM, 665 m asl, -17.735, 178.075, SVC Groom, ABO001 (SAMA 32-036162), 4/8/10, 2:02
PM, 357 masl, 17.727, 178.084, SVC Groom.

Diagnosis

Males: In combination: Supraclypeal area mostly moderately colliculate, frons has many diagonal
striae and labrum lacks two medial projections (simple).

Females: In combination: supraclypeal area mostly finely colliculate, scutum golden green and
metallic and pygidial plate has a dense line of hairs medially. The latter character is useful to

distinguish H. tuiwawae from H. concavus, H. atritergus, and H. kaicolo.

Description
Males:

Measurements: UID 0.61 mm. LID 0.48 mm. AOD 0.19 mm. IAD 0.13 mm. OAD 0.35
mm. 10D 0.15 mm. OOD 0.2 mm. GW 0.22 mm. EW 0.27 mm. BL 3.75 mm. ML 0.11 mm. SL
0.22 mm. FL 3.09 mm.

Colouration: Clypeus, supraclypeal area, frons, paraocular area, scutum, scutellum, and
propodeum dorsally golden green and metallic. Metasoma dark green or green, dark green along

posterior edges.
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Sculpturing: Paraocular area colliculate, longitudinal striae posteriorly and proximally
above antennal socket. Frons with many diagonal striae and transverse striae under ocelli.
Supraclypeal area mostly moderately colliculate, medial area finely colliculate. Clypeus finely
colliculate. Vertex with very few fine and open punctures. Scutum anteriorly moderately colliculate
and lineolate; medially and posteriorly moderately fine colliculate. Scutellum punctation close and
open. Propodeum dorsally weak medial anterior groove and coarsely strigate-rugose; laterally
finely colliculate, some striae anteriorly and dorsally, and some striae ventrally; posteriorly finely
colliculate and transverse striae ventrally and proximally.

Morphology: Scape extends to or below anterior margin of medial ocellus. Interantennal
distance greater than diameter of socket. Labrum simple. Clypeus not depressed medially. Area
posterior of vertex with striae strong and close. Posterior margin of Scutum shape mostly straight.
Gonostylus moderate, dorsoapical crest of gonocoxite well developed. Penis valves strongly
hooked.

Females:

Measurements: UID 0.63-0.66 mm. LID 0.6-0.64 mm. AOD 0.22-0.23 mm. IAD 0.09-0.1
mm. OAD 0.38-0.42 mm. 10D 0.17-0.18 mm. OOD 0.16-0.2 mm. GW 0.16-0.24 mm. EW 0.27—
0.32 mm. BL 4.13-0.49 mm. ML 0.13-0.15 mm. SL 0.25-0.26 mm. FL 3.56-3.61 mm.

Colouration: Clypeus anteriorly black; posteriorly golden green and metallic. Whole
clypeus partly iridescent and golden green and metallic. Supraclypeal area, frons and paraocular
area golden green and metallic. Scutum golden green and metallic partly metallic orange and pink
and can appear reddish. Scutellum golden green and metallic and partly metallic orange and pink.
Propodeum dorsally golden green and metallic with some iridescent pink, purple, or blue.
Metasoma green, dark green along posterior edges and some iridescent purple.

Sculpturing: Paraocular area striate, colliculate along margin of compound eyes. Frons
mostly longitudinal striae, can have transverse striae under ocelli and colliculate above antennal
sockets. Supraclypeal area mostly finely colliculate. Clypeus finely colliculate. Vertex punctures
fine and open. Scutum anteriorly moderately colliculate and lineolate; medially and posteriorly
finely and moderately colliculate. Scutellum punctation close and open. Propodeum dorsally has a
linear pattern, some posterior transverse striae and coarsely strigate-rugose; laterally finely
colliculate and posteroventral and anterior striae curve towards each other and can meet; posteriorly
finely colliculate, transverse striae medially and ventrally and proximally. Pygidial plate with close
and fine punctures medially.

Morphology: Scape extends to above vertex. Interantennal distance about equal to diameter

of socket. Labrum with two medial projections parallel from one another. clypeus not depressed
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medially. Area posterior of vertex with strong striae and close. Posterior margin of Scutum shape

mostly straight.

Comments
Homalictus tuiwawae is the second most common native bee encountered in Fiji and the most

common bee in the highlands.
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Figure 27. Homalictus tuiwawae sp. nov. male (a) dorsal habitus, (b) lateral habitus, (c) dorso
posterior, (d) anteriorly frontal face and (e) ventral genitalia. Female (f) dorsal habitus, (g) lateral

habitus, (h) dorso posterior, (i) anteriorly frontal face, and (j) pygidial plate.
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Figure 28. Collection map of Homalictus tuiwawae sp. nov. from specimens with identity

confirmed by mtDNA COI gene. Sample size is 58.

Distribution

Homalictus tuiwawae has a large distribution on the largest island of Viti Levu, ranging from the

central highlands to Mt. Batilamu (Fig. 28). Collections of H. tuiwawae have been made between

660 m asl and 1,000 m asl.

Etymology
Homalictus tuiwawae is named in recognition of Marika Tuiwawa, the herbarium curator at the

Faculty of Science, Technology and Environment at the University of the South Pacific. Marika

Tuiwawa has been a key facilitator for past and ongoing bee research in Fiji, contributing greatly to

our ecological and behavioural studies, and the discovery of new species in Fiji.
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Discussion

With some exceptions (notably H. hadrander and H. achrostus), most of the Fijian bee species
described here are externally very cryptic making species identification challenging. The most
reliable morphological character to delineate species for males is the male genitalia and for females
often the pygidial plate. Our study of the Fijian Homalictus highlights the growing number of
studies (e.g., [69-72]) that emphasise the importance of COI barcoding and molecular analysis in

conjunction with morphology as a method of species delineation and identification.

Many of the Fijian Homalictus appear to be restricted to narrow geographical areas and altitudinal
bands, with many species constrained to single mountain tops. These highland regions appear to act
as climate refugia for these highland species. From further COI barcoding, we are aware of another
13 potential undescribed Fijian Homalictus species [12] but we have not described those species

here because we lack representatives for both sexes.

It is likely that other archipelagos with highlands in the tropical Pacific will have a similar
hyperdiversity of bees and other tropical invertebrates. Samoa [73], Vanuatu [74], Micronesia [75],
Solomon Islands [76], Fiji [65], New Guinea [77], and New Caledonia [41] have all been examined
for bee diversity but many of these studies are decades old and are not the result of bee-specific
sampling. Additionally, these studies delineate species based on morphology alone, making the

identification of cryptic species difficult.

The high number of Fijian Homalictus restricted to single highland peaks and near their maximum
elevational extent indicates a high risk of numerous species loss under global warming predictions
due to their limited ability to track changing climates. It is possible that H. achrostus has already
gone extinct from its mountain top (Nadarivatu) with six samples collected in 1978 [65], two
samples in 2010, and none since then despite extensive sampling in the area. There is a clear need
to document and describe these new species in Fiji and the tropics, particularly if many endemic

and valuable pollinators are at risk of extinction.
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MSAPB256_11_AAZ00A_L_sp_MitiLevu
MSAPB248_11_AAY004 | sp
MSAPB246_11_AAY00Z L_sp
MSAPB255_11_AAZO05 L_sp
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MSAPBOE3_11_AALOOS L_sp
MSAPBO26_11_AACO13_L _sp
MSAPB202_11_AADO31_L sp
17F60__reversad
MSAPBZ22 11_AAROO3_L_sp_VitiLevu
2028 MSAPBO83_11_AMAD019_L sp
yCMR12_DO1
MSAPB224_11_AAROOS L sp
MSAPBOTE_11_AACO1Z_L_sp
MSAPB232_11_AAUOOT L sp
17FJ193_reversed
MSAPBOZT_11_AACO01_L_sp
MSAPBO33_11_AMECQDZ L sp
MSAPBOGS_11_AAMOOS_L_sp
MSAPB206_11_AMDO035_L sp
17FJ218_ re
MSAPBOTA_11_AADO10 L sp
yCMRE_HOB
MSAPBDGS_11_AAMOO1_L _sp
MSAPB225_11_AARODE L_sp
MSAPB214_11_AAPOOE_L sp
17FJ196__ reversed_
MSAPBO15_11_AABO15_L sp
MSAPBOO0A_11_AAADDE L sp
MSAPB196_11_AAO025 L sp
MSAPB227_11_AARODB_L_sp
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MSAPB200_11_AAO029 L sp
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MSAPBO3S_11_AAKOD5_L sp
MSAPB318_11_ABIOO3 L sp
MSAPBOS0_11_AAD04T [ sp
yCMR168_B09
MSAPB201_11_AADO30_L sp
MSAPB216_11_AAPODS_L sp
MSAPB336_11_ABKOD4 L sp
MSAPBOB4_11_AAOO20_L_sp
MSAPBOS6_11_AAKD20 | sp
MSAPB199_11_AADOZ8 | sp
MSAPBOB2 11_AAODO18 | sp
17FJ200__reversed_
MSAPBO44 11_AAKOOT_L sp
yCMR4T_HO5
MSAPBOT2_11_AADO08_| sp
yCMR13_ED1
MSAPB198_11_AADO2T | sp
MSAPBO34_11_AAEDD3 L sp
MSAPBOB5_11_AADO21_L_sp
MSAPB226_11_AAROOT L _sp
MSAPBOTO_11_AANODT_L sp
MSAPBO31_11_AADOO1_L_sp
MSAPBOS5_11_AADO03_| sp
MSAPB221_11_AAR00Z L sp
MSAPBO10_11_AAADI1 L sp
MSAPB217_11_AAPODE_L_sp
17FJQ_msrsed_
MSAPBOG2_11_AALO1T_L_sp_VitiLewvu
MSAPBO45_11_AAKODB | sp
MSAPB210_11_AAPOD1_L sp
17FJ2T__reversed
MSAPED20_11_AABOO5 L sp
MSAPBOBE_11_AADO3S | sp
MSAPBO71_11_AADOD1_L_sp
MSAPBOBO_11_AADO1E_L_sp
MSAPBDB4_11_AALON4 L sp C
yCMR16_ADZ
MSAPB213_11_AAPOO4 | sp
MSAPB1295 12 AFOO72_L_sp
MSAPB256_11_AAZO0G_L_sp
MSAPB19T_11_AADO26_| sp
17FJ207__reversad_
MSAPB211_11_AAPOD2 | _sp
17FJ77__reversed_
yCMR131_ED4
MSAPB180_11_AAADD5_L_sp
MSAPB350_11_ABP00D2_L _sp_Kadawu
MSAPBOBT_11_AADO23_| _sp
MSAPBOES_11_AAOD40_L _sp
yCMR38_G04
MSAPBZ23_11_AAROO4_L_sp
yCMR15_G01
MSAPBZ30_11_AAT003_L_sp
17FJ198__reversed_
MSAPB348_11_ABPOOM_L_sp_Kadavu
MSAPB182_11_AAOODS_L_sp
MSAPB212_11_AAPOD3 L _sp
MSAPBOTS5_11_AADO11_L_:
MSAPB207_11_AADO36_L_sp
yCMR19_D02
yCMR10_BO1
MSAPB204_11_AADO33_|_sp
MSAPB346_11_ABOOO4_|_sp
MSAPB193_11_AADO0E_L_sp
MSAPB205_11_AAO034_L _sp
MSAPB472_11_ACLO0Z_L_sp_Vanua_Levu
MSAPB144_11_ACLO0E_L_sp
MSAPB471_11_ACLO0T_L
MSAPB149_11_AANODE_L_sp_Vanua_Levu
MSAPB473_11_ACLO03_L_sp_Vanua_Levu
MSAPB1003_12_ADHO03_L_sp
MSAPB1002_12_ADED02_L_sp
MSAPB1000_12_ADC024_L_sp
17FJ188__reversad_
MSAPB305_11_ABFOO5_L_sp
- MSAPBO28_11_AACO02_L _sp
MSAPB269_11_ABBO01_L_sp
MSAPB236_11_AAWO03_L_sp
MSAPBO25_11_AACO11_L_sp
yCMR20_E02
MSAPB281_11_ABCOO08_L
MSAPB029_11_AACO03_L_sp
17FJ85__reversed_
17FJ221__reversad_
MSAPB294_11_ABEODE_L_sp
17FJ184__reversed_

MSAPBZ71_11_ABB003_L_sp_VitiLevu
MSAPBO14_11_AABO14_L_sp
MSAPB257_11_AAZ0O0T |_:
MSAPB249_11_AAY005_L_sp
MSAPBO37_11_AAF001 L
MSAPB250_11_AAY006_L_sp
MSAPB247_11_AAY003_L_sp

[| MSAPB352_11_ABQO02_L_sp_Kadavu

MSAPB365_11_ABS003_L_sp_Kadavu
MSAPB3ITE_11_ABU0OZ_L_sp_Kadawvu
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NOAFBLOU 11 _AATUUD_L_Sp
MSAPB247_11_AAY0D03_L_sp
MSAPB352_11_ABQO02_L_sp_Kadavu
MSAPB365_11_ABS003_L_sp_Kadawu
MSAPB378_11_ABU00Z_L_sp_Kadawvu
MSAPB436_11_ACDO03_L_sp_Kadavu
MSAPB439_11_ACE001_L_sp_Kadavu
MSAPB450_11_ACHOO1_L_sp_Kadavu
MSAPB351_11_ABQOO1_L_sp_Kadavu
MSAPB385_11_ABV0D1_L_sp_Kadavu
MSAPB382_11_ABUOOE_L_sp_Kadawvu
MSAPB392_11_ABWO04_L_sp_Kadavu
MSAPB374_11_ABTO07 Kadavu
MSAPB380_11_ABUOD4_L_sp_Kadavu
MSAPB368_11_ABTO01_L_sp_Kadavu
MSAPB356_11_ABQOOE_L_sp_Kadavu
MSAPB383_11_ABUOOT_L_sp_Kadawvu
MSAPB363_11_ABS001_L_sp_Kadawu
MSAPB3T1_11_ABT004_L_sp_Kadavu
MSAPB362_11_ABROOG6_L_sp_Kadawvu
MSAPB388_11_ABVO04 | sp Kadawu
MSAPB38T_11_ABV003_L sp_Kadawu
MSAPB358_11_ABRO02_L_sp_Kadavu
MSAPB3TO_11_ABTO03_L_sp_Kadavu
MSAPB366_11_ABS004_L_sp_Kadawu
MSAPB386_11_ABV002_L_sp_Kadawu
MSAPB36T_11_ABS005_L sp_Kadawu
MSAPB1007_12_ADGO004_L sp
MSAPB1008_12_ADGO05_L sp
MSAPB1004_12_ADG001_L_sp
MSAPB1005_L_sp _Ono
MSAPB1006_12_ADG003_L_sp_Ono
MSAPB1042_L sp_Moala
MSAPB1044_L sp_Moala
MSAPB1028_L_sp_Totoya
MSAPB1043_12_AEX002 L _sp
MSAPB1027_L_sp_Totoya
MSAPB1045_L_sp_Moala
MSAPB1165_L_sp_Taveuni
MSAPB1030_L_sp_Totoya
MSAPB416_11_ACAD09_L_sp_Kadawvu
MSAPB424_11_ACB005_L_sp_Kadawvu
MSAPB456_11_ACI002_L sp_Kadavu
MSAPB445_11_ACEQ07_L_sp_Kadawvu
MSAPB442_11_ACE004_L_sp_Kadawvu
MSAPB440_11_ACE002_L_sp_Kadavu
MSAPB433_11_ACDO16_L_sp_Kadavu
MSAPB454_11_ACHO0S_L_sp_Kadavu
MSAPB449_11_ACG002_L_sp_Kadavu
MSAPB448_11_ACGO001_L_sp_Kadavu
MSAPB457_11_ACI003_L_sp_Kadavu
MSAPB420_11_ACB001_L_sp_Kadawvu
MSAPB455_11_ACHOOE_L_sp_Kadavu
MSAPB411_11_ACAD03_L_sp Kadavu
MSAPB430_11_ACCO01_L_sp_Kadavu
MSAPB463_11_ACJ004_L_sp_Kadavu
MSAPB418_11_ACA011_L_sp Kadavu
MSAPB452_11_ACHO03_L_sp_Kadavu
MSAPB453_11_ACHO04 | sp Kadavu
MSAPB444_11_ACE006_L_sp_Kadavu
MSAPB434_11_ACDO01_L_sp_Kadavu
MSAPB421_11_ACB002_L_sp_Kadavu
yCMRTO_G0&
MSAPBOTE_11_AADO14_L sp
MSAPBOTS_11_AADO1I5_L sp
MSAPBOBG_11_AMD022_| sp
MSAPB209_11_AAQ038_L_sp_VitiLevu
MSAPBO81_11_AMADO17_L sp
MSAPB195_11_AAC024 L sp
MSAPBOS1_11_AACO42_L_sp
MSAPB203_11_AMDO032_L sp

17FJBE 1 re\rarsed

yCMR129

MSAPBZSS 11 _ABCO10_L_sp
yCMR21_F02
MSAPB233_11_AAUQD2 L _sp
MSAPB287T_11_ABDOO5_L_sp
MSAPB333_11_ABKOO1_L sp
MSAPBO16_11_AABODZ_L_sp
17F&7__reversed
MSAPBO30_11_AACO04_L_sp
MSAPB272_11_ABBOO4 L sp
MSAPB263_11_ABADDZ_L_sp
17FJ191__reversed_

yCMR130_Do4
MSAPBOAT_11_AABO1T_L sp
MSAPB244_11_AAX003_L sp
MSAPB460_11_ACI006_L sp_Kadavu
MSAPB381_11_ABUOOS_L_sp_Kadawvu
MSAPB354_11_ABQOO4 | sp_Kadawu
MSAPB408_11_ABZ005_L_sp_Kadavu
MSAPB451_11_ACHO0Z_L_sp_Kadavu
MSAPB412_11_ACA004_L_sp_Kadawu
MSAPB376_11_ABTO009 L sp_Kadavu
MSAPB3TT_11_ABUO0O1_L_sp_Kadawu
MSAPB400_11_ABYO011_L_sp_Kadawu
MSAPB375_11_ABTO08_Kadawvu
MSAPB353_11_ABQOO3_L sp Kadavu
MSAPB364_11_ABS002_L_sp_Kadawu
MSAPB378_11_ABU0O3_L_sp_Kadawu
MSAPB360_11_ABRO04_L_sp_Kadavu
MSAPB403_11_ABYD14_L_sp_Kadawu
MSAPB307_11_ABY003_L_sp_Kadavu
MSAPB3S6_11_ABYD02 L _sp_Kadawu
MSAPB312_11_ABHO02 L _sp
MSAPB311_11_ABHO01 L sp
MSAPB432_11_ACDO15_L_sp_Kadawu
MSAPB446_11_ACE008_L_sp_Kadavu
MSAPB393_11_ABWO0S_L_sp_Kadawu
17FJ213__reversed
MSAPB435_11_ACDO02_|_sp_Kadavu
MSAPB398_11_ABY004 L sp Kadawu
MSAPB414_11_ACA005_L_sp_Kadawvu
MSAPB405_11_ABZ002_| _sp_Kadawu
MSAPB407_11_ABZ004_L_sp_Kadavu
MSAPB355_11_ABQOOS_L_sp_Kadawu
MSAPB413_11_ACA006_L_sp_ Kadawu
MSAPB394_11_ABWOOE_L_sp_Kadawu
MSAPB410_11_ACAQ0Z_L_sp_Kadavu
MSAPB404_11_ABZ001_L_sp_Kadawu
MSAPB402_11_ABYD13_L_sp_Kadawu
MSAPB380_11_ABWODZ_L_sp_Kadavu
17FJ82_ reversed_
MSAPB426_11_ACB015_L_sp_Kadawu
MSAPB315_11_ABHO05_L_sp
MSAPB437_11_ACDO04_L_sp_Kadavu
MSAPB385_11_ABYD01_L_sp_Kadawu
MSAPB329_11_ABJODS L_sp
MSAPB462_11_ACJD03_L_sp_Kadawu
MSAPB461_11_ACJI002_L_sp_Kadawu
MSAPB431_11_ACCO02_L_sp_Kadavu
MSAPB441_11_ACE003_L_sp_Kadawu
MSAPB417_11_ACA010_L_sp_Kadavu
MSAPB415_11_ACADOB_L_sp_Kadawu
MSAPB359_11_ABYD05_L_sp_Kadawu

MSAPB28A 11 ABEO10 L =p VitiLevu HL
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MSAPB415_11_ACADD8_L_sp_Kadawu
MSAPB399_11_ABY005_L_sp Kadawu
MSAPB298_11_ABEC10_L_sp_VitiLevu_HL

MSAPB429_11_ACB018_L_sp_Kadavu
MSAPB422 11_ACB003_L_sp_Kadavu
17FJ206__reversed_

MSAPB391_11_ABWO03_L_sp_Kadavu

MSAPB447_11_ACF001_L sp. Kadavu
MSAPB401-11_ABY012 L _sp_Kadawu
MSAPB443_11_ACEQ05_L_sp_Kadavu
2030 MSAPB428_11_ACBO17_L_sp_Kadavu
MSAPB361_11_ABRO05_L_sp_Kadavu
2031 MSAPB406_11_ABZ003 L sp Kadavu
1TFJ169__ reversed_
MSAPB4Z3_11_ACB004_L_sp_Kadavu
2032 MSAPB427_11_ACB016_L_sp_Kadavu
2033 MSAPB384_11_ABUGOS L sp_Kadavu
MSAPB438_11_ACDO0S_L_sp_Kadavu
MSAPB419_11_ACAQ12_L sp_Kadavu
2034 17FJ212_ reversed_
17FJ84_ reversed_
17FJ&1__reversed
2035 17FJ214__reversed_
2036 MSAPB378_11_ABIO02 L sp
yCMRSS_DO7
17FJ155__reversed
2037 MSAPB323_11_ABIDOT_L_sp
MSAPB317_11_ABI0DT L sp
2038 S on
14 L sp
2039 YCMRSE_AOT
YCMRSS_HOS
MSAPB326_11_ABJ00Z_L_sp_VitiLevu_HL
2040 YCMR71_HO8
2001 .
y ]
17FJ168__reversed
2042 yClRe0 Eo7
2043 YCMR74_C09
5044 yCMRES COT
MSAPB297_11_ABE00S_L sp
yCMRE2_GO7
MSAPB331_11_ABJOOT_L_sp_VitiLevu_HL
o i
" reversed_
g .
y ]
2047 e 071 ep VL.
11 ' L_sp_itiLevu_|
2048 17FJ210_ reversed_
MSAPEI30_11_ABJO0E L sp
revers
2050 e
"~ reversed_
200 usiessz RS L
11 i L_sp VitiLevu_
o e,
y |
2052 1TFJ157_reversed_
MSAPB1307_12 AFO023 L s
2053 ED20_Ci0 ~— -
{IGAPBT0S 11 ABFO0A L
11 L sp
rone e et
reverse
2055 17FJ163__reversed_
17FJ208__ reversed
2056 17F 1166 reversed_
CMR&3_HOT
2057 31r?FJ25__re\rsrsed_
17FJ164__ reversed_
2058 17FJ156__ reversed_
2059
2060 0.02

2061  Figure S1: (a) maximum credibility tree of all sequenced Fijian Homalictus specimens where
2062  branch colour represents (b) geographic location. Numbers show posterior probability at nodes.
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Abstract

Island biogeography explores how biodiversity in island ecosystems arises and is maintained. The
topographical complexity of islands can drive speciation by providing a diversity of niches that
promote adaptive radiation and speciation. However, recent studies have argued that phylogenetic
niche conservatism, combined with topographical complexity and climate change, could also
promote speciation if populations are episodically fragmented into climate refugia that enable
allopatric speciation. Adaptive radiation and phylogenetic niche conservatism therefore both predict
that topographical complexity should encourage speciation, but they differ strongly in their inferred
mechanisms. Using genetic (mitochondrial DNA — mtDNA — and single-nucleotide
polymorphism — SNP) and morphological data, we show high species diversity (22 species) in an
endemic clade of Fijian Homalictus bees, with most species restricted to highlands and frequently
exhibiting narrow geographical ranges. Our results indicate that elevational niches have been
conserved across most speciation events, contradicting expectations from an adaptive radiation
model but concordant with phylogenetic niche conservatism. Climate cycles, topographical
complexity, and niche conservatism could interact to shape island biodiversity. We argue that
phylogenetic niche conservatism is an important driver of tropical island bee biodiversity but that
this phylogenetic inertia also leads to major extinction risks for tropical ectotherms under future

warming climates.

Keywords

Evolution, climate change, allopatric, tropical ectotherms, thermal specialist, adaptive radiation
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2104 Introduction

2105  Atits heart, evolutionary biology attempts to explain how new species arise and evolve to occupy a
2106  myriad of niches. A predominant paradigm in evolution is that species arise from adaptive radiation
2107  into new niche spaces, with gene flow between the new and ancestral populations subsequently
2108 inhibited, eventually leading to speciation [78-81]. Phylogenetic niche conservatism provides an
2109 alternative, whereby the inability of a lineage to adapt to new or changing environments promotes
2110  speciation when populations become isolated [82-84]. This model is particularly relevant to

2111  lineages with narrow climatic niches, especially those that are spatially fragmented across existing
2112  landscapes or constrained to isolated refugia during climate extremes, promoting allopatric

2113 speciation [84].

2114

2115  Distinct shifts in climate since the beginning of the Quaternary enable the relative roles of adaptive
2116  radiation versus phylogenetic niche conservatism to be explored as instigators of speciation. A key
2117  issue in assessing the role of phylogenetic niche conservatism for climate-driven speciation is that
2118  continental species may alter their latitudinal distributions in response to climate [83], rather than
2119  only elevation. Depending on continental geography, such latitudinal shifts can lead to population
2120 fragmentation or range expansion [85]. However, terrestrial biota of isolated islands and

2121  archipelagos have limited opportunities for latitudinal shifts, restricting responses to shifts in

2122  elevation [86].

2123

2124  Island biogeography therefore provides an opportunity to compare adaptive radiation and

2125  phylogenetic niche conservatism as drivers of speciation, in a system where changes in elevational
2126  range are not confounded by other (e.g., latitudinal) shifts. The ‘taxon cycle’ provided an initial
2127  paradigm for how speciation within islands could be explained by adaptive radiation. Using Fijian
2128 ants as a model system, Wilson [87] argued that colonizing ant species were more likely suited to
2129  coastal habitats that reflect their origin, with subsequent speciation driven by niche expansion into
2130 inland and highland ecosystems. Early data and some subsequent ant studies from South Pacific
2131  islands support this adaptive radiation model [87,88].

2132

2133  However, no compelling empirical studies have indicated that speciation in island taxa has been
2134  driven by niche conservatism and past climate cycles, forcing lineages into fragmented elevational
2135 refugia (though sea level changes have been implicated [89]). Any such studies would require
2136 islands with substantial variation in topography [19]. Topographic complexity has been associated
2137  with in situ speciation in island biogeography models. However, this has often been attributed to

2138  adaptive responses to an increased number of possible microclimatic niches rather than effects of
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climate cycles on lineages with narrow thermal tolerances [88,90]. Discriminating between these
adaptive and non-adaptive mechanisms is possible empirically if phylogenetic histories are

sufficiently resolved.

There are also theoretical reasons to expect that any non-adaptive responses to climate change
might be larger in the tropics compared to temperate or boreal regions. Tropical ectotherms are
expected to be less tolerant of changing climates because they have evolved in environments that
experience much lower thermal variation [91,92]. For example, tropical Drosophila species
demonstrate lower genetic variation in cold and desiccation traits than do temperate species [93].
More broadly, ‘Rapoport’s Rule’ is the observation that species tend to have more narrow
latitudinal ranges when their overall distribution is closer to the equator, interpreted as indicating

that lower exposure to climate variation selects for narrower climatic tolerances [93,94].

One way to explore phylogenetic niche conservatism is to infer how traits have evolved over
phylogenetic trees. Retention of ancestral climatic niches across speciation events, when alternative
niches are presumably available, would support a phylogenetic niche conservatism model. On the
other hand, gradual extensions of niche range by daughter species would suggest adaptive radiation.
Bayesian phylogenetic methods allow ancestral traits and their rates of evolution to be inferred
[95,96] using constant-rate and relaxed Brownian motion (‘random walk’) models of evolutionary
change [97]. For example, it is possible to examine whether trait changes are concentrated at the
base of a tree, which would suggest early adaptive radiation. When applied to climatic niches, these
issues are important for understanding how past climates have influenced biodiversity and when

asking how well species will adapt, or not, to changing climates.

Fiji is a tropical archipelago in the Pacific Ocean, consisting of several hundred islands of varying
ages and sizes. Three of these islands first emerged during the Oligocene and exhibit substantial
ranges in elevation up to 1,324 m. Endemic bee species of the genus Homalictus (Halictidae) arose
from a single dispersal event into Fiji during the Quaternary [32]. Homalictus species are generally
communal ground-nesting species and often generalist pollinators, yet little has been published on
their habits [40]. Most Fijian Homalictus species forage on both weedy and native plants, indicating
polylectic diets, while H. fijiensis is a super-generalist pollinator [98]. Until recently only four
Fijian species were known, but genetic and morphological studies indicate a much more speciose
clade (25), with many species only recorded from high elevations [99]. Here we combine molecular
phylogenetic analyses and elevation distribution data, which reveal at least 22 candidate species

(independent lineages) and demonstrate how elevational niches have evolved since the Quaternary
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colonization of Fiji. We further highlight that such phylogenetic signals could indicate climate-

related extinction risks.

Results

Data from COI sequences (630 bp) for 764 specimens, and consilience with morphology and single
nucleotide polymorphism (SNP) data (8,381 filtered SNP loci) for 94 specimens indicate the
existence of 22 Homalictus species in our samples (Figs 1 and 2). The maximum credibility all-
sample tree from BEAST [60] for COI indicates that more distal nodes tend to have higher posterior
probability support than more basal nodes (Fig. S1). Some poorly-resolved clades have slightly
different relationships across analyses, due largely to stochastic sampling of tree topologies.
Complete concordance between currently described species [99], the highly supported SNP-based
phylogenetic tree for five species where SNP data were available, and the COl-based all-sample
tree for all 22 species in our study suggests that COI sequences are able to recover species trees

(Fig. 2; Fig. S3 and supplementary results).

Eighteen of 22 Fijian bee species had a median elevation of over 800 m asl and only four species
had median elevations from below 800 m asl (Fig. 2b). Most species have very narrow elevational
bands with only four species having an elevational range greater than 500 m (H. fijiensis, H.
hadrander, H. groomi, and H. sp. O) and these form a monophyletic group (Fig. 2a). Fourteen

species were only recovered from single mountain peaks (Fig. 2).

Multiple regression analyses indicate that sampling effort (measured as the number of DNA
sequences obtained for each elevational band) had a relatively small and only marginally significant
effect on the number of species detected (B = 0.536, t = 3.213, P = 0.049). Elevation had a much
larger and clearly significant impact (§ = 0.925, t = 5.540, P = 0.012). We can therefore conclude
that species’ distributions are strongly tied to elevation, and that this is not solely an artefact of

differing sampling efforts across different elevations.

To test for mode of evolution, elevational shifts were optimized on a species-level phylogeny using
BayesTraits version 3.0 [96] under a range of models (e.g., early burst or punctuated changes). We
tested if changes in elevation were phylogenetically conserved (), associated with speciation
events (k), or relatively constant through time (3), as indicated respectively by tree transformation
parameters. When A = 0 it indicates that a trait is evolving among species completely independently
of phylogeny, while A = 1 indicates that trait evolution is entirely explained by phylogeny. Our A
estimate was 0.37 (95% highest posterior density (HPD) = 7.79x10°, 0.86) for median elevation
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and 0.59 (95% HPD = 0.14, 0.99) for minimum elevation (Table 1; Fig. S2), indicating moderate to
strong trait correlations with phylogenetic history. Values of « stretch or compress individual
phylogenetic branch lengths: when « = 0 trait evolution is independent of branch length (change
occurs at nodes suggesting punctuated evolution), k > 0 indicates trait change is associated with
branch length (trait change occurs along branches, rather than concentrated at speciation nodes).
Our « estimate was 1.21 (95% HPD = 0.09, 2.99) for median elevation and 0.98 (95% HPD =
3.37x10%, 1.91) for minimum elevation (Table 1; Fig. S2), indicating that elevational changes are
strongly associated with branch lengths, and not concordant with a punctuated model of evolution,
where elevational changes should instead be associated with speciation events. Delta scales the
length of basal vs terminal branches: 6 < 1 stretches basal branches and & > 1 stretches terminal
branches (i.e., the rate of trait evolution varies with distance from the phylogenetic root). Our &
estimate was 2.18 (95% HPD = 1.17, 3.00) for median elevation and 1.95 (95% HPD = 0.489, 2.99)
for minimum elevation (Table 1; Fig. S2) providing no evidence for an early-burst model of
change, but is instead consistent with approximately constant rates across time. The inferred
median and minimum elevations for the most recent common ancestor of Fijian Homalictus were
828 m asl (95% HPD = 636, 1020) and 687 m asl (95% HPD = 451, 947), respectively (Table 1).
The strong phylogenetic signal, strong correlation between change and branch length, and lack of

early burst changes all indicate that a Brownian motion model is appropriate.

To trace the evolution of elevational range across the full phylogeny, and incorporate phylogenetic
uncertainty in our inferences of niche evolution, we traced elevation across all post-burnin trees
sampled in the COI all-sample analysis (see above), using BEAST 1.10. The actual elevation of
each sequenced specimen was used, and modelled using standard and relaxed Brownian motion
models [100]; both gave very similar results but the latter fitted the data better (Bayes Factor score
>1000) and is presented in Fig. 1. Other deviations from Brownian motion — such as punctuated
and early burst evolution — were not indicated (see BayesTraits above). From our BEAST analysis,
the inferred ancestral elevation of the most recent common ancestor of Fijian Homalictus was 896
m asl (Fig. 1), highly consistent with the BayesTraits results above. Most (17-18) speciation events
have involved no major elevational transitions, and there were only 3-4 speciation events that
involved transitions from highland to lowland habitats in one of two daughter species (H. fijiensis,
H. taveuni, H. sp. I, and O; the clade including H. fijiensis, H. groomi, and H. sp. O could represent

one or two elevational transitions) (Fig. 2).

101



2242
2243
2244
2245
2246
2247
2248
2249
2250
2251
2252
2253
2254
2255
2256
2257
2258
2259
2260
2261
2262
2263
2264
2265
2266
2267
2268
2269
2270
2271
2272
2273
2274
2275
2276

Discussion

The COI, SNP, and morphological data considered together indicate that the 22 major clades we
have identified here comprise valid biological species (Fig. S3). Our phylogeny of 22 species
entails 21 speciation events, with branch transformation parameters A, k, and & providing support
for a niche conservation model of speciation over adaptive radiation (Table 1; Fig. S2). The low
frequency of elevational shifts (three or four elevational transitions from 21 speciation events)
suggests that adaptive radiation, at least in terms of climatic niche shifts, has not been a major
driver or correlate of speciation (Fig. 2). The clade containing H. fijiensis, H. hadrander, H.
groomi, and H. sp. O likely has a more eurythermic common ancestor compared to its sister clade
(H. sp. N) due to its wider elevational range. Eurythermy could be an important trait allowing
lowland insular species to persist during cooler glacial periods. Trait reconstructions indicate that
the common ancestor of Homalictus in Fiji occupied an elevation that would roughly correspond to
between 800 and 900 m asl in today’s climate (Fig. 1).

Extensive anthropogenic habitat destruction in many lowland regions since human habitation of Fiji
~3.5 kya [101] is unlikely to have caused reductions in lowland Homalictus species diversity for
several reasons. Firstly, lowland rainforest (under 600 m asl) makes up 78% of all natural forests,
with upland (601-800 m asl) and montane rainforest (over 801 m asl) accounting for only 8% and
4%, respectively [102]. Secondly, a generalist diet in Fijian Homalictus enables the use of
introduced and weedy plants that may have been brought to Fiji by the earliest human settlers and
up until current times [98]. Finally, nesting preference for bare or sparsely-vegetated ground

indicates likely resilience of these bees to habitat clearing.

Climate conditions associated with specific elevations in Fiji today are likely to have been different
over past climate cycles [19,103]. Groom, et al. [32] estimated a crown age for Fijian Homalictus
in the mid-to-late Pleistocene, but that may well be an underestimate since those analyses did not
incorporate many of the recently discovered species. Regardless, Homalictus lineages in Fiji will
have experienced multiple glacial-interglacial cycles such that thermal niches associated with
highlands in the current climate are likely to have episodically extended to lower elevations in the
past [104-106]. However, past climates would also have included warming maxima similar to the
current time [104-106]. Narrow thermal tolerances and poor adaptive capabilities of some tropical
ectotherms [92,94], the topographical complexity of Fiji, and Quaternary climate cycles could act
synergistically. These synergies could produce repeated cycles of population admixture and
isolation as species moved into lower elevations during glacial maxima, and retreated to highland

refugia during interglacial periods, such as the present [82]. In this sense, phylogenetic niche
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conservatism combined with climate cycles could have driven repeated cycles of allopatry and

speciation [82].

It is possible that speciation by both niche conservatism and by adaptive radiation occur
concurrently and could act synergistically. Isolation initiated by climatic niche conservatism could
subsequently be promoted by differential adaptations to other local conditions [107] in addition to
genetic drift. Despite such potential interactions, our results clearly indicate widespread
phylogenetic niche conservatism for elevational niches. This contrasts with studies on Fijian ants
where initial colonization by lowland, coastal-adapted species was followed by gradual adaptive
expansion into higher inland elevations [87,88,108]. Instead, our results for the Fijian bees support
a very different model where ancestral niches are retained and speciation arises by geographical

fragmentation of this niche space, promoting allopatry.

The same climatic factors that could drive tropical ectotherm speciation [82,83,107] could also
determine extinction risks with globally changing climates. For example, a narrow climatic
tolerance means that tropical ectotherms are expected to be particularly vulnerable to changing
climates [92,109,110]. Many lineages have altered their distributions in the direction locally
expected with climate change and 41% of species that have been examined have responded to
recent mild (0.6°C) global warming [111]. Mountaintop species are predicted to be particularly
vulnerable to climate change because of their limited ability to disperse in response to warming
climates [112]. There is a global trend of declining distributions amongst montane species as their
lower elevational extents shift towards mountain peaks [113]. Several studies indicate that some

species are already nearing their elevational limits [99,114-116].

Tropical ectotherm taxa that have demonstrated strong elevational tracking with past climate cycles
are at risk from globally warming climates as elevational shifts in distribution are associated with a
reduction or loss of viable habitat [112,115,117]. Local extinctions of some highland taxa due to
elevational tracking of climate have already been recorded [112,115,117], and one Fijian
Homalictus species (H. achrostus) is suspected to be verging on extinction or be functionally
extinct [99]. The generality of niche conservatism-driven speciation across various taxonomic
groups in the tropics is an important and pressing area of future research. While islands provide a
simplified system to examine these patterns, similar patterns might be found in montane continental
systems where niche conservatism might result in speciation as lineages track climate latitude and
altitude simultaneously. Such investigations will have important implications for our understanding

of how biodiversity arises and will inform us about broad-scale climate extinction risks.
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Our data and the arguments above, combined with narrow climatic envelopes of many tropical
ectotherms [92,118,119], shows the potential importance of the niche conservatism model of
speciation, as a contrast to the adaptive radiation model. Indeed, if Darwin had studied these Fijian
bees instead of Galapagos finches, he might have come to rather different conclusions about the
origin of species. Our results advance fundamental questions of island biogeography [120], and
have three important implications for understanding the role of climate cycles in island and tropical
biodiversity. First, they support the notion that speciation events resulting in the rich biodiversity of
tropical ecosystems might be driven, at least in part, by niche conservatism as well as adaptive
radiation. Second, they suggest that topographical complexity and climate cycles might strongly
interact to shape island biodiversity. Finally, our inferred elevational niche conservatism suggests
widespread yet clade-specific extinction risks for tropical invertebrates for warmer and more
variable future climates. This indicates a need to explore evolutionary limits to thermal adaptation

when assessing susceptibility of tropical insular ecosystems to future climates.

Materials and Methods

Sample locations and collection methods

Collections throughout Fiji were made between 2010 and 2017 from multiple localities including
the main islands of Viti Levu, Vanua Levu, Kadavu, and Taveuni, as well as multiple small islands
in the Lau group (Fig. S5). Sampling of specimens at each location was not biased towards
particular species because, for these very small bees, only H. achrostus could be easily identified in
the field due to its distinctive coloration; all other species required microscopy or DNA sequencing

for species identification.

Samples were collected from 3 m to 1,324 m asl (highest elevation of Fiji) by sweep netting both
native and introduced plants, and from nesting aggregations along roadsides. For each collection
site, latitude, longitude, and elevation were recorded using a Garmin 550 (Garmin Ltd., USA);
latitude and longitude were then checked against satellite images (Google Earth) to confirm
accuracy. Once collected, bees were immediately transferred into vials containing 98% ethanol.
Vials were kept cool at ~5°C and ethanol was replaced within a week of collection to reduce DNA

degradation.

Maps of Fiji were produced in ArcMap [66] and a digital elevation model (DEM) of the
archipelago was provided by Fiji Lands Information System (FLIS).
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2347  Sampling bias and elevational species richness

2348 It was not possible to evenly sample bees across all geographical and elevational regions of Fiji
2349  because physical access to many regions was restricted by terrain and lack of roads. Access

2350  constraints could therefore affect sampling effort and this, in turn, could influence ability to recover
2351  true species richness in different elevational bands. Here, we quantize sampling effort as the

2352  number of DNA sequences obtained for different elevations, categorized into 200 m asl bands.
2353  Because specimens were only identified to species levels after DNA sequencing, the number of
2354  obtained sequences represents sampling effort. We examined whether this sampling effort may
2355  have influenced our estimates of species richness using multiple regression, where the number of
2356  detected species was the dependent variable and the number of sequences (sampling effort) and
2357  elevational band were the independent variables. The relative importance of sampling effort and
2358  elevation band for detected species richness can then be explored by regression 3 values and their
2359  statistical significance.

2360

2361  DNA extraction and sequencing

2362  Tissue samples for DNA extraction were obtained by removing a single hind leg from each of the
2363 764 specimens. For all samples obtained after 2014, DNA extraction and PCR amplification was
2364  completed at the South Australian Regional Facility for Molecular Ecology and Evolution

2365 (SARFMEE). DNA extraction and PCR amplification of COI prior to the 2014 samples was

2366  completed at the Canadian Centre for DNA Barcoding (CCDB) at the Biodiversity Institute of
2367  Ontario [32] and amplification used the universal primer pair LepF1 and LepR2 [32,50].

2368  Extractions at SARFMEE followed protocols described by [52] with the subsequent DNA eluted
2369  into 75 pL of TLE buffer. PCR amplification of the 710 bp fragment of the DNA (COI) was

2370  completed using the primers LC0O1490 (forward) and HCO2198 (reverse). The 25 pL PCR

2371  reactions comprised the following reagents: Sterile H20 (15.9 yL), MRT buffer (5 uL), 1 uL (5
2372 uM) of LCO1490, 1 pL (5 uM) of HCO2198, Immolase Taq (0.1 pL), and DNA from specimen
2373 (2 pL). The thermocycling regime comprised of one cycle at 94°C for 10 minutes, then five cycles
2374  at 94°C for 60 seconds, 46°C for 90 seconds, 72°C for 75 seconds, followed by 35 cycles at 94°C
2375  for 60 seconds, 51°C for 90 seconds, 72°C for 75 seconds, followed by 72°C for 10 minutes, and
2376  then 25°C for 2 minutes.

2377

2378  Sequences were checked against the NCBI BLAST database to screen for non-target DNA.

2379  Forward and reverse sequences were aligned and chromatograms visually checked before creating
2380 final consensus sequences in Geneious version 10.2.2 [53]. Initial alignments were trimmed to 630

2381  bp to avoid any problems associated with missing data.
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Phylogenetic, elevational and species analyses

The full COI alignment consisted of 630 bp for 764 specimens. PartitionFinder version 2 was
employed using BIC and a greedy algorithm to find the best partition schemes and DNA
substitution models from widely-used (i.e., MrBayes) models [121-123]. The first and second
codon positions were combined into a single partition with an HKY +1 substitution model. A GTR
substitution model was applied to third codon position. The BEAST file and parameters for
phylogenetic analyses were set using BEAULi version 1.8.4 [56]. Because of the small numbers of
substitutions on each branch, a strict clock was used to avoid overparameterization. To infer
changes in elevation across the tree we included elevation as a continuous trait using a strict or
relaxed Brownian motion model (confirmed as adequate given our A, k, and 6 estimates; Table 1).
Phylogenetic analyses were implemented in BEAST version 1.10 [60] with 200 million iterations
sampled every 50,000™ iteration. Resulting log files were analyzed in Tracer version 1.6 [61] and a
burnin of 2.5x107 iterations was employed, which was always after stationarity had been achieved.
Maximum clade credibility trees and posterior probability support values were obtained using
TreeAnnotator Version 1.8.4 [56]. Each run was performed four times for each analysis to ensure
consistent results and stationarity. Post-burnin log and tree files for each run were then combined

using LogCombiner version 2.5.2 [124] for the final analysis.

To infer the evolutionary mode and phylogenetic signal in the elevation data, we used BayesTraits
version 3.0 [96]. The tree-transformation models employed in BayesTraits assume that each
terminal taxon is a species, hence we repeated the BEAST analysis using only one DNA sample
from each species, and elevation data as either the median or minimum for all samples of that
species. The (reduced) BEAST analysis used 100 million iterations, sampling every 50,000™
iteration; stationarity and burnin was checked as above. The resulting consensus tree was run in
BayesTraits using the median and the minimum elevational value for each terminal taxon to
estimate A (degree of phylogenetic signal), k (degree of punctuated evolution), and 6 (degree of
early burst, adaptive radiation). The model of best fit for each estimate was chosen using Akaike’s
Information Criterion with 100 bootstrap replicates in Tracer [125]. Analyses in BayesTraits used
500 million iterations sampled every 50,000%" iteration. Each run was performed four times for each
model at each elevation to ensure consistent results. BayesTraits log files for each run were then

combined using LogCombiner version 2.5.2 [124] for the final analysis.

We attempted to co-estimate phylogeny and elevational niche evolution, but these analyses

repeatedly failed to converge. Thus, to infer elevational changes across the full phylogeny, we
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mapped elevation across all post-burnin trees sampled in the full COI analysis. This was done using
BEAST, under a standard rate-constant Brownian motion model, as well as a rate-variable Brownian
motion model, which assumes rates vary across branches according to an uncorrelated relaxed
clock [100]. Stationarity and burnin were confirmed as above. Both models gave very similar

ancestral state reconstructions, but the latter model fitted better and is shown in Fig. 1.

Genetic analyses of bee clades were explored using Arlequin version 3.11 [126]. For each species
with multiple haplotypes and a sample size of more than 10 specimens we calculated haplotype

diversity (h) and pairwise Fst values.

SNP quality filtering and analyses

The thorax and front legs were taken from 19 individuals from H. fijiensis, H. tuiwawae, H.
ostridorsum, H. groomi, and H. sp. S, respectively. To perform Restriction-site Associated DNA
sequencing (RAD seq), the solid state method Diversity Arrays Technology (DArT) was used
[127]. The restriction enzymes used were a combination of Pstl and Hpall enzymes. Only female
specimens were used to avoid the impact of male haploidy on SNP diversity. Post filtering, missing

data was capped at 1.16%.

A total of 62,426 SNP loci were called across all species. Using the R package DArTR version 1.0.5
low quality loci were removed at a threshold of 0.85% removing loci with 15% or more missing
values [128], leading to retention of 8,381 SNP loci. The neighbour joining tree (Fig. S4) was made
using the R package ape with the ‘nj’ function [129].

Once SNP data were filtered they were subjected to a discriminant analysis of principal
components (DAPC) using the DAPC procedure [130] in the Adegenet package in R [131]. The
DAPC was used to identify the number of genetic clusters within the SNP data and the relationship
between these clusters. DAPC uses synthetic variables constructed as linear combinations from the
original alleles, showing the largest between group variations and lowest within group variation.
Discriminant analysis also provides membership probabilities of each individual to the different

clusters. Our DAPC followed protocols outlined by Jombart [130].

Morphological data
To determine if major mitochondrial clades corresponded to biological species we examined
multiple morphological traits. Internal male genitalic traits have been used as major species

diagnostic characters for Homalictus species in the southwest Pacific [65,99] and these were
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examined for 12 species in this study where male specimens were available, along with external
female morphology [99]. For the remaining species, only female external morphology was

compared with COI and SNP phylogenies.
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Tables

Table 1. Results from BayesTraits analyses estimating different parameters for both median or minimum elevation for each clade. The parameters

estimated are lambda (), kappa (x), delta (8), and alpha (o), where A, k, and & represent standard estimates of character change across a phylogeny and

a is the inferred ancestral elevational state at the root node. Values chosen to be the best fit by Akaike’s information criterion with 100 bootstrap

replicates are shown in bold.

Elevation

Parameter

A (95% HPD lower, upper)

K (95% HPD lower,
upper)

0 (95% HPD lower,

upper)

o (95% HPD lower,

upper)

Median

A and K
Aand O

0.37 (7.79x10°, 0.86)

0.36 (4.10x107, 0.85)
0.40 (3.18x10°, 0.90)

1.15 (0.06, 2.19)

1.21 (0.09, 2.99)

2.18 (1.17, 3.00)

1.84 (0.52, 3.00)

852 (546, 1143)
835 (383, 1276)
832 (709, 1044)
852 (569, 1138)
828 (636, 1020)

Minimum

A and K
Aand O

0.59 (0.14, 0.99)

0.59 (0.13, 1.00)
0.59 (0.12, 1.00)

0.89 (1.69x10°%, 1.80)

0.98 (3.37 x10*%, 1.91)

1.95 (0.89, 2.99)

1.70 (0.47, 2.97)

710 (326, 1080)
713 (254, 1184)
675 (491, 883)
707 (350, 1076)
687 (451, 947)
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Figure 1. (a) Maximum credibility tree from Bayesian phylogenetic analysis of Fijian

Homalictus based on analysis of the COI gene showing inferred elevation along

branches (meters above sea level), where blue branches are higher elevation than red

branches. Species are indicated in boxes, where colour refers to geographic location.

(b) Map insets show coloured geographic locations of clades, with an “I” to show the

location of Homalictus sp. I and (c) all the Homalictus collection sites across the

Fijian archipelago.
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Figure 2. (a) A COI phylogenetic tree of the Fijian Homalictus clades coloured by geographic
location where terminal triangle depth indicates branch depth for that species and (b) a box
plot of elevation in meters above sea level (m asl) and sample size. Hashed tree branches
indicate clades with a median elevation below 800 m asl and shadowed branches indicate
SNP tree topology. Branch and boxplot colour refer to geographic location in Fig. 1b. Node
values indicate posterior probability where it exceeds 0.85. The approximate maximum
elevation the sampled highland regions are as follows: Mt. Batilamu (1,110 m asl), eastern
Monasavu dam (1087 m asl), Mt. Tomanivi (1,324 m asl), De Voux’s peak, Taveuni (1,195 m
asl), and Mt. Nadarivatu (1054 m asl).
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2516  Supplementary material

2517  Supplementary results

2518  The filtered SNPs developed from five mitochondrial clades confirmed five clear
2519  species. Our SNP neighbor-joining tree confirms the presence of five distinct species
2520 and matches the topology of our mitochondrial tree with 100% bootstrap support at
2521  each node (Fig. S3). These findings are corroborated by our discriminant analysis of
2522  principal components, which strongly inferred five clusters within our SNP data (Fig.
2523  S4). While some species are not well differentiated by some individual principal
2524  components, they are all very strongly differentiated by a combination of component
2525  scores, indicating that species identified by COI sequences are also strongly supported
2526 by genome-wide SNP data (Fig. S4). All Fst values are significant (p > 0.001) and
2527  ranged between 0.90 and 0.98 (Table S1). Among population variation explain 92.4%
2528  of variation with a fixation index of 0.92. We therefore have high confidence that the
2529  species identified by COI sequences, morphology, and SNP data represent genuine
2530  species.

2531  Supplementary tables

2532 Table S1. Population pairwise Fst values for the Fijian Homalictus species with
2533  multiple haplotypes and a sample size of greater than 10. Among population variation
2534  explain 92.4% of variation with a fixation index of 0.924. All Fst values are

2535  significant (p > 0.001).

Species H. hadrander H. concavus H. ostridorsum H. atritergus H.sp.S  H. fijiensis
H. hadrander -
H. concavus 0.950 -
H. ostridorsum  0.950 0.958 -
H. atritergus 0.953 0.945 0.960 -
H.sp. S 0.975 0.982 0.947 0.983 -
H. fijiensis 0.897 0.925 0.909 0.927 0.916 -
2536
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Figure S1. Maximum credibility tree from Bayesian phylogenetic analysis of Fijian
Homalictus based on analysis of the COI gene showing posterior probabilities at

nodes. Branch color represents geographic extent.
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Figure S2. Mean values of branch transformation parameters A, «, and & for median

(black triangles) and minimum (blue triangles) elevations. Solid black and blue bars

indicate 95% highest posterior densities (HPD) for median and minimum elevations,
respectively. Parameter values are indicated along the bar showing the minimum and
maximum possible values for each factor and whether it supports the taxon cycle

(blue), niche conservatism (red) or both (purple).
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Figure S3. Cophylogeny comparing our COl maximum credibility tree and our 5-
species SNP-based phylogenetic tree showing congruent topology. Branch colors

represent geographic extent.
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Figure S4. Discriminant analysis of principal components for the SNP data showing
the clustering of each species. Inset graph showing the Bayesian information criterion
(BIC) values for each inferred clustering level, with the lowest inferred BIC being the

preferred number of clusters.
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Figure S5. The Fijian islands that were sampled. Parentheses indicate the period in

which they were sampled followed by the number of sequences from each island.
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Abstract

There is substantial debate about the relative roles of climate change and human
activities on biodiversity and species demographies over the Holocene. In some cases,
these two factors can be resolved using fossil data, but for many taxa such data are not
available. Inferring historical demographies of taxa has become common, but the
methodologies are mostly recent and their shortcomings often unexplored. The bee
genus Homalictus is developing into a tractable model system for understanding how
native bee populations in tropical islands have responded to past climate change. We
greatly expand on previous studies using sequences of the mitochondrial gene COI
from 474 specimens and between 171 and 3,928 autosomal (DArTSeq) SNP loci from
19 specimens of the native Fijian bee, Homalictus fijiensis (Perkins & Cheesman,
1928), to explore its historical demography using coalescent and mismatch analyses.
We ask whether past changes in demography were human- or climate-driven, while
considering analytical assumptions. We show that inferred changes in population
sizes are too recent to be explained by past climate change. Instead we find that a
dramatic increase in population size for the main island of Viti Levu coincides with
increasing occupation by humans and their modification of the environment. We
found no corresponding change in bee population size for another major island,
Kadavu, where human populations and agricultural activities have been historically
very low. Our analyses indicate that molecular approaches can be used to disentangle
the impacts of humans and climate change on a major tropical pollinator and that

stringent analytical approaches are required for reliable interpretation of results.

Keywords
Coalescent analyses, population size, Quaternary climate, South West Pacific,

mismatch analyses, habitat alteration
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Introduction

The relative impacts of human modifications of the environment and past climate
change on local extinctions have long been the subject of debate [20-22]. Indeed, both
human impacts over the Holocene — e.g., Lombardo, et al. [23] and Dearing, et al.
[24] — and changes in climate have been implicated in altering biomes; yet, most
research has focussed on charismatic megafauna and other vertebrates, particularly in
the Americas, Eurasia and Australasia [20-22,132]. How invertebrate diversity has
responded to these two factors is often overlooked [133,134], despite the importance
of many species in ecosystem functioning. Keystone species, such as pollinators, can
influence ecosystem functioning in major ways and so identifying the factors that
affect their abundance and diversity is critical. Determining how these factors have
shaped past demographic shifts will be important for anticipating their impacts on

future scenarios.

In many regions (e.g., the Americas, Eurasia, and Australia), climate change during
the Quaternary coincided with the migration of humans and their modification of the
environment — e.g., through hunting, agriculture, and fire [135]. Disentangling how
both climate and humans have shaped ecosystem responses is understandably
challenging, typically requiring fine-scale interrogation of the fossil record [20,22].
However, many invertebrate groups, including those with key roles in ecosystem
function, have a poor Holocene fossil record. Biases in the fossil record can be
taxonomic and geographical and caused by: (i) the specific environmental and biotic
requirements for preservation and (ii) the discovery and publication by researchers
[136-138].

In taxa with limited fossil records, coalescent analyses of genetic markers from extant
populations can enable us to overcome such shortcomings and provide insight into
past demographic changes [60]. This approach uses the expected time, in generations,
for different alleles to have derived from a single gene sequence via mutational steps
and genetic drift. However, there are two major caveats that arise for these kinds of
analyses: (i) firstly, they require genetic markers that are not heavily biased by
selection and (i1) they need to be able to distinguish between ‘local’ and ‘global’

changes in demography [54]. For example, in species that occupy regions with large
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2654 latitudinal extents, such as continents, the effects of climate- or human-mediated
2655  disturbance on regional population sizes could be masked by the ability of species to
2656  shift their ranges latitudinally [83,86]. But when dispersal is largely precluded by
2657  substantial oceanic barriers, as in many islands, demographic responses to changing
2658  climates can be assessed without these confounding distributional shifts. However,
2659 elevational shifts are still possible and can be strongly phylogenetically structured
2660  [139]. Additionally, the short generation times of many tropical invertebrates (i.e.,
2661  more mutations/year), coupled with the tractability of insular systems, make tropical
2662 island invertebrates ideal model organisms for investigating relatively recent past
2663  demographies [14-16,47].

2664

2665  Multiple studies have posited that tropical ectotherms such as insects should have
2666  narrow thermal tolerances and might be particularly susceptible to climate variation
2667  [91,92]. As the tropics are less thermally variable than temperate and boreal regions
2668  [91,92], it is thought that species evolving in tropical climates would possess

2669 relatively narrow thermal niches. This is indirectly supported by ‘Rapoport’s Rule’,
2670  where species distributions tend to become latitudinally narrower as their range
2671  approaches the equator [93,94,139,140]. The impact of both historical and future
2672  climate change may then be expected to be greater in tropical ectotherms than in taxa
2673  of higher latitudes — e.g., Kellermann, et al. [93].

2674

2675  Fijiis a tropical archipelago that began subaerial emergence in the late Eocene,
2676  mostly through volcanic activity, with the main island of Viti Levu emerging in the
2677  Oligocene [141]. The next largest islands, Vanua Levu, Taveuni, and Kadavu became
2678  subaerial in the late Miocene and Pliocene, followed by a large number of smaller
2679 islands [141]. The earliest records of humans in Fiji comprise Lapita pottery

2680  fragments dated to about 3 kya [25-27], with subsequent migration through the Lau
2681 islands to Tonga and then Samoa within a relatively short window between 2.95 and
2682  2.75 kya [27]. Sediment and ash layers in estuarine deposits from Viti Levu could
2683  indicate terrestrial impacts of the Lapita people shortly after their arrival [142], but
2684  with little evidence that they substantially occupied inland regions [143]. A second
2685  wave of human occupation of Fiji commenced approximately 2.5 kya, with changes in
2686  mobility, intensified land use and inland settlement [27]. Archaeological studies

2687  suggest that movement of humans into highland regions began about 2.1 kya [144].
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The earliest evidence of slash-and-burn agriculture on Viti Levu is from up to 1.8 kya

[25]. Dense charcoal sediments on Viti Levu coincide with early Lapita settlement

(=3 kya); however, it is uncertain if this indicates slash-and-burn agriculture or natural

processes [142].

A single ground-nesting bee genus, Homalictus, has been shown to represent the
entire endemic bee fauna of Fiji [11,32,47]. Following a single colonisation event
during the Pleistocene, insular diversification has led to at least 22 species; and only
one species, H. fijiensis (Perkins & Cheesman, 1928), is common in lowland regions
(< 800 m asl; metres above sea-level) [99,139]. Bayesian analyses of speciation
patterns and elevational niches have indicated a high degree of phylogenetic inertia
for most Fijian Homalictus species that limits their ability to adjust their elevational
ranges [139]. Using Bayesian skyline plot analyses, Groom, et al. [32] argued that H.
fijiensis populations had increased dramatically since the last glacial maximum and
this was likely due to a warming climate and not human occupation. However, that
study was undertaken at a time when the species diversity of Homalictus in Fiji was
very poorly understood and likely combined multiple Homalictus cryptic species,
which confounds Bayesian skyline plot interpretations [54]. Additionally, the super-
generalist behaviour of H. fijiensis and its nesting preference for open, sunny areas
might interact in a positive manner with anthropogenic clearing and floral
introductions [145]. Much more stringent analyses are therefore required to infer
historical changes in population demography, especially if the relative impacts of

humans and climate change are to be distinguished.

Here we use mismatch and coalescent analyses of a much-expanded dataset to
investigate the past demographic changes of H. fijiensis and assess whether human
modification of the environment, historical climate change, or a combination of the
two, could have driven population changes. To examine the findings of Groom, et al.
[32], we test if: (i) the effective population size (Ne) of H. fijiensis on Viti Levu and
Kadavu increased in the recent past (assessed using mismatch and coalescence
analyses), and (ii) the timing of this increase coincided with warming climates
following the end of the last glacial maxima and not human occupation of Fiji

(assessed using coalescence analyses).
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Methods

Sampling sites and methods

Collections were made throughout Fiji between 2010 and 2017 from multiple
localities but with the greatest number of samples from the largest island of Viti Levu
(n =309) and then the island of Kadavu (n = 109) (Table S1). Samples were collected
from 3 to 1,328 m asl by sweep netting both native and introduced plants, and from
nesting aggregations along roadsides. For each collection site, latitude, longitude, and
elevation were recorded using GPS devices (primarily using a Garmin 550). Once
collected, bees were immediately transferred into individual vials of >98% ethanol.
Vials were kept at ~5°C and ethanol was replaced within a week of collection to

lessen DNA degradation.

Geographic information systems

In order to explore whether patterns in historical demography were related to
subaerial land mass over time, we used bathymetric maps to examine how subaerial
landmass and connectivity have changed since the last glacial maximum. Bathymetric
data were downloaded in R version 3.6.2 using the package marmap version 1.0.4
[146]. The marmap package was also used to produce maps and calculate subaerial

landmasses presently and at the last glacial maximum.

COIl data generation

We subjected a subset of COI data from a previous study [147] to different analyses
to answer novel hypotheses about past population demography of a single species,
rather than relationships between many species. Tissue samples for DNA extraction
were obtained by removing a single hind leg from each specimen. Samples prior to
2015 were sequenced at the Canadian Centre for DNA Barcoding (CCDB) at the
Biodiversity Institute of Ontario [32]. For these samples DNA amplification used the
universal primer pair LepF1 and LepR2 [32,50]. For all other samples DNA
extractions and PCR amplifications were completed at the South Australian Regional
Facility for Molecular Ecology and Evolution (SARFMEE) and DNA sequencing and
purification carried out at Macrogen Inc. (Korea). DNA extractions at SARFMEE
were performed using a Gentra Puregene® DNA Purification kit (Gentra Systems

Inc.) according to the manufacturer’s protocol. PCRs amplified a 710 bp fragment of
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the mtDNA (COl) gene using the primers LCO1490 (forward) and HCO2198
(reverse). The 25 uL PCR reactions comprised the following reagents: Sterile H20
(15.9 pL), MRT buffer (5 pL), 1 pL (5 uM) of LCO1490, 1 pL (5 uM) of HCO2198,
Immolase Taq (0.1 pL) and mtDNA from specimen (2 pL). The thermocycling
regime comprised of one cycle at 94°C for 10 minutes, then five cycles at 94°C for 60
seconds, 46°C for 90 seconds, 72°C for 75 seconds, followed by 35 cycles at 94°C for
60 seconds, 51°C for 90 seconds, 72°C for 75 seconds, followed by 72°C for 10

minutes, and then 25°C for 2 minutes.

Sequences were checked against the NCBI database using BLAST (blastn and blastx)
to screen for non-Homalictus DNA. Forward and reverse sequences of each H.
fijiensis specimen were aligned and checked for stop codons and/or nucleotide
assignment errors using chromatograms examined with Geneious version 10.2.2 [53].
Any sequences with one or more base pairs that could not be reliably determined were
excluded from the dataset. The H. fijiensis alignment was trimmed to 630 bp to
remove primers and avoid spurious results that could arise from missing data in
mismatch and Bayesian skyline coalescence analyses [54,55]. A total of 474 H.
fijiensis sequences were analysed from across the entire Fijian archipelago including

309 sequences from the largest island of Viti Levu.

SNP data generation

We subjected the raw SNP data from a previous study [147] to more rigorous filtering
and analyses that resulted in substantially changed subsets of the initial dataset that
are more relevant to the present questions. The thorax and front legs were taken from
19 Viti Levu females from each of five species: H. fijiensis, H. tuiwawae, H.
ostridorsum, H. groomi, and H. sp. S [99,139]. We used the solid-state method
Diversity Arrays Technology in Canberra, Australia (DArTseq™) [127] to perform
restriction site-associated DNA sequencing. DArTseq combines complexity reduction
with a next generation sequencing platform in a conceptually-similar method to

double digest RADseq [148]. The restriction enzymes Pstl and Hpall were used.

A total of 62,426 SNP loci were called across all five sequenced species. We used the
R package DArTR version 1.3.4 [128] to filter our data. The original SNP dataset was

filtered to only include H. fijiensis. Monomorphic (non-variable) sites were then
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removed, leaving 7,719 loci. We then filtered these data to remove all missing data
(4,046 loci remaining), for repeatability (percentage of scores that are repeated in the
technical replicate dataset; 3,928 loci remaining) and to remove secondaries (multiple
linked SNPs per fragment; 3,768 loci remaining). Genome-wide SNPs can suffer from
large numbers of linked loci and this linkage can break assumptions of independence
for many analyses, and bias results [149]. Hence, we analysed a wide variety of
linkage disequilibrium (LD) filtering criteria. We filtered for linkage, removing loci
with r? values below 0.9, 0.7, and 0.2, retaining 1,811, 1,646, and 171 loci,
respectively. Linked loci were removed sequentially in order of most- to least-linked
connections to retain loci that might otherwise be removed (Script S1). We used the

latter five filtering levels in analyses.

Haplotype analyses of COIl data
A minimum-spanning network [150] of our complete COI dataset was created using
PopART version 1.7 [151]. Geneious version 10.2.2 [53] was used to examine unique

haplotypes and amino acid sequences.

Mismatch analyses of COI data

Mismatch analyses, and extended Bayesian skyline plots (EBSPs), make several
assumptions about the data provided, including that: (i) a random sample is drawn
from the population, (ii) the population is panmictic, and (iii) largely neutral markers
were used [54]. To examine panmixia, we used Arlequin version 3.11 [126] to
examine pairwise Fst values of COI haplotypes between all islands and combined
island datasets that were not significantly different (p > 0.05). We then carried out
mismatch analyses to explore whether past demographic changes could be explained
by population expansion towards the present, graphing observed pairwise nucleotide
differences with those expected under a recent population expansion, with 2,000
simulations used to generate an expected distribution of nucleotide differences. A
unimodal distribution in a mismatch graph can be consistent with a sudden population
expansion, whilst multimodal distributions can suggest past population bottlenecks or

demographic structure [152].

Extended Bayesian skyline plots (EBSP) of COI data
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We employed PartitionFinder version 2.1 [122] to determine the most appropriate
model of molecular evolution for all COI datasets. Because the existence of
population structure violates assumptions of panmixia [153] our all-islands dataset
was not used in our final demographic Bayesian analyses. For the island groups with
sample sizes >50 (see Appendix) — Viti Levu and Kadavu — we used extended
Bayesian skyline plots of COI data sets in BEAST version 2.6.3 [56,124] to infer
changes in historical demography. We restricted demographic EBSP analyses to the
third codon position, where most synonymous mutations occur [154]. We applied a
strict molecular clock and the best-fit PartitionFinder 2 model, an HKY and an
HKY+I" substitution model for the Viti Levu and Kadavu populations, respectively.
Four independent runs for each analysis were performed, to confirm stationarity. For
the Viti Levu population, each run consisted of 4 chains with heating, carried out for
300 million iterations, resampling every 30,000™ iteration using the BEAST package
CoupledMCMC version 1.0.2 [155]. Multiple chains were required to properly sample
across multiple possible optima in phylospace. For the Kadavu population, we used
single chains with 500 million iterations sampled every 100,000™ iteration. The log
files from each run were examined in Tracer version 1.7.1 [156] and a burnin of 10%
was used, which was always after stationarity had been achieved (effective sample
sizes all exceeding 200). Log and tree files were combined using LogCombiner
version 2.5.0 [157]. The EBSP log files were analysed with the plotEBSP script in R
version 3.5 [157].

The estimated mutation rate of 1.09x107 per site per generation, based on only the 31
codon position from the whole mitogenome of Caenorhabditis elegans [158] was
applied to all of our EBSP plots to infer an approximate time scale in generation units.
This directly-estimated mutation rate is appropriate for inferring recent demographic
changes and is broadly consistent with other empirical values [159,160]. The AT bias
of C. elegans (70.3% from 21 C. elegans COI sequences; BOLD [161]) is similar to
that of our H. fijiensis COI fragment (74% from 474 H. fijiensis COI sequences). We
converted the EBSP time scale from generations to chronological time by assuming
four Homalictus generations per year, following Groom, et al. [47]. However, we also
explored the effects of assuming three or five generations per year, which is

analytically equivalent to assuming a faster or slower per-generation mutation rate.

135



2856
2857
2858
2859
2860
2861
2862
2863
2864
2865
2866
2867
2868
2869
2870
2871
2872
2873
2874
2875
2876
2877
2878
2879
2880
2881
2882
2883
2884
2885
2886
2887
2888
2889

For our reconstruction of island ancestral states, we analysed all three codon positions
using within-island unique COI sequences and the BEAST 2 package CoupledMCMC
with eight chains and an EBSP tree prior. Four independent runs were performed, to
confirm stationarity. We used two outgroup species — H. groomi and H. sp. O. The
molecular data were allocated to a single partition to which we applied a single

HKY +I substitution model and an uncorrelated relaxed clock model. "Island” was
included in the analysis as a discrete trait given a symmetric change model and a strict
clock (more complex models prevented this partition from converging). Each run was
100 million iterations, resampling every 20,000" iteration. Log files were examined in
Tracer and a burnin of 10% was used. The maximum clade credibility tree as well as
posterior support values were produced in TreeAnnotator version 2.6.3 [124] using

median node heights. The tree was visualised in FigTree version 1.4.4 [162].

Extended Bayesian skyline plots and Ne using SNP data

We employed PartitionFinder 2 to determine the most appropriate model of
molecular evolution for each SNP dataset corresponding to the different levels of
linkage filtering. For our SNP datasets, we ran EBSP analyses in BEAST 2 using the
following models: for our LDr2=0.2 we used a K80 model, for LDr2=0.7 and LDr2=0.9
we used HKY+TI", and for the remaining datasets (without and with secondaries —
multiple SNPs on a single fragment — included) we used a GTR+I" model. We used a
relaxed log normal clock for all SNP EBSP analyses [100]. All runs except for that
with secondaries were executed for 100 million iterations, sampling every 50,000t
iteration, and were repeated four times to confirm convergence in EBSP results. For
the run that kept secondaries, four heated-chain runs were carried out for 100 million
iterations, resampling every 10,000™ iteration using the BEAST package
CoupledMCMC. The log files from each run were examined in Tracer and then
combined using LogCombiner with a burnin of 20%, which was always after
stationarity had been achieved (effective sample sizes all exceeding 200). The EBSP

log files were analysed using plotEBSP [157].

Supplementary methods summary

We examined haplotype sample sizes required for robust demographic inference,
using rarefaction analysis in EstimateS version 9.1.0 [163] (see Appendix). We also
undertook nested sampling (NS package in BEAST 2) and used DIYABC-RF version
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1.0.12 in R [164,165] to explicitly compare alternative possible demographic patterns
(see Appendix).

Results

Geographic information systems

During the last glacial maximum, global sea-levels were approximately 120 m lower
than today [19]. Using bathymetric data we can infer that many islands that are
separate today might have been joined at the last glacial maximum (Fig. 1b). The
removal or reduction of inter-island barriers could have made dispersal and inter-
island colonisation achievable. Additionally, the subaerial landmass of the Fijian
archipelago was potentially 2.6 times greater at the last glacial maximum ~26 kya and
2.2 times greater ~11.5 kya (see EBSP results below) than it is today (~21,000 km?
today compared to ~56,000 km? at the last glacial maximum and ~47,000 km? ~11.5
kya; Fig. 1b). Hence, most of the reduction in subaerial landmass has occurred in the
last 11,500 years (Fig. 1).

Haplotype analyses of COIl data

In total, we found 67 haplotypes among the 474 all-islands specimens (Fig. 1). Of the
67 haplotypes, 16 each entailed eight unique amino acid sequences, two of which
might have evolved convergently (Fig. 1a). From the Viti Levu population (n = 309
specimens) there were 27 haplotypes and these entailed only two amino acid sequence
changes (Fig. 1a). The Kadavu sample (n = 109) consisted of 18 haplotypes and three
amino acid differences (Fig. 1a). The smaller island groups in Fiji’s south-west
include 18 haplotypes, many of which tended to cluster near the Kadavu or Viti Levu
haplotypes (Fig. 1). The other two large islands of VVanua Levu and Taveuni had a
total of seven haplotypes, clustered with Viti Levu haplotypes (Fig. 1). However,
sample sizes for all islands other than Viti Levu and Kadavu are low (Table S1).
When restricted to 3™ codon positions we found 60 haplotypes across all islands, 24

haplotypes for the Viti Levu population and 17 haplotypes for the Kadavu population.
Mismatch analyses of COIl data

From our Arlequin analyses the islands pairs of Fulgana and Ogea, Totoya and Moala,

as well as Vanua Levu and Taveuni had non-significant population pairwise Fst
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values (p > 0.05) and were therefore combined (Table S2). Only Viti Levu and
Kadavu had large sample sizes (n > 50; see Appendix) and are included in our main

mismatch analyses results (Fig. 2, S1; Table 1, S1).

Mismatch analyses suggested that the sequences from the Viti Levu population are
consistent with a recent population expansion, approximating the null model (Fig. 2).
The Viti Levu population of H. fijiensis had a significant negative Tajima’s D (D = -
1.81, p=10.006) and Fu’s Fs (Fs = -18.54, p = 0.0005) (Table 1) [166]. The Kadavu
population differs from the simulated frequencies and does not indicate a sudden
population expansion (Fig. 2). Tajima’s D and Fu’s Fs for this population were non-
significant (Table 1). Mismatch diagrams from the other islands also showed
deviations from simulated values (Fig. S1), however sample sizes might be too small

to draw reliable conclusions — e.g., Lopez-Uribe, et al. [167].

Extended Bayesian skyline plots of COIl data

Our COI analyses indicate that the H. fijiensis population on Viti Levu started

expanding as long ago as ~3 kya, with a sharper increase beginning about ~2 kya (Fig.

3a). Prior to ~3 kya there were not enough inferred coalescent events to reliably
interpret demographic patterns (Fig. S2c). During this time, the median Ne increased
by a factor of eight (oldest Ne ~ 0.01 and present-day Ne = 0.08; Fig. 3; Table 2). Our
COl analyses also indicate that the early Ne of the Viti Levu population was about a
third that of Kadavu (Ne ~ 0.03) until ~1 kya — after the onset of slash and burn
agriculture. Present-day absolute Ne values of ~734,000 for Viti Levu and ~275,000
for Kadavu are likely to be under-estimates; on Viti Levu H. fijiensis can be found in
great abundance [65,99] (Table 2). The Kadavu population, in contrast to that on Viti
Levu, shows no indication of population change in the last ~11,500 years for which
demography can be inferred (Figs 3b and S2g-i). At about 11.5 kya, sea-level might
have been ~50 m below current levels, yet temperatures were possibly similar to what
they are today (Fig. 3). Assuming fewer (3) or more (5) annual generations,

respectively, increases these ages by 33% or decreases them by 20% (Fig. S3).

Ancestral state reconstruction in BEAST 2 provides most support for a Kadavu origin
of H. fijiensis. Posterior probability support for the ancestral state of this node is low
(PP =0.35), but much larger than the next highest (Moala & Totoya; PP = 0.22) (Fig.
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S4). Most of the deeper branches belong to the smaller south-eastern islands (Fig. 1b),
with many nodes indicating dispersals from Kadavu (Fig. S4). The larger islands of
Viti Levu, Taveuni, and Vanua Levu appear in a shallower clade, with Kadavu at its
basal node (Fig. S4).

Extended Bayesian skyline plots and Ne using SNP data

All of our SNP EBSP analyses indicated broadly similar patterns of population
expansion on Viti Levu. This is consistent with our COI results and indicates
resilience of the retrieved patterns to SNP linkage filtering (Fig. 4). The biggest
differences between the results of the datasets were (i) the length of the X-axes which
ranged from ~0.1 (for no LD filtering) to 0.2 (for LD-filtered datasets) mutations/site
and (ii) a variation in range of the median size of the increase in Ne (a ~2 times
increase for LDrz=0.2 when compared to the other levels of filtering; Fig. 4). Our
median Ne values increased by a factor of between 154 to 327, depending on filtering
level (Fig. 4; Table 2).

Supplementary results summary

We found that a minimum sample size of ~50 captured most haplotype variation (see
Appendix). Our nested sampling and DIYABC-RF analyses broadly supported our
primary demographic results (see Appendix).

Discussion

Groom, et al. [32] argued that Fijian Homalictus populations expanded strongly after
the last glacial maximum and linked this to a warming climate and not human
occupation. However, that study did not distinguish H. fijiensis from cryptic species,
unrecognized at the time, that recent studies now allow us to overcome [99,139]. In
addition, we also consider the effects of population genetic structure, and ensure that
genetic markers include mostly synonymous substitutions, both of which are
important for coalescent analyses of historical demography [54]. We now consider the
results of our analyses and how these might correspond to the effects of climate

change and human impacts on the ecology of Fijian native bees.

Haplotype and population genetic analyses of COIl data
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Our Fst values and haplotype network analysis indicated significant population
genetic structure among the different island groups (Fig. 1 and Table S2); not unusual
for tropical island bees [90]. Interestingly, the Kadavu population harbours greater
nucleotide diversity (= 3.15; Table 1) than the Viti Levu population (n = 1.53; Table
1) despite Viti Levu being ~25 times larger in geographical size (642 km? for Kadavu
and 10,388 km? for Viti Levu) (Fig. 1). Additionally, Kadavu haplotypes appeared to
be intermediate between those from Viti Levu and the smaller islands in the south
east, whereas haplotypes from the major islands of Vanua Levu and Taveuni are more
connected to Viti Levu (Fig. 1). These northern islands are largest by far and appear
to connect Kadavu (by least geographic distance) with the rest of the archipelago,
particularly during the last glacial maximum. We might therefore expect these islands
to harbour the most diversity and link the archipelago (Fig. 1). Hence the observed
patterns seem counter-intuitive because the far greater size of Viti Levu should make
the loss of genetic diversity through drift less frequent, and the gain in diversity
through mutation more frequent. This contrasts with previous studies that suggest
positive relationships between genetic diversity and island area [168-170]. There are
three broad possibilities for this unusual finding: (i) the Kadavu population is older
than the Viti Levu population and haplotype diversity on Viti Levu reflects
accumulation of mutations subsequent to a relatively recent founder effect following
extirpation (Fig. 5a); (ii) as above, except the Viti Levu population expanded from a
local haplotype following a population bottleneck (Fig. 5b); or (iii) haplotype
diversity on Viti Levu reflects an event that reduced mitochondrial diversity, such as a

mitochondrial sweep, that did not occur on Kadavu (Fig. 5¢).

Past demographies on Viti Levu and Kadavu

Mismatch analyses. In contrast to the Kadavu population, we found significantly
negative Fu’s Fs [171] and Tajima’s D [172] values for the Viti Levu population
(Table 1). These values indicate an excess of rare alleles and low-frequency
polymorphism, which could imply a recent population expansion (possibly following
a founder event or bottleneck) [166,173]. Additionally, the Viti Levu mismatch
diagram matched that expected under a sudden population increase (Fig. 2a), while
the Kadavu mismatch showed a strong deviation from this expected pattern (Fig. 2b).
While these parameters were originally designed to detect departures from neutrality

[171,172], they can also be used for demographic inferences. In our case, because we
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chose the markers most likely to be neutral, our results should reflect changes in past

demography.

Extended Bayesian skyline plot analyses using COI data. Our EBSP analyses of COI
sequences concord with mismatch analyses, and additionally allow us to estimate how
changes in effective mitochondrial population size have varied through time (Fig. 3a).
These analyses indicated a substantial increase in H. fijiensis population size for Viti
Levu (starting ~3 kya), but little or no increase for Kadavu (over ~11,500 years). A
sudden recent population expansion could also explain the lower nucleotide diversity
() on Viti Levu as such haplotypes should be more-similar than if populations had
been stable with mutations accumulating over a longer time period, as on Kadavu
(Fig. 5). The Viti Levu analyses suggested an increase in population sizes beginning
approximately 3 kya and accelerating from about 2 kya (Fig. 3a). While our COI-
based mismatch and EBSP analyses used the same sequence data sets, they differ in
analytical approaches. Concordance of results from the above approaches suggests
that the Viti Levu and Kadavu populations have indeed differed in their mitochondrial

demographic history.

Ancestral state reconstruction indicated that H. fijiensis originated, or at least
maintained the oldest lineages, on Kadavu and that there have been many dispersals
from Kadavu to other islands (Fig. S4). The analysis also suggests strong geographic
structure with many older lineages found on the smaller south-eastern islands (Figs 1
and S4). The large northern islands — Viti Levu, Taveuni and Vanua Levu — all
appear to form a more-recent lineage (Fig. S4). This is congruent with an older
Kadavu population and more-recent Kadavu-derived Viti Levu diversification. The
occurrence of Matuku and Ono-i-Lau haplotypes amongst the northern island lineage
is unusual and might represent a more-recent, and potentially human-mediated,
dispersal; however, this requires more data to determine and is beyond the scope of

our hypotheses.

Extended Bayesian skyline plots using SNP data. Our EBSP analyses of SNP loci for
the Viti Levu samples concord with our analyses of COI data by also indicating major
population expansion towards the present (Fig. 4). Combined with the above results,

these data support possibility i above (Fig. 5a); the Viti Levu population expansion
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likely followed a founding event from the older Kadavu population, perhaps after
extirpation on Viti Levu. Extirpation or haplotype replacement of H. fijiensis on Viti
Levu could conceivably be explained by competition from the massive highland
Homalictus diversity on the large and topographically-complex northern islands
[99,139] as they moved into lowland regions combined with cooler and potentially

less-favourable conditions during the last glacial maximum.

Our COI and SNP analyses diverged in the estimated magnitude of Ne increase. Our
COl analyses indicated an eight-fold increase in Ne, while our SNP data predicted
increases of between 154 and 327 times (Figs 3 and 4; Table 2). The upper estimate of
327 (LDrz2=0.2) far-exceeded the next highest value of 180 times increase (LDr2=0.9).
This might be expected as linkage disequilibrium can decrease contemporary Ne
estimates [174]. Estimates of Ne from mitochondrial data might also be expected to be
about one third that of haplo-diploid autosomal DNA [175]. Yet, because our SNP
data contains many more informative sites, we might expect it to provide a better

estimation of past demographic patterns than our COI data.

We do not attempt to date our SNP-inferred demographic changes because dating
SNP phylogenies based on mutation rates is not yet common practice with robust
protocols and we cannot justify the assumptions behind the use of such methods for
our data set — e.g., [176]. Additionally, we lack SNP data for the Kadavu population
and so we could not examine if genomic patterns matched the stable past demography
shown by our COI analyses (Fig. 3). However, we are unaware of a population
genetic scenario that would leave mtDNA Ne unchanged following a large autosomal

Ne increase.

The possible causes of population expansion on Viti Levu could be: (i) changing
climate, (i) human modification of the environment, or (iii) both (Figs 2 and 3).
Whatever the driver is, it apparently did not act on the Kadavu population (Figs 2, 3
and S2).

Potential drivers of demographies
Sea-levels and subaerial landmass. Changes in sea-level and subaerial landmass

might be expected to impact past demographies of species [120]. Global sea-levels
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began to rise ~26 kya and continued to rise in a major way until ~5 kya [177]. Hence,
we might expect to see a decline in bee population sizes in that time if landmass was a
key driver of demography. Our GIS analyses indicated that the Fijian islands were
larger by a factor of ~2.6 (26 kya when sea-levels were ~120 m lower than today),
~2.2 (11.5 kya when sea levels were ~50 m below current levels), and better-
connected (Fig. 1). The largest Fijian islands, the northern islands of Viti Levu, Vanua
Levu, and Taveuni, were better connected and larger than they are today (Fig. 1).
Similarly, Kadavu was larger in size than it is today and was somewhat less isolated
from the other islands (Fig. 1). Although our inferred timeframes do not entirely
overlap with that time period, the Kadavu EBSP extends back ~11.5 kya to when sea-
levels were ~50 m below current levels and shows no sign of population decrease
[177] (Fig. 3). Consequently, sea-level change is unlikely to be a major driver for our

inferred changes in H. fijiensis demography on Viti Levu.

Mean sea-surface temperatures. Although global mean temperatures have varied
considerably since the last glacial maximum, there has been little substantial change
over the last 11,500 years, with a cooling trend over that time [178] (Fig. 3). Similar
to sea-levels and landmass, changes in sea-surface temperatures (as a proxy for air
temperature) are unlikely to have driven demographic patterns in H. fijiensis over the
past 11,500 years (Fig. 3).

Human occupation of Fiji. Human occupation of Fiji is thought to have begun ~3 kya.
Substantial modification of non-coastal regions began ~2.5 kya, with movement into
inland highland regions by ~2.1 kya, and the earliest evidence of slash-and-burn
agriculture starting shortly thereafter at ~1.8 kya [25-27]. Clearing of vegetation and
alteration of the landscape by humans might have been beneficial for H. fijiensis
populations for two reasons. Firstly, H. fijiensis is a ground-nesting bee that requires
open and sunny nesting areas [99]. Secondly, H. fijiensis is a super-generalist
pollinator, capable of using native, invasive and Aboriginally-introduced resources
from a broader floral range in Fiji than even the archetypal super-generalist pollinator,
the European honeybee (Apis mellifera Linnaeus, 1758) [98,145]. Both of these life-
history traits are likely to enable H. fijiensis to benefit from the disturbed and weedy
habitats that might be associated with land-use intensification or slash and burn

agriculture. Importantly, our inferred increases in the population size of H. fijiensis
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coincide with human-mediated changes in landscape use and do not coincide with
changes in climate. This pattern remains plausible if assuming three, four or five
generations per year; all of which are possible as suggested by Groom, et al. [47] (Fig.
S3).

In contrast to Viti Levu, the mismatch and demographic analyses for the Kadavu H.
fijiensis population shows essentially no demographic change in at least the past
11,500 years for which demographic patterns can be inferred (Figs 2 and 3). Although
Kadavu, and its surrounding islands, are relatively large in size (642 km?) it differs
strongly from Viti Levu in terms of both landscapes and human occupation. Over
78% of Kadavu has steep slopes of above 18°, and a surrounding reef that is often in
close proximity to the shore, making it a far less hospitable location for human
occupation than Viti Levu [179]. Volcanic activity since early human colonisation
[180] could have also impeded population and development resulting in reduced
landscape modification by humans. The vegetation on Kadavu remains relatively
intact, while Viti Levu has been heavily cleared in the distant and recent past
[25,102]. Hence, stable population sizes of H. fijiensis on Kadavu might reflect the
differing amounts of clearing between Viti Levu and Kadavu, with Kadavu almost

acting as a control for human-modification of the environment.

Conclusions
The considerations and arguments above can be summarized by several key points,
namely:

0] There is substantial population genetic structure between multiple islands
or island groups based on the mitochondrial gene COl, indicating a lack of
panmixis for H. fijiensis across the Fijian archipelago. This structure
precludes the use of coalescent and mismatch analyses that combine
different island samples.

(i) When mismatch and coalescence analyses are restricted to the two islands
(Viti Levu and Kadavu) where COI sequence sample sizes are substantial
(n > 50), we found significant differences in inferred patterns of historical
demography. The Viti Levu population showed strong signs of population

expansion towards the present (supports hypothesis i), but Kadavu
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exhibited stasis in population size over the past 11,500 years for which
demographies could be inferred (falsifies hypothesis i).

(i) Analyses of genome-wide SNP data for Viti Levu specimens show that the
recent population expansion inferred from mitochondrial sequences
implies an increase in actual population size, rather than a mitochondrial
sweep (supports hypothesis i).

(iv)  Our dated COI demographic reconstruction indicates population expansion
that correlates with the arrival of the Lapita people and the following
intensification of land-use on Viti Levu, and not changing climates
(falsifies hypothesis ii).

(V) We found no evidence of demographic change in the past 11,500 years on
Kadavu, despite changing climates during this time (falsifies hypothesis
ii). Similarly, there is no evidence for human-mediated demographic
changes on Kadavu during this time — likely due to low-levels of human

modification of the environment.

We accept hypothesis i — increasing Ne in the recent past — for Viti Levu but reject
it for Kadavu. We reject hypothesis ii — effective populations size changes mediated
by past climate change — on both islands and provide support for a human-mediated
hypothesis on Viti Levu. However, we do note that H. fijiensis appears to be less
resilient to changing climates than the alien bee species Braunsapis puangensis
(Cockerell, 1929) and Ceratina dentipes Friese, 1914 [182]. Additionally, our
demographic analyses do not include past major changes in sea surface temperature
(Fig. 3); given the narrow thermal tolerance of tropical ectotherms [91,92] and the
results of da Silva, et al. [182], our results do not suggest that H. fijiensis is resilient to
changing climates. However, H. fijiensis does appear to be more eurythermic
(tolerates a broader temperature range) than most other Fijian Homalictus species
[139].

Our data demonstrate that invertebrates, particularly multivoltine species, can be used
to determine very recent demographic patterns. Few other empirical studies have
achieved this using terrestrial invertebrates. Lopez-Uribe, et al. [167] was able to use
demographic analyses to infer a geographic co-expansion of the squash bee,

Peponapis pruinose (Say, 1837), with the cultivation of its host plants from ~5 kya.
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Similarly, Silva, et al. [184] found a very recent (300-400 years ago) expansion of the
pest soybean looper moth, Chrysodeixis includens, that was perhaps related to human
colonisation and agriculture. Some other studies have examined past demography
using Bayesian methods with variable results, but most infer older and often climate-
related demographies (e.g., Lopez-Uribe, et al. [167] and references therein).
However, some studies might violate assumptions of panmixia and marker neutrality.
Importantly, we show that past demographies of invertebrates can also be used to
contrast human-driven and climate-driven disturbance. Tropical insular invertebrate
taxa are likely to be ideal in both respects. In turn, such analyses could be used to
infer changes in invertebrate-associated taxa. For example, it might be possible to
infer declines in megafauna by examining the past demography of associated taxa

(e.g., ticks, mites or dung beetles).
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3234  Tables

3235 Table 1. COI sample size (n), number of polymorphic sites (S), nucleotide diversity
3236 (m), Tajima’s D and Fu’s Fs with p-values in parentheses for the Fijian islands

3237 Kadavu and Viti Levu. Significant values are bolded. A significant negative Tajima’s
3238 D indicates an excess of low-frequency polymorphisms comparative to expectations;
3239  significant positive Tajima’s D values indicate lower amounts of low and high

3240  frequency polymorphisms [166]. A significant negative Fu’s Fs indicates an excess of
3241 alleles, as predicted for genetic hitchhiking or population expansion; while significant
3242  positive values indicate allele deficiency as expected for recent population bottlenecks
3243 [166].

Tajima's D (p-
Islands n S = value) Fu’s Fs (p-value)
Kadavu 109 25 3.15 -0.99 (0.159) -3.56 (0.130)
Viti Levu 309 29 153 -1.81(0.006) -18.54 (0.00005)

3244

3245  Table 2. The median effective population size (Ne) values for each extended

3246  Bayesian skyline plot analysis along with the data used (mitochondrial COI or

3247  autosomal SNPs). Values are the initial Ne (oldest value), final Ne (present-day value)
3248 and the factor of increase from initial to final (Figures 3 and 4). Parentheses indicate
3249  absolute female Ne (in thousands) for COI data, where mutation rates have been

3250  applied.

Analysis Data Used Initial Ne Final Ne Increase factor
Viti Levu Col 0.01 (92 k) 0.08 (734k) 8
Kadavu col 0.03(275k) 0.03(275k) 1
Viti Levu, LDr2=0.2 SNP 0.03 9.8 327
Viti Levu, LDRr2=07 SNP 0.03 5.16 172
Viti Levu, LDRrz2=0.9 SNP 0.03 5.39 180
Viti Levu, no secondaries SNP 0.02 3.27 164
Viti Levu, with secondaries  SNP 0.02 3.08 154
3251
3252
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Figure 1. (a) a COI haplotype network of Homalictus fijiensis (using all codons) coloured by
(b) island in the Fijian archipelago. Simple hatch-marks represent nucleotide changes. Red

hatch-marks represent various amino acid changes and green and blue hatch-marks represent
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3258
3259
3260
3261
3262
3263
3264
3265
3266
3267

3268
3269

3270
3271

amino acid changes from lle (ATT) to Val (GTT) at positions 85 and 469 respectively. Bee is

a female H. fijiensis. Pale yellow shading with dashed grey lines on the (b) map indicates

approximate subaerial landmass when sea-level was 50 m below current levels (~11.5 kya)

and orange shading and with solid black lines indicates when sea-level was 120 m below
current levels (~26 kya) [19,177]. The large northern islands are (black) Viti Levu, (white)

Vanua Levu, and (dark green) Taveuni. The smaller south eastern islands are (dark blue)

Matuku, (blue-green) Moala, (light green) Totoya, (orange) Vanua Vatu, (pale pink)

Namuka-i-Lau, (dark pink) Kabara, (light blue) Fulgana, (salmon) Ogea, and (yellow) Ono-i-

Lau.
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Figure 2. (red) Observed and (blue) simulated pairwise haplotype frequencies based on COI

haplotypes (630 bp) of Homalictus fijiensis from Fijian islands where n >50.
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3273  Figure 3. An (a) extended Bayesian skyline plot using the third codon position of COI for

3274  Homalictus fijiensis on (purple) Viti Levu and (red) Kadavu. The y-axis indicates effective
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3275
3276
3277
3278
3279
3280
3281
3282
3283
3284
3285
3286
3287

population size (Ne) on a logio scale. The dark solid lines indicate the median Nes and the
light shading indicates the 95% CPDs. The vertical column shading indicates (yellow; ~3
kya) first evidence of the Lapita, (green; ~2.5 kya) first evidence of the post-Lapita period
and (horizontal hashing; 1.8 kya) first evidence of slash and burn agriculture on Viti Levu
[25,27]. The red and purple vertical lines in a indicate the points beyond which demography
should not be interpreted for Viti Levu and Kadavu, respectively, based on Fig. S2c. Full
extended Bayesian skyline plot output plots are available in Fig. S2. The (b) mean sea surface
temperature (SST; °C) for three sites, (red) MD76, (yellow) MD81, and (blue) MD70, in the
West Pacific based off data from [178]. And (c) relative sea-level (meters) in Barbados where
the line indicates the ICE-5G (VM2) model fit [185]. All panels share their x-axis scale —
time in thousands of years ago (kya) — which extends from the left (present) to the right (12
or 15 kya).
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3289  Figure 4. Results from extended Bayesian skyline plots of Homalictus fijiensis using SNP
3290 data from Viti Levu with several levels of filtering. In order of strongest to weakest filtering:
3291 (a-c) R?=0.2 resulting in 171 loci, (d-f) R? = 0.7 resulting in 1,646 loci, (g-i) R2=10.9

3292  resulting in 1,811 loci, (j-K) no linkage filtering and removed secondary loci resulting in
3293 3,768 loci, and (m-0) no linkage filtering and kept secondary loci resulting in 3,928 loci.
3294  Leftmost and central figures show median (dotted lines) and 95% CPDs (solid lines), while
3295 the central figures also show the actual sampled population distributions. Rightmost figures
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indicate counts of tree (coalescence) events through time. The y-axes of the leftmost column
indicates effective population size (Ne) on a logio scale, while the middle column has Ne on a

linear scale (see main text). The y-axes of the rightmost column indicates frequency.
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L == =
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Recolonisation

Accumulated
mutations

Time Time Time

Figure 5. Diagrammatic examples based loosely on our data of the (top row) three scenarios
of actual phylogenetic events that could explain the patterns observed and the evidence
required to distinguish between them; (middle row) haplotype networks and (bottom row)
past demography of (dark grey) COI data and (light grey) SNP data. Possibility A could be
explained by: (a) Extirpation (1) or COI haplotype replacement on Viti Levu followed by a
founder event (recolonisation) from Kadavu as typified by a highly similar COI haplotypes
and increasing COI and SNP effective population sizes (Ne). Or (b) a genuine population
bottleneck (!) that would be exemplified by highly dissimilar COI haplotypes between the
islands and increasing COIl and SNP Ne. Possibility (c) could be explained by a
mitochondrial sweep (! and arrow) as typified by an inferred Ne increase in the COI past

demography and stable Ne in the SNP past demography.
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Supplementary material
Appendix

Estimating sample sizes needed for historical demography analyses

A key issue in our demographic analyses concerns the sample sizes needed to conduct
meaningful coalescent analyses for historical demography. Very generally, smaller sample
sizes lead to wider confidence limits in any estimated parameters.

Bayesian Skyline Plots (BSP), Extended Bayesian Skyline Plots (EBSP), and mismatch
analyses all rely on assumptions that assayed samples capture enough (and unbiased) genetic
variation for coalescent-based analyses to enable reasonable inferences. For haplotype data,
such as mtDNA sequences, these analyses depend on both the number of haplotypes as well
as their relative frequencies. Both measurements will be subject to sample size.

We can think of the number of distinct haplotypes as akin to ‘species richness’ in ecological
studies, and the evenness in the frequencies of haplotypes as akin to relative species
abundances. These two features are captured in ecological studies that use diversity indices.
Perhaps the most widely deployed diversity index used in such studies is Shannon’s diversity

index, which is calculated as:
R
H = — Z p; Inp;
i=1

Where, in our case, pi is the proportion of individuals having haplotype i and R is the number
of distinct haplotypes.

For both Viti Levu and Kadavu samples, we counted the number of individuals assayed for
each unique haplotype. These counts were then used in rarefaction analyses using the
EstimateS software package version 9.1.0 for Macintosh [163]. We calculated Shannon’s
diversity index as a function of each addition of a randomly sampled individual (sampled
without replacement) with 10,000 randomizations for each individual entry. Standard
deviations for each Shannon’s diversity index were calculated for each entry step.

Resulting analyses for Shannon’s diversity index are given in Fig. S5a (Viti Levu) and Fig.
S5b (Kadavu) where we had sample sizes of 309 and 109 individuals, respectively. Both
plots indicate a steep rise in the estimated index up until about 50 sampled haplotypes, after
which slopes tend to plateau. It is clear in both these plots that sample sizes less than ~30-50
would fail to capture a substantial amount of total diversity, but that larger sample sizes
would only increase estimate diversity in successively smaller increments.

Whilst sample sizes for Viti Levu and Kadavu were quite large, all other Fijian islands had
sample sizes <16. If those islands held similar haplotype diversity to either Viti Levu or
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Kadavu, our sample sizes would grossly under-estimate that diversity. Since we cannot a
priori discount such possibilities, coalescent analyses of those smaller island samples could
be very misleading and are hence omitted.

Additional comparison of demographic patterns

BEAST analyses

We additionally analysed demographic patterns using different tree models in BEAST version
2.6.3 [124]. For our COI data from Viti Levu and Kadavu as well as our SNP data from Viti
Levu, we used an exponential positive, negative and constant (growth rate = 0) tree model.
We then compared these models using the NS (nested sampling) package in BEAST 2 [125].

These results provide support for: (i) constant population size on Kadavu, (ii) negative
population growth on Viti Levu using COI data, and (iii) positive population growth on Viti
Levu using SNP data (Table S3). The Viti Levu analysis using COI data differs from our
EBSP analysis. This is likely due to the more-complex demographic pattern uncovered using
the EBSP — constant population size followed by sudden growth nearer to the present (Fig.
3a) — that cannot be recovered when using a simple exponential growth tree model.

In comparison, our EBSP models show that there is a probability of ~0.94 that the Viti Levu
population size has increased, regardless of the clock model employed (Fig. S6).

DIYABC-RF analysis
Our additional BEAST 2 analyses did not distinguishing between demographic models using
our Viti Levu COI data well. To better address this issue we undertook additional analyses
using explicit model comparisons in the program DIYABC-RF (do-it-yourself approximate
Bayesian computations using Random Forests machine learning) [164,165]. We examined
four discrete scenarios of demographic patterns between Viti Levu and Kadavu, using Vanua
Vatu as an outgroup (Fig. S7a).
e Scenario 1: Dispersal from Kadavu to Viti Levu. Founder effect on Viti Levu
followed by expansion.
e Scenario 2: Dispersal from Viti Levu to Kadavu then population expansion on Viti
Levu.
e Scenario 3: Dispersal from Viti Levu to Kadavu, no change in population size.
e Scenario 4: Dispersal from Kadavu to Viti Levu, no change in population size.

We split the COI fragment into first, second, and third codon positions and applied an
HKY +I substitution model to the first and an HKY substitution model to the second and
third. We used broad uniform distributions for all effective population size (Ne) and time
priors. We restricted Ne priors — Nel < Ne3 < Ne8 — and time priors — t1 < t2 < t3. We
ran 100,000 simulated datasets (~25,000 per scenario) and considered 80,000 of these in each
Random Forest training set. We then created five noise variables and ran 10,000 Random
Forest trees.
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Scenario two received the most votes (7,292/10,000 votes; posterior probability: 0.89) and is
hence considered the most-likely of the four models (Fig. S7). This result agrees with our
COI EBSP from Viti Levu in that there was population increase. In contrast to our previous
results, this scenario does not support a Kadavu origin. However, the analysis does not
include all islands and we still consider our BEAST 2 analyses to be more accurate in this
regard.
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Supplementary tables

All data supplementary tables can be downloaded from the Molecular Ecology website at
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fmec.16034&fi
le=mec16034-sup-0008-TableS1-S3.xIsx

Table S1. Various statistics including sample size, nucleotide diversity (r), Tajima’s D and
Fu’s Fs with p-values indicated for the Fijian islands sampled. Significant values are bolded.
A significant negative Tajima’s D indicates an excess of low-frequency polymorphisms
comparative to expectations; significant positive Tajima’s D values indicate lower amounts
of low and high frequency polymorphisms [166]. A significant negative Fu’s Fs indicates an
excess of alleles, as predicted for genetic hitchhiking or population expansion; while
significant positive values indicate allele deficiency as expected for recent population
bottlenecks [166].

Table S2. Population pairwise Fst values between island groups with p-values in
parentheses. All values are significant (p < 0.05).

Table S3. The results of the nested sampling tree model comparisons of the Kadavu COI,
Viti Levu COI, and Viti Levu SNP demographic reconstructions for Homalictus fijiensis. All
analyses used an exponential growth model with a uniform distribution that was fixed at zero
(constant), positive (>0) or negative (<0). The marginal likelihood values that were best-
supported are in bold and standard deviations are provided. The respective final growth rates
are also given for each analysis.

Run Analysis Marginal likelihood SD Growth rate end
Kadavu Constant -579.56 141 NA

Kadavu Positive -596.7 145 5117

Kadavu Negative -584.29 146  -38.61

Viti Levu COI Constant -944.2 221 NA

Viti Levu COI Positive -942.12 222 3.031

Viti Levu COI Negative -937.34 2.32  -30.52

Viti Levu SNP Constant -13690.69 1.1 NA

Viti Levu SNP Positive -13663.15 0.9 69.67

Viti Levu SNP Negative -13691.52 1.07 -0.75
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Figure S1. (red) Observed and (blue) simulated pairwise haplotype frequencies based on COI

haplotypes (630 bp) of Homalictus fijiensis from Fijian islands where there were multiple

haplotypes. Note: X-axes vary greatly.
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Figure S2. Results from extended Bayesian skyline plots of Homalictus fijiensis from (a-c)
Viti Levu, (d-f) all islands, and (g-i) Kadavu. Analyses used only the third codon of the COI
gene. Leftmost and central figures show median (dotted lines) and 95% CPDs (solid lines),
while the leftmost figures also show the actual sampled population distributions. Rightmost
figures indicate counts of tree (coalescence) events through time. The red line ina, b, d, and e
indicates the point beyond which demography should not be interpreted, based on c and f.
Both axes of the leftmost and central figures are identical to improve interpretation. The y-
axes of the leftmost two columns indicate effective population size (Ne) on a logio scale. The

y-axes of the rightmost column indicates frequency.
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Figure S3. Extended Bayesian skyline plots using 3" codon only COI data of Homalictus
fijiensis assuming (a) three generations per year, (b) four generations per year, and (c) five
generations per year. The solid black lines indicate the median effective population sizes (Ne)
and the purple shading indicates the 95% CPDs. The shading indicates (yellow; ~3 kya) first
evidence of the Lapita, (green; ~2.5 kya) first evidence of the post-Lapita period and
(horizontal hashing; 1.8 kya) first evidence of slash and burn agriculture on Viti Levu

[25,27]. The red line in a indicates the point beyond which demography should not be

161



3455
3456
3457
3458

3459
3460

3461

interpreted, based on Fig. S2c. The y-axes indicate Ne on a logio scale. Full extended

Bayesian skyline plot output plots are available in Fig. S2. The plot shown in Fig. 3 is

indicated by 1.

MSAPB1168-H.sp.O

ED31F04-H.groomi
MSAPB1031

Island
B outgroup
W viiLevu
ﬂ Taveuni & Vanua Levu
B Kadavu
W Matuku
Moala & Totoya
B vanua Vatu
Namuka-i-La u
B Kabara
0]

Fulgana & Oge a

Ono-i-Lau

0.35

0.32

: MSAPB357
 —

® MSAPB389
LE MSAPB369
MSAPB372

1557 MSAPB1022

MSAPB1025

°.‘B645 MSAPB1017
=14 MSAPB1023

t 0.9 MSAPB1012

¥ MSAPB1013
MSAPB359

MSAPB353
MSAPB354
MSAPB355
MSAPB384
MSAPB361
MSAPB406
MSAPB371
MSAPB351
MSAPB374
MSAPB385
MSAPB411
MSAPB463
MSAPB392
MSAPB1042
MSAPB1030
MSAPB1045
MSAPB1165
MSAPB1027
MSAPB1028
MSAPB1044
MSAPB1004
MSAPB1006
MSAPB1000
MSAPB473
MSAPB144
MSAPB149
MSAPB1033
MSAPB1173
MH2

TH1
MSAPB475
MSAPB1175
MSAPB151
17FJ221
MSAPB035
17FJ85
MSAPB032
MSAPB241
17FJ26
MSAPB078
MSAPB246
MSAPB279
MSAPB222
17FJ190
yCMR39
MSAPB045
17FJ219
MSAPB092
yCMR70
17FJ213
MSAPB298
17FJ83
17FJ214
17FJ23
17FJ163
MSAPB326
17FJ211
17FJ84
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Abstract

The Australian endemic bee, Pharohylaeus lactiferus (Colletidae: Hylacinac) is a rare species that requires
conservation assessment. Prior to this study, the last published record of this bee species was from 1923 in
Queensland, and nothing was known of its hiology. Hence, I aimed to locate extant populations, provide
biological information and undertake exploratory analyses relevant to its assessment. Pharohylaeus lactiferus
was recently rediscovered as a result of extensive sampling of 225 general and 20 targeted sampling sites
across New South Wales and Queensland. Collections indicate possible floral and habitat specialisation
with specimens only found near Tropical or Sub-Tropical Rainforest and only visiting Stenocarpus
sinuatus (Proteaceac) and Brachychiton acerifolius (Malvaceae), to the exclusion of other available floral
resources. Three populations were found by sampling bees visiting these plant species along much of the
Australian east coast, suggesting population isolation. GIS analyses used to explore habitat destruction in
the Wet Tropics and Central Mackay Coast bioregions indicate susceptibility of Queensland rainforests
and P lactiferus populations to bushfires, particularly in the context of a fragmented landscape. Highly
fragmented habitat and potential host specialisation might explain the rarity of P lactiferus. Targeted
sampling and demographic analyses are likely required to thoroughly assess the status of this species and
others like it.
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Abstract

The Australian endemic bee, Pharohylaeus lactiferus (Colletidae: Hylaeinae) is a rare species
that requires conservation assessment. Prior to this study, the last published record of this bee
species was from 1923 in Queensland, and nothing was known of its biology. Hence, | aimed
to locate extant populations, provide biological information and undertake exploratory
analyses relevant to its conservation assessment. Pharohylaeus lactiferus was recently
rediscovered as a result of extensive sampling of 225 general and 20 targeted sampling sites
across New South Wales and Queensland. Collections indicate possible floral and habitat
specialisation with specimens only found near Tropical or Sub-Tropical Rainforest and only
visiting Stenocarpus sinuatus (Proteaceae) and Brachychiton acerifolius (Malvaceae), to the
exclusion of other available floral resources. Three populations were found by sampling bees
visiting these plant species along much of the Australian east coast, suggesting population
isolation. GIS analyses used to explore habitat destruction in the Wet Tropics and Central
Mackay Coast bioregions indicate susceptibility of Queensland rainforests and P. lactiferus
populations to bushfires, particularly in the context of a fragmented landscape. Highly
fragmented habitat and potential host specialisation might explain the rarity of P. lactiferus.
Targeted sampling and demographic analyses are likely required to thoroughly assess the

status of this species and others like it.
Keywords

Hylaeinae, Queensland, conservation, wildfire, extinction risk, invertebrate conservation,

fragmentation, rainforest
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Introduction

The greatest threats to ecosystems and species worldwide are habitat loss, fragmentation, and
degradation [186]. Australia has already cleared over 40% of its forests and woodlands since
European colonisation, leaving much of the remainder fragmented and degraded [187]. The
vast majority of clearing has occurred on freehold and leasehold land and for animal
agriculture [188]. In particular, Queensland is a contemporary land-clearing hotspot and is
responsible for more than half of all land-clearing in Australia over the past four decades
[188]. It is a failing of state and federal government policy and regulation that land clearing
in Queensland continues at rates that should be of concern both nationally and internationally
[189].

Despite the ecological importance of Australian native bees, we know very little about their
biology [10] or conservation status. North Queensland hosts high species richness, endemism
[190-192], and several bee genera that are found nowhere else in Australia [40,193]. These
restricted bee genera include: Ctenoplectra Kirby (Apidae: Apinae), Nomada Scopoli
(Apidae: Nomadinae), Mellitidia Guérin-Méneville (Halictidae: Nomiinae), Reepenia Friese
(Halictidae: Nomiinae), Patellapis Friese (Halictidae: Halictinae), and Pharohylaeus

Michener (Colletidae: Hylaeinae).

Pharohylaeus has only two described species: P. papuaensis Hirashima & Roberts in Papua
New Guinea and P. lactiferus (Cockerell) in Australia [63,195]. Both species are relatively
large (9-11 mm), robust, mostly black with distinctive white facial and body markings, and
have the first three tergal segments enlarged and enclosing the others. The former is known
only from two females which were collected on Syzygium aqueum (Burm.f.) Alston
(Myrtaceae) in 1982 [195]. No published records of P. lactiferus have been made since the
third of January 1923, when three males were collected in the Atherton Tablelands; in May of
1900 a male and a female were collected in Mackay while another female was collected in
Kuranda prior to 1910 [63,194]. However, the collection localities of these specimens are

imprecise and no biological data were recorded.
Due to the dearth of biological information on P. lactiferus prior to this study, | aimed to

locate extant populations and contribute biological information as part of a broader bee

survey. Because of this, much of what follows are exploratory analyses of the potential risks
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for P. lactiferus and suggestions for future research. Hence, | undertook a series of post-hoc
analyses in order to provide insights into the biology, ecology, and potential extinction risks
associated with P. lactiferus. | provide insights into the circumstances of the rediscovery of
P. lactiferus and what is now known of its floral and habitat associations. I also explore
spatial data relating to P. lactiferus (vegetation association, potential fire risks, and
occurrences) and my sampling methods (for potential biases). The possible floral and habitat
specialisation along with the rarity of P. lactiferus raises concerns about its conservation
status. I further highlight the need for preservation of remnant vegetation and better
arthropod-diversity monitoring, particularly for at-risk and phylogenetically important

Species.

Methods

Sample locations and methods

| undertook general collections in parts of Queensland and New South Wales in a variety of
habitats with most collections made across two sampling periods from December to February
2018-19 and November to December of 2019 (summer). I chose sampling sites by the
presence of flowering vegetation on the side of roads and trails. | caught specimens by
sweep-netting (up to 13 m from the ground using an 11 m Lito net) off flowering plants,
vegetation or potential bee-nesting sites. After collection, | transferred specimens to 99%
ethanol and stored them at ~2°C. For each collection event I recorded latitude, longitude, and
elevation in metres above sea level (m asl) and later checked these to ensure accuracy. |
estimated the number of bees for each vial while in the field. Other data that I collected
included date, time, collector, sampling effort (in minutes), sampling notes, and where
possible, flower species visited and the resource that | used to identify that plant. | undertook
general collections between 0525 and 2200 (Table S1). | did not keep any plant vouchers. |
identified Pharohylaeus using the keys by Houston [63] and Smith [193].

| used two initial collection events of P. lactiferus to inform targeted sampling (see results).
However, | undertook general collections and observations at every site where | found P.
lactiferus in an attempt to find additional associated plant species. | chose targeted sampling
sites haphazardly as target plant species were encountered, generally on the side of roads or
hiking trails. I undertook observations of the target plant species, Stenocarpus sinuatus

(Loudon) Endl. (Proteaceae) and Brachychiton acerifolius (A.Cunn. ex G.Don) F.Muell.
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(Malvaceae), for a minimum of five minutes (maximum of 67 minutes) for each collection
event (Table S1). Where | increased sampling time, | did so to collect P. lactiferus specimens
and to determine their distribution or activity times. | did not undertake a systematic temporal
sampling regime; however, | made targeted collections throughout the day (between 0730
and 1751; Table S1).

Representative materials are stored at the South Australian Museum (SAMA 32-37949,
SAMA 32-37950, SAMA 32-40838, SAMA 32-40846, SAMA 32-40847, SAMA 32-40848,
and SAMA 32-40849).

Data sources and terminology

Historic bee records. | sourced general bee collection data for Australian bioregions from the
Atlas of Living Australia [196] and overlaid them with Australian bioregion data using QGIS
version 3.8 [197]. I analysed all data using R version 3.6.1 [198] and produced plots using the
R packages graphics and ggplot2 [199]. Because | sampled flowering plants as | encountered

them, | also examined potential collection biases (Appendix).

Geographic information system data. | sourced current and pre-European National
Vegetation Information System maps from the National Mapping Division [200,201], which
defines 85 Major Vegetation Subgroups for Australia (e.g., Tropical or Sub-Tropical
Rainforests (TSTRs); Major Vegetation Subgroup 2). NMD [200] compiled pre-European
maps using the best-available data collected at varying scales, on varying dates, and by
several organisations. | sourced Interim Biogeographic Regionalisation for Australia maps
from the Department of Environment and Energy [202], which defines 89 large and distinct

bioregions (e.g., the Wet Tropics and Central Mackay Coast).

Results

Sampling

Of the ~3,585 bee specimens that | collected in Queensland over 3,446 sampling-minutes, |
collected 694 (19%) in the Wet Tropics and 153 (4%) in the Central Mackay Coast
bioregions (Fig. S3; Table S3). In the adjacent bioregions of Cape York Peninsula, Einasleigh
Uplands, and the Brigalow Belt North, I collected 260 (7%), 453 (13%), and 271 (8%) bee
specimens, respectively (Fig. S3). In New South Wales, | collected 2,141 bee specimens over
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2,441 sampling-minutes (Table S3). In total | sampled 225 general collection sites; 130 in
Queensland and 95 in New South Wales (Table S3).

Following my initial collection of a P. lactiferus female on foliage adjacent to Hallorans Hill
Conservation Park, Queensland (Atherton; Wet Tropics), | intensified my sampling of
flowering plants around the park for a period of three days between the 3™ and 5™ of
February 2019 (Fig. 1). Subsequently, I collected five males patrolling the flowers of an ~8 m
high S. sinuatus tree (flowering times range from February to June [203,204]). Pharohylaeus
lactiferus males patrolled all flowers (5-8 m high). | undertook further sampling of S.
sinuatus (and other plants) in nearby rainforest patches between the 5 and 19" of February

2019 but I did not collect any further P. lactiferus during this period (Fig. 1).

| resampled Hallorans Hill Conservation Park on the 13" of November 2019 and collected P.
lactiferus foraging on B. acerifolius (flowers November to January [205]). | then undertook
further sampling on B. acerifolius in Queensland and New South Wales between the 13" and
28" of November (Fig. S3). From these collections, | collected four (2329) P. lactiferus near
Hallorans Hill Conservation park on B. acerifolius. In Kuranda (Wet Tropics) and Eungella
(Central Mackay Coast), | collected five (42'12Q) and seven (334%) specimens, respectively,

on B. acerifolius (Fig. 1).

From the sites where | successfully collected P. lactiferus, | sampled most plant species that
were flowering at the time (and with flowers at or below ~13 m). The plants on which |
collected bees — other than P. lactiferus — at these sites included: Alpinia sp.
(Zingiberaceae), Asteraceae sp., Callicarpa pedunculata R.Br. (Lamiaceae), Duranta repens
L. (Verbenaceae), Leptospermum sp. (Myrtaceae), Melicope rubra (Lauterb. & K.Schum.)
T.G.Hartley (Rutaceae), Parsonsia straminea (R.Br.) F.Muell. (Apocynaceae), Senna. sp.
(Fabaceae), Solanum seaforthianum Andrews (Solanaceae), and Syzygium sp. (Myrtaceae)
(Table S3). I only identified plants on which | caught bee specimens; thus, this represents a

subset of those examined.

| undertook a total of 42 observation events on either S. sinuatus or B. acerifolius. Ten of my
observation events resulted in P. lactiferus collections across three sites and 32 of my
observation events returned no P. lactiferus across 20 sites (Fig. 1). | was only successful in

collecting P. lactiferus between 351 and 877 m asl and only at three sites in the Atherton,
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Kuranda, and Eungella regions of Queensland (Fig. 1; Table S1). Successful collections were
made between 0855 and 1637 (Table S1). Of the 20 sites examined, 15 were within 1 km of
TSTRs and 12 were within 213 m (Table S1). According to Beck, et al. [206]’s Koppen-
Geiger climate classification map, P. lactiferus occurs in both tropical and sub-tropical

climates.

Historic collection data

Historic bee records. The Atlas of Living Australia has a total of 2,198 bee records for the
Wet Tropics and 584 for the Central Mackay Coast. Of these records, 637 (29%) in the Wet
Tropics and 250 (43%) in the Central Mackay Coast do not include year of collection. Of the
records that included year of collection, the Atlas of Living Australia only had 11 of 1,561
and 15 of 334 records that pre-dated 1924 for the Wet Tropics and Central Mackay Coast,
respectively (Fig. 2).

Supplementary results summary

| caught significantly more P. lactiferus and other bees and spent more time sampling near
TSTRs (Appendix; Fig. S4). However, the sum of sampling time was not significantly
correlated with the number of P. lactiferus caught, suggesting some resilience of data
interpretation to bias (Appendix; Fig. S4). Pharohylaeus lactiferus was only collected within
213 m of TSTR (Appendix). Tropical or Sub-Tropical Rainforests have undergone habitat
destruction and fragmentation since European colonisation and are susceptible to fire
(Appendix). In New South Wales and Queensland, most B. acerifolius and S. sinuatus

records are occur in rainforests.

Discussion

Despite my extensive non-targeted and targeted sampling as well as bee collection records on
the Atlas of Living Australia, P. lactiferus records remain rare. Apparent habitat
specialisation to TSTRs and few associated floral taxa (S. sinuatus and B. acerifolius) might
explain the rarity of P. lactiferus. However, in many cases | found P. lactiferus difficult to
catch due to the height of the associated plant species (of the trees that | sampled, flowers
were between 1 m and 13 m high) and the bees’ quick flight (Appendix). It is possible that P.
lactiferus is a naturally rare species that is not threatened. But, why at least two early

collectors sampled P. lactiferus on three separate occasions prior to 1924 [63] and no
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published records have been made in the years since, despite a greater sampling effort (Fig.

2), is both unclear and of concern.

The occurrence of host plant species could limit suitable habitat for P. lactiferus. For
example, the persistence of a P. lactiferus population in any one rainforest could require
several host plant species to provide food throughout their activity period. From current and
historical collections, we know that P. lactiferus is active at least between November and
May. This could indicate a long flight period, bivoltinism or, like many other tropical bee
species (e.g., ALA [196] and Dorey, et al. [99]), activity could be year-round. Additionally,
as many hylaeines nest in preformed holes [40,207], P. lactiferus might require very specific
nesting substrates [208]. Nesting substrate could further be limited to certain plant species,
and by certain stem-borers that pre-excavate potential nests [40,209]. Habitat destruction and
fragmentation might also limit the persistence of the required species in fragments
(Appendix). These factors might be particularly relevant to P. lactiferus, which was only

found within ~200 m of TSTR, suggesting a low foraging and dispersal distance (Appendix).

That bees use S. sinuatus and B. acerifolius might be unexpected for two primary reasons.
Firstly, both plant species exhibit a pollination syndrome that is associated with birds (e.g.,
they are bright red) [210-212]. Bee vision is shifted towards ultraviolet wavelengths and they
are thought to not perceive red wavelengths [213]; although, this is not always the case [214]
and insect visual perception is complex [215]. It is possible that the flowers of S. sinuatus and
B. acerifolius have ultraviolet, or similar, markings or produce olfactory cues that attract
bees. That at least ten bee species across eight genera were foraging on B. acerifolius could
indicate that this plant is not exclusively bird-pollinated (Table S1). Hylaeinae bees were the
primary visitors of B. acerifolius during observations (Table S1) which could indicate
phylogenetically conserved traits that allow the use of flowers that exhibit bird-pollination
syndromes (e.g., pollen specialisation or red-shifted vision). Secondly, Guymer [205]
reported that B. acerifolius lacks nectaries. While I did not observe bees inside flowers due to
the height of trees, I did observe bees ‘drinking’ from flowers of the related B. populneus
(Schott & Endl.) R.Br., which Guymer [205] also reports as lacking nectaries. Melittologists
might avoid sampling plants that exhibit bird-pollination syndromes and this could bias their
collections. The foraging preferences of P. lactiferus require further study, likely with a

particular focus on plants exhibiting bird-pollination syndromes (e.g., Alloxylon pinnatum
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(Maiden & Betche) P.H.Weston & Crisp, Castanospermun australe A.Cunn. ex Mudie, or

Erythrina vespertilio Benth.) or even on canopy-flowering plants in general [216].

In the bioregions that P. lactiferus has been found, this major vegetation subgroup has
undergone habitat destruction and fragmentation since European colonisation (Appendix)
[187]. Although Queensland’s Wet Tropics have largely been protected from clearing in
contemporary times, like much of the state, habitat fragmentation remains a major
conservation concern [217]. Additionally, three of four rainforest vegetation types (including
TSTR) burnt every year between 1988 and 2020 (for which data are available; Appendix).
While there was no significant change over time in the area of rainforest burnt during that
period, the 2019-20 bushfire season burnt a greater area than in any year prior for each

rainforest type (Appendix).

To monitor and assess the conservation status of each species we require an understanding of
their biology and targeted sampling. Data deficiency for rare species raises concerns that
other rare or specialist species could become extinct before being discovered, leaving no
opportunity to conserve those taxa. We must increase biomonitoring, particularly of diverse
invertebrate fauna to assess and protect such taxa worldwide. Additionally, increasing
institutional investment to digitise collections would vastly increase the research utility of

online databases and potentially allow us to differentiate rare from threatened taxa.

Future research should aim to increase our understanding of the biology, ecology, and
population genetics of P. lactiferus. This work could use targeted seasonal sampling
throughout the year at sites where P. lactiferus is known to occur, providing insights into
phenology and host plants. Future studies could also use trap-nests at various heights from
the ground and targeted searches to uncover nesting requirements and inform conservation
management [216,218]. These data, along with an expanded a priori sampling regime, should
allow accurate implementation of species distribution models to uncover other potential
populations or translocation sites. To determine if P. lactiferus is threatened (undergone
population declines in the recent past) or simply rare (stable population in the recent past),
genetic data could be used to examine past demographies. Additionally, genetic data for each
population could allow examination of population isolation. Such research will be invaluable
to assess the conservation status of P. lactiferus and provide an exemplar for the assessment

of other poorly-studied and threatened bee taxa.
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Conclusions

Despite extensive sampling undertaken during this study and from publicly available records,
P. lactiferus remains poorly collected and little is known of its biology. Pharohylaeus
lactiferus has only been collected on two plant species (S. sinuatus and B. acerifolius), to the
exclusion of other available resources. Thus far, only males have been collected on S.
sinuatus. These collections might indicate floral specialisation, potentially on plants that

exhibit bird-pollination syndromes.

Many of the analyses undertaken here are exploratory and this must be considered when
making conclusions. However, it is important for likely issues to be raised in order to inform
future research and conservation efforts. To these ends, | make the following remarks.
Pharohylaeus lactiferus could be a floral- and habitat-specialist bee. The absence of P.
lactiferus collections since 1923, despite far-greater sampling effort prior to this study, raises
concerns about its conservation status. Habitat destruction and fragmentation might have
acted synergistically with the floral- and habitat-specialisation of P. lactiferus to explain its
rarity. However, collection habits of melittologist (e.g., possible avoidance of plants with
bird-pollination syndromes) and the height of known associated plants might make possible
declines difficult to confirm. Regardless, known populations of P. lactiferus remain rare and
susceptible to habitat destruction (e.g., from changed land use or stochastic events such as

fires; Appendix).
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Figure 1. (blues) Current rainforests and (reds) rainforests cleared since European arrival
(1788) in the (a) Wet Tropics and the (b) Central Mackay Coast [200,201]. Black markers

indicate flowering Stenocarpus sinuatus or Brachychiton acerifolius, sites where no

Current rainforests
» | MM Tropical or sub-tropical rainforest
' [ Other rainforests

Rainforests cleared since 1788
-‘, 5.4 W Tropical or sub-tropical rainforest
’ Other rainforests
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(b) Central Mackay
Coast

Pharohylaeus lactiferus were detected (Kuranda, Hallorans Hill C.P. (Atherton), and

Eungella) and green markers indicate those where they were present. Inset shows QLD and

northern NSW as well as sample locations.
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Figure 2. The number of bee specimens recorded on ALA for the (a) Wet Tropics and (b)
Central Mackay Coast bioregions in ten-year intervals. Numbers above bars indicate

Pharohylaeus lactiferus specimen collections.
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Figure 3. (a) A Leioproctus sp. foraging on Brachychiton populneus. Pollen shown on the
mesosomas of (b) Meroglossa itamuca (Cockerell, 1910) and (c) Hyleoides concinna
(Fabricius, 1775) males after the bees foraged on B. acerifolius. An (d) oblique and (e) dorsal
photo of a female, and an (f) oblique photo of a male P. lactiferus. Hylaeinae swallow pollen

instead of carrying it in scopae and are often disparaged as pollinators for this reason (e.g.,
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Keys, et al. [221] and Ballantyne, et al. [222]). However, the hylaeines that commonly

visited B. acerifolius often had large amounts of pollen dorsally (e.g., b, ¢, and P. lactiferus)

on their mesosomas suggesting that they are efficient pollinators of these plants. Scale bar

indicates 5 mm for (b). Photos are not to scale.

180



3827

3828
3829
3830
3831
3832
3833
3834
3835
3836
3837
3838
3839
3840
3841
3842
3843
3844
3845
3846
3847
3848
3849
3850
3851
3852
3853
3854
3855
3856
3857
3858
3859

Supplementary material

Appendix

Bee flight observations: Pharohylaeus lactiferus is ~11 mm long; smaller than the
Hyleoides Smith, 1853 (~15 mm) and generally larger than the Meroglossa Smith, 1853 or
Hylaeus Fabricius, 1793 (<7 mm) species that were also commonly found foraging on B.
acerifolius. All of these hylaeines are relatively robust and darkly coloured bees but,
Hyleoides species could be often identified on the wing by their colour (orange and black
warning colouration), and when alighted by their wasp-like stance. The flight patterns of all
three bee groups were similar — quick and controlled (can be distinguish from the less-
common bee visitors such as Apis mellifera Linnaeus, 1758, Lasioglossum sp. Curtis, 1833,
Megachile sp. Latreille, 1802, and Tetragonula sp. Moure, 1961 species), with males of at
least P. lactiferus quickly patrolling flowers and rarely alighting.

Collection bias analysis: To examine potential collection biases, | analysed geographical
data in several ways. Firstly, all collection buffers were overlaid with the National Vegetation
Information System major vegetation subgroups in Queensland and New South Wales. For
each site, the sum of bees collected and sampling time were counted towards each major
vegetation subgroup in the 500 m buffer (Table S4). These data were used to examine the
cumulative number of bees, cumulative sampling time, and total area for each major
vegetation subgroup. The number of bees, sample time, and number of P. lactiferus were
summed in bins of 10 km distances from TSTRs. Because most data occurred in the first bin,
this was repeated with bin widths of 200 m and a maximum distance from TSTRs of 10 km
(i.e., the first 10 km bin). For each of these distances, the sum number of P. lactiferus was
plotted against the sum of sampling time in those bins. A two-sided Spearman’s rank
correlation was implemented using the R package stats to analyse the correlation between

each of these variables.

For analyses using both the full dataset and the 10 km dataset there were significant and
negative correlations between the sum of bees caught (full: p = 1x10-°, rho = -0.69; 10 km: p
=0.001, rho = 0.47; Fig. S4a and e), sum of sample time (full: p = 7x10', rho = -0.59; 10
km: p = 2x10*4, rho = 0.51; Fig. S4b and f), and, for at least the 10 km dataset, sum of P.
lactiferus (full: p = 0.09, rho =-0.17; 10 km: p = 0.02, rho = 0.34; Fig. Fig. S4c and g). In

contrast, there were no significant correlations between the sum of P. lactiferus and sampling
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time (full: p = 0.16, rho = 0.23; 10 km: p = 0.31, rho = -0.17) (Fig. S4d and h). Larger
absolute values of rho indicate a stronger correlation and the sign indicates direction (i.e.,
negative values of rho indicate a negative relationship). The cumulative number of bees and
sampling time as well as the area sampled in each major vegetation subgroup from this study
generally do not match the total proportions from NSW and QLD (Fig. S5). This reflects a
lack of a priori site choice in the study design.

My sampling was biased, with significantly fewer bees caught and less time spent sampling
moving further away from TSTRs (Fig. S4). There were significantly more P. lactiferus
caught near TSTRs (Fig. S4). Additionally, the number of bees that | caught, time that | spent
sampling, and area that | sampled did not match the relative areas of each major vegetation
subgroup in New South Wales and Queensland (Fig. S5). However, sampling time and the
number of P. lactiferus caught were not significantly correlated (Fig. S4). Additionally, the
aim of this research was to rediscover and provide the first biological information on P.
lactiferus and to suggest the further research that needs to be completed to assess and ensure

its protection.

Geographical information systems: | sourced National vegetation information system
major vegetation subgroup maps from Geoscience Australia [200,201] and Australian
bioregion data from DEE [202]. | obtained Queensland burn scar data from 1988 to 2016
from the DSITI [223] and 2019-20 bushfire data from the DAWE [224]. | undertook GIS
analyses using QGIS version 3.8 [197]. | calculated fragmentation indices using LecoS
version 3.0.0 [225]. I analysed Bushfire data using a two-sided Spearman’s rank correlation
as implemented in the R stats package to examine correlation between year and area burnt. |
defined collection and observation sites by discrete, non-contiguous 500 m buffers around

collection points: where buffers overlapped | counted them as a single site (Table S3).

The furthest from TSTR that | collected P. lactiferus was 213 m. However, | made this
collection in a contiguous wooded and urban habitat and so that distance might be an over-
estimate. | made most other successful collections within 65 m of TSTRs (Table S1). For this
reason, | analysed the changes in this habitat type for the Wet Tropics and Central Mackay
Coast between 1788 and 2018. It is possible that P. lactiferus also inhabits other vegetation
types that | did not analysed. The most likely additional habitat types are warm temperate

rainforest and dry rainforest or vine thickets; both of which are found in the region.
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Tropical or Sub-Tropical Rainforest decreased in overall area by 33% in the Wet Tropics
tropical. Tropical or Sub-Tropical Rainforest decreased in overall area by 11% in the Central
Mackay Coast tropical (Table S5). The number of patches increased and mean patch area
decreased for both the Wet Tropics (14% increase in number of patches, and 39% decrease in
area) and the Central Mackay Coast (9% increase in number of patches, and 17% decrease in
area) (Table S5). The smallest patch that I collected P. lactiferus near was Hallorans Hill

Conservation Park, which was just 0.09 km? in area.

To determine the amount of rainforest that has burned, | overlaid Queensland burn scar data
from 1988 to 2016 and the 2019-20 bushfire season with national vegetation information
system 5.1 data [201,226]. Two-sided Spearman’s rank correlation regressions found no
significant change in area burned by year for any rainforest type (major vegetation subgroups
one, two, six, and 62). However, | found that all vegetation types, except for major vegetation
subgroup one (cool temperate rainforest) have burned every year for which records exist (Fig.
S6). Additionally, all rainforests types burned more in the 2019/20 fire season than any
previous year; however, these data include fires from July 2019 to May 2020, while the
Queensland burn scar dataset runs from January to December [223,224]. On average, 2.2%
(1 = 226 km?, standard deviation = 124 km?) of TSTR (major vegetation subgroup 2) burned
each year between 1988 and 2020 in Queensland (Fig. S6).

Tropical or Sub-Tropical Rainforest in Queensland have experienced habitat destruction and
fragmentation since European arrival (Fig. 1). For both the Wet Tropics and Central Mackay
Coast, the overall area and mean patch areas were reduced and the number of patches have
increased (Table S5). The Wet Tropics had the largest decrease in overall area, with 33% of
area lost compared to 11% in the Central Mackay Coast. The number of patches increased by
14% and 9% for the Wet Tropics and Central Mackay Coast, respectively. While the decrease
in mean patch area was greater at 39% and 17% for Wet Tropics and Central Mackay Coast,
respectively. Mean patch area for each (1.71 km? and 1.82 km?, respectively) was still much
larger than the area of Hallorans Hill Conservation Park (0.09 km?). Hence, habitat
destruction and fragmentation alone are unlikely to cause the rarity of P. lactiferus.
Regardless, habitat fragmentation and destruction, however small, decreases the ability of
populations to colonize new fragments [227]. For example, bushfires burnt an average of 226
km? of TSTR every year between 1988 and 2020 (Fig. S6). The 2019-20 fire season burnt
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more rainforest in each major vegetation subgroup than any year before (Fig. S6).
Additionally, Eungella National Park experienced severe fires in late 2018 (burning close to
the Eungella P. lactiferus collection site [228]; however, no data have been made available
for the 2017 or 2018 fire seasons). Hence, P. lactiferus habitat patches are at risk of

destruction by fire, and fires might also increase with changing climates [229].

Historic associated plant records: Because the two known associated plant species, B.
acerifolius (2,396 individuals total) and S. sinuatus (1,456 individuals total), are easily
identifiable, I used all records on the Atlas of Living Australia for New South Wales and
Queensland (their natural range [205]). Additionally, because these species are commonly
cultivated, | focus on records in natural major vegetation subgroups, however total values are
reported in Table S2 and shown in Figs S1 and S2. | obtained plant occurrence data from the
Atlas of Living Australia [230,231] and overlaid them with New South Wales and
Queensland National Vegetation Information System data using QGIS.

Over 50% of New South Wales and Queensland records that were found in natural regions
occurred in rainforests (Table S2). In New South Wales 28% and 4% of B. acerifolius and S.
sinuatus records occurred in TSTR (Major Vegetation Subgroup 2), respectively (Table S2).
In Queensland, 38% and 39% of B. acerifolius and S. sinuatus records occurred in TSTR,
respectively (Table S2). Warm temperate rainforest (major vegetation subgroup 6) accounted
for 28% and 78% of all natural B. acerifolius and S. sinuatus records, respectively (Fig. S1;
Table S2). Older records of B. acerifolius and S. sinuatus tended to occur in natural areas,
and most recent records occurred in cleared or non-native habitats (Fig. S2). Compared to
New South Wales plant records, Queensland records (where P. lactiferus has been found)
that occurred in cleared or non-native habitats tended to be older (Fig. S2). These older

records could represent natural habitats that have been subsequently cleared.
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Supplementary tables
All data tables can be downloaded from the Journal of Hymenoptera Research website at
https://jhr.pensoft.net/article/59365/download/suppl/32/

Table S1. Collection data and notes for both successful and unsuccessful searches for

Pharohylaeus lactiferus in QLD and north-east NSW, Australia.

Table S2. Atlas of Living Australia data for Brachychiton acerifolius and Stenocarpus
sinuatus by major vegetation subgroup (MVS) number in New South Wales and Queensland.

Green highlighted rows indicate rainforest major vegetation subgroups.

Table S3. Collection data from New South Wales and Queensland.

Table S4. Major vegetation subgroup (MVS) data including MVS number, MV'S name.
Measurements include total MVS area (km?) and proportions, and sampled MVS area (km?)
and proportions. Sum of the number of bees, sample time, and the total area of NSW and

QLD for each MVS are also included.

Table S5. Summary of the calculated fragmentation statistics for the two bioregions, the Wet

Tropics and Central Mackay Coast.
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Figure S1. The number of (a) Brachychiton acerifolius and (b) Stenocarpus sinuatus in New

South Wales (NSW; blue) and Queensland (QLD; maroon) by each major vegetation

subgroup (MVS). Orange highlights indicate rainforests. Major vegetation subgroups are as

follows: 1 (Cool temperate rainforest), 2 (Tropical or Sub-Tropical Rainforest), 3 (Eucalyptus

(+/- tall) open forest with a dense broad-leaved and/or tree-fern understorey (wet

sclerophyll)), 4 (Eucalyptus open forests with a shrubby understorey), 5 (Eucalyptus open

forests with a grassy understorey), 6 (Warm temperate rainforest), 8 (Eucalyptus woodlands

with a shrubby understorey), 9 (Eucalyptus woodlands with a tussock grass understorey), 13
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(Brigalow (Acacia harpophylla) forests and woodlands), 15 (Melaleuca open forests and
woodlands), 16 (Other forests and woodlands), 19 (Eucalyptus low open woodlands with
tussock grass), 26 (Casuarina and Allocasuarina forests and woodlands), 30 (Heathlands), 32
(Other shrublands), 40 (Mangroves), 42 (Naturally bare, sand, rock, claypan, mudflat), 44
(Freshwater, dams, lakes, lagoons or aquatic plants), 48 (Eucalyptus open woodlands with a
grassy understorey), 54 (Eucalyptus tall open forest with a fine-leaved shrubby understorey),
58 (Leptospermum forests and woodlands), 59 (Eucalyptus woodlands with ferns, herbs,
sedges, rushes or wet tussock grassland), 60 (Eucalyptus tall open forests and open forests
with ferns, herbs, sedges, rushes or wet tussock grasses), 62 (Dry rainforest or vine thickets),

63 (Sedgelands, rushs or reeds), and 98 (Cleared, non-native vegetation, buildings).
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Figure S2. The number of (a & b) Brachychiton acerifolius and (¢ & d) Stenocarpus sinuatus
in New South Wales (NSW; blue) and Queensland (QLD; maroon) by each major vegetation
subgroup (MVS). Colours indicates year of record with darker colours indicating older
records. Major vegetation subgroups are as follows: 1 (Cool temperate rainforest), 2

(Tropical or Sub-Tropical Rainforest), 3 (Eucalyptus (+/- tall) open forest with a dense broad-
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leaved and/or tree-fern understorey (wet sclerophyll)), 4 (Eucalyptus open forests with a
shrubby understorey), 5 (Eucalyptus open forests with a grassy understorey), 6 (Warm
temperate rainforest), 8 (Eucalyptus woodlands with a shrubby understorey), 9 (Eucalyptus
woodlands with a tussock grass understorey), 13 (Brigalow (Acacia harpophylla) forests and
woodlands), 15 (Melaleuca open forests and woodlands), 16 (Other forests and woodlands),
19 (Eucalyptus low open woodlands with tussock grass), 26 (Casuarina and Allocasuarina
forests and woodlands), 30 (Heathlands), 32 (Other shrublands), 40 (Mangroves), 42
(Naturally bare, sand, rock, claypan, mudflat), 44 (Freshwater, dams, lakes, lagoons or
aquatic plants), 48 (Eucalyptus open woodlands with a grassy understorey), 54 (Eucalyptus
tall open forest with a fine-leaved shrubby understorey), 58 (Leptospermum forests and
woodlands), 59 (Eucalyptus woodlands with ferns, herbs, sedges, rushes or wet tussock
grassland), 60 (Eucalyptus tall open forests and open forests with ferns, herbs, sedges, rushes
or wet tussock grasses), 62 (Dry rainforest or vine thickets), 63 (Sedgelands, rushs or reeds),

and 98 (Cleared, non-native vegetation, buildings).
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Figure S3. Heatmap of bee collections by Australian bioregion with the focus bioregions
bolded. Points indicate the location of bee samples. Bioregion codes are: Australian Alps
(AUA), Brigalow Belt South (BBS), Broken Hill Complex (BHC), Channel Country (CHC),
Cobar Peneplain (COP), Darling Riverine Plains (DRP), Murray Darling Depression (MDD),
Mulga Lands (MUL), Nandewar (NAN), New England Tablelands (NET), NSW North Coast
(NNC), NSW South Western Slopes (NSS), Riverina (RIV), South East Corner (SEC), South
Eastern Highlands (SEH), South Eastern Queensland (SEQ), Simpson Strzelecki Dunefields
(SSD), Sydney Basin (SYB), Brigalow Belt North (BBN), Brigalow Belt South (BBS),
Channel Country (CHC), Central Mackay Coast (CMC), Cape York Peninsula (CYP),
Desert Uplands (DEU), Darling Riverine Plains (DRP), Einasleigh Uplands (EIU), Gulf Fall
and Uplands (GFU), Gulf Plains (GUP), Mitchell Grass Downs (MGD), Mount Isa Inlier
(M11), Mulga Lands (MUL), Nandewar (NAN), New England Tablelands (NET), South
Eastern Queensland (SEQ), and Wet Tropics (WET).
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Figure S4. The sum of (a) number of bees, (b) sample time (mins), and (c) P. lactiferus by
distance from major vegetations subgroup (MVS) 2 — Tropical or Sub-Tropical Rainforest
—in 10 km bins. The sum of (e) number of bees, (f) sample time (mins), and (g) P. lactiferus
by distance from MVS 2 in the first 10 km bin of a, b and c split in 200 m bins. The sum of P.
lactiferus in (d) 10 km bins and (h) 200 m bins over sampling time (mins) where bin width is
100 minutes. The p and rho values are from a two-sided Spearman’s rank correlation test,
where the sign of rho indicates the direction and the absolute value indicates strength of

relationship (Ho = zero, maximum strength = one).
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Figure S5. Bars show the cumulative (a) number of insects and (b) sampling time by the
major vegetation subgroups (MVS) that were sampled in New South Wales (NSW) and
Queensland (QLD) (left-most Y-axes). Red points and lines indicate the proportion of the
total area of NSW and QLD for each MVS (rightmost Y-axes). The (c) area sampled in this
study (leftmost Y-axes and bars; km?) and total area in NSW and QLD (rightmost Y -axes and
points with lines; km?) and (d) the proportion of area sampled in this study (bars) and the
proportion of the total area in NSW and QLD (points with lines) by all MVS in both states.
Orange bars indicate rainforest habitat and grey indicate all other types. Major vegetation
subgroups are as follows: 1 (Cool temperate rainforest), 2 (Tropical or Sub-Tropical
Rainforest), 3 (Eucalyptus (+/- tall) open forest with a dense broad-leaved and/or tree-fern
understorey (wet sclerophyll)), 4 (Eucalyptus open forests with a shrubby understorey), 5
(Eucalyptus open forests with a grassy understorey), 6 (Warm temperate rainforest), 7
(Tropical Eucalyptus open forests and woodlands with a tall annual grassy understorey), 8
(Eucalyptus woodlands with a shrubby understorey), 9 (Eucalyptus woodlands with a tussock
grass understorey), 10 (Eucalyptus woodlands with a hummaock grass understorey), 11
(Tropical mixed spp forests and woodlands), 12 (Callitris forests and woodlands), 13
(Brigalow (Acacia harpophylla) forests and woodlands), 14 (Other Acacia forests and
woodlands), 15 (Melaleuca open forests and woodlands), 16 (Other forests and woodlands),

17 (Boulders/rock with algae, lichen or scattered plants, or alpine fjaeldmarks), 18
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(Eucalyptus low open woodlands with hummock grass), 19 (Eucalyptus low open woodlands
with tussock grass), 20 (Mulga (Acacia aneura) woodlands +/- tussock grass +/- forbs), 21
(Other Acacia tall open shrublands and [tall] shrublands), 22 (Acacia (+/- low) open
woodlands and shrublands with chenopods), 23 (Acacia (+/- low) open woodlands and
shrublands with hummock grass), 24 (Acacia (+/- low) open woodlands and shrublands +/-
tussock grass), 25 (Acacia (+/- low) open woodlands and sparse shrublands with a shrubby
understorey), 26 (Casuarina and Allocasuarina forests and woodlands), 27 (Mallee with
hummock grass), 28 (Low closed forest or tall closed shrublands (including Acacia,
Melaleuca and Banksia)), 29 (Mallee with a dense shrubby understorey), 30 (Heathlands), 31
(Saltbush and bluebush shrublands), 32 (Other shrublands), 33 (Hummock grasslands), 34
(Mitchell grass (Astrebla) tussock grasslands), 35 (Blue grass (Dicanthium) and tall bunch
grass (Vitiveria syn: Chrysopogon) tussock grasslands), 36 (Temperate tussock grasslands),
37 (Other tussock grasslands), 38 (Wet tussock grassland with herbs, sedges or rushes,
herblands or ferns), 39 (Mixed chenopod, samphire +/- forbs), 40 (Mangroves), 41 (Saline or
brackish sedgelands or grasslands), 42 (Naturally bare, sand, rock, claypan, mudflat), 43 (Salt
lakes and lagoons), 44 (Freshwater, dams, lakes, lagoons or aquatic plants), 45 (Mulga
(Acacia aneura) open woodlands and sparse shrublands +/- tussock grass), 46 (Sea, estuaries
(includes seagrass)), 47 (Eucalyptus open woodlands with shrubby understorey), 48
(Eucalyptus open woodlands with a grassy understorey), 49 (Melaleuca shrublands and open
shrublands), 50 (Banksia woodlands), 51 (Mulga (Acacia aneura) woodlands and shrublands
with hummock grass), 52 (Mulga (Acacia aneura) open woodlands and sparse shrublands
with hummock grass), 53 (Eucalyptus low open woodlands with a shrubby understorey), 54
(Eucalyptus tall open forest with a fine-leaved shrubby understorey), 55 (Mallee with an open
shrubby understorey), 56 (Eucalyptus (+/- low) open woodlands with a chenopod or samphire
understorey), 57 (Lignum shrublands and wetlands), 58 (Leptospermum forests and
woodlands), 59 (Eucalyptus woodlands with ferns, herbs, sedges, rushes or wet tussock
grassland), 60 (Eucalyptus tall open forests and open forests with ferns, herbs, sedges, rushes
or wet tussock grasses), 61 (Mallee with a tussock grass understorey), 62 (Dry rainforest or
vine thickets), 63 (Sedgelands, rushs or reeds), 64 (Other grasslands), 65 (Eucalyptus
woodlands with a chenopod or samphire understorey), 66 (Open mallee woodlands and
sparse mallee shrublands with a hummock grass understorey), 68 (Open mallee woodlands
and sparse mallee shrublands with an open shrubby understorey), 70 (Callitris open
woodlands), 71 (Casuarina and Allocasuarina open woodlands with a tussock grass

understorey), 74 (Casuarina and Allocasuarina open woodlands with a shrubby understorey),
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75 (Melaleuca open woodlands), 79 (Other open Woodlands), 80 (Other sparse shrublands
and sparse heathlands), 90 (Regrowth or modified forests and woodlands), 91 (Regrowth or
modified shrublands), 92 (Regrowth or modified graminoids), 97 (Unclassified native
vegetation), 98 (Cleared, non-native vegetation, buildings), and 99 (Unknown/No data).
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Figure S6. The area of Major Vegetation Subgroups (MVS) (a) one (cool temperate
rainforest), (b) two (Tropical or Sub-Tropical Rainforest), (c) six (warm temperate

rainforest), and (d) 62 (dry rainforest or vine thickets) burnt by year from 1988 to 2016 and
the 2019-20 fire season (red). The mean (W), standard deviation (Sd), p, and rho values from a

two-sided Spearman’s rank correlation test are included. Hashed lines indicates missing data

from the 2017 and 2018 fire seasons.
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General discussion

The results of this thesis develop the Fijian Homalictus bee fauna as a tractable model system
for addressing evolutionary and ecological questions, particularly those that involve island
biogeography. The insights gained from insular systems can be extended to continental

systems with broader ecological and evolutionary implications.

Because taxonomy underpins most biological studies, my first chapter addressed the
taxonomy of the Fijian Homalictus [99]. In chapter one | showed that there are many more
Fijian Homalictus than initially recognized and which require formal description; but I did
not attempt to describe all of these species. Instead, | only described all new species for
which we currently have both sexes with the aim of laying the foundational work for the
description of the remaining species which are, in large part, morphologically cryptic. |
resolved this cryptic diversity by using a combination of mitochondrial DNA (mtDNA) —
cytochrome c oxidase subunit I (COI) — and morphological (including genitalia) data. I also
described the distribution of the highland-rich Fijian Homalictus diversity and its potential
for extinction in a warming climate. My results here have implications for other Pacific
islands which are poorly sampled for bees but likely also host high species richness and
require examination. This foundational knowledge is critical for the complex ecological and

evolutionary questions addressed in chapters two and three.

Once | completed initial species delimitations and descriptions, | could more-reliably
differentiate between species for my second chapter. In this chapter, | used the framework of
island biogeography to address how a single colonisation event for Fiji has led to at least 22
species of Homalictus in Fiji [32,232]. To accomplish this | used phylogenetic analyses of
mtDNA and single nucleotide polymorphisms (SNPs). | found that very few of the 21
speciation events were associated with changes in elevational niches. This indicates that
climatic niche shifts have not been a major driver of speciation in the Fijian Homalictus,
which conflicts with the ‘taxon cycle’ model which was originally also based on Fijian
hymenopterans (ants). My results provide empirical support for phylogenetic niche
conservatism as a driver of speciation because elevational niches were broadly maintained
across many speciation events. | suggest that the interactions between the narrow climatic
tolerances of tropical ectotherms (i.e., phylogenetic niche conservatism), past climate cycles,

and Fiji’s topographical complexity have all interacted, resulting in the current high species
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diversity [82]. Together, these factors could have driven repeated cycles of population
isolation, as cool-adapted highland species were forced into the highlands during interglacial
periods, and subsequent admixture during glacial maxima. This is supported by an absence of
obvious phylogeographic signal in the group, indicating that inter-insular movement has been
possible in the past (i.e., during glacial maxima). My results provide support for a strong role
of phylogenetic niche conservatism and topographical complexity in the genesis of species.
They also indicate clade-specific extinction risks under changing climates for the Fijian

Homalictus and other similarly-derived clades in tropical insular systems.

My second chapter results drew implications that mostly relate to highland Homalictus
species. However, it didn’t address in detail the hyper-abundant lowland species, H. fijiensis.
Because H. fijiensis is the only abundant endemic lowland bee in Fiji, it provides the best
opportunity to examine how lowland bee populations have been variously impacted by past

climates and anthropogenic modification of the environment.

My third chapter used phylogenetic analyses of mtDNA and SNPs to reconstruct the past
demography of H. fijiensis, particularly on two major Fijian islands — Viti Levu and
Kadavu. Groom, et al. [32] found that a recent and large population increase of H. fijiensis
was associated with the end of the last glacial maximum. However, the then-unknown cryptic
species diversity in Fiji and strong population structure compromised Groom, et al. [32]’s
analyses. By using an expanded COI dataset and a new SNP dataset, | re-examined this
question. | found that the H. fijiensis population on Viti Levu has undergone a rapid and
recent population increase that began ~3 kya, perhaps followed by a founder event from
Kadavu. The population increase on Viti Levu broadly coincides with the arrival and
escalation of habitat clearing on that island by humans, rather than climate change. In
contrast to Viti Levu, the Kadavu population has remained stable for the past 11,500 years. |
found no evidence of human- or climate-induced demographic change of H. fijiensis on
Kadavu. | attribute the former to low levels of human habitation on Kadavu. Hence, Kadavu
acts almost as a control for the impact of human modification of the environment on H.

fijiensis demography.

My third chapter showed that recent changes in population demography can be resolved in
tropical ectotherms, particularly multivoltine species. This chapter also provided empirical

evidence that human modification of the environment has had major impacts on bee
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demography in the past. Genetic data for population demographic analyses do not exist for
most species, particularly rare invertebrate species that otherwise receive very little research
or conservation attention. In such cases, other collection and ecological data must be used to

infer potential past patterns and threats.

By their very nature, rare species are difficult to study. Perhaps the rarest Australian tropical
bee genus is Pharohylaeus. In Australia, Pharohylaeus is represented by a single species, P.
lactiferus, which was last collected in 1923 when only six specimens were known. In my
fourth chapter, | provided the first biological information on the species and undertook
exploratory analyses in an attempt to explain the rarity of P. lactiferus and its possible
extinction risks. For this chapter, I sampled much of Australia’s east coast for this rare bee
species. | only uncovered three populations and all individuals were collected within 200 m
of one major vegetation subgroup (MVS) — tropical or subtropical rainforest [201]. My
exploratory GIS analyses found that, compared to pre-European habitats [200], this MVS has
decreased in area and become more-fragmented in the bioregions where P. lactiferus has
been found. | also found that this MVS is susceptible to bushfires and has burnt every year in
Queensland for which records exist. So far, | have only found this species visiting two plant
species that both exhibit bird-pollination syndromes, Stenocarpus sinuatus and Brachychiton
acerifolius, to the exclusion of other available floral resources. Potential habitat and floral
specialisation might contribute to the rarity of P. lactiferus. These factors raise concerns
about the conservation status of the bee, but further research is required for formal

assessments to be made.

While these chapters are all published and most caveats are discussed within each, there are
some common caveats worth discussing together. Particularly for chapters one through three
where | had to rely heavily on the mitochondrial gene fragment, COI. While | do incorporate
other information, particularly genomic SNP and morphological data, to corroborate these
analyses, COIl data alone can sometimes give spurious results. Issues with the COl marker
can include the following. First, because mitochondria are maternally-inherited, COI can
show different trends to genomic data and this should be considered when making inferences.
In this thesis, | have used additional data (e.g., SNPs and morphology) to verify my COI
results. Second, mitochondrial DNA can undergo selection events independent of genomic
DNA due to different inheritance pathways or co-inherited parasites such as the bacterial

genus, Wolbachia. | am aware that Wolbachia is present, and somewhat widespread, in the
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Fijian Homalictus clade; however, its impacts are uncertain in most species and likely very
limited in the case of H. fijiensis as it is not common in that species. This is the topic of
ongoing research. Third, COI sequences can sometimes represent nuclear copies of
mitochondrial genes (humts) [233] or associated parasites (e.g., Wolbachia) [234]. | have
avoided the former by checking for stop codons and the latter by using BLAST to compare
my sequences with available bee and Wolbachia data. Fourth, multiple mitochondrial
lineages can be present in a single individual, resulting in ‘mitochondrial heteroplasmy’
which could potentially lead to spurious results [234]. Mitochondrial heteroplasmy can be
detected as multiple peaks in chromatograms and, because | excluded sequences with
ambiguous bases, this is unlikely to be a major issue in my dataset. Fifth, because COl is a
relatively quickly-evolving gene that is often used for relatively-recent divergences, older
nodes can be poorly-resolved. This is an issue in several of my phylogenies; however, | used
SNP and morphological data (across major lineages) to mitigate this problem. Additionally,
active research using ultra-conserved elements (genomic data) derived from the Fijian
Homalictus supports the current COI-derived topology. Sixth, our mutation rate from
Caenorhabditis elegans might be perceived as an issue when a similar rate is available for
Drosophila melanogaster. However, all species have a similar AT bias (C. elegans = 69.6%,
D. melanogaster = 70.3, and H. fijiensis = 74%) [161], there were very few neutral mutations
detected in the direct-estimate of the D. melanogaster mutation rate [235], and our rate is
consistent with contemporary mutation rates [160]. Finally, the deep divergence time of H.
fijiensis could potentially imply the existence of still further cryptic Homalictus species. At
present, | do not believe that our data support the existence of additional cryptic species
diversity. This is because (i) there is no clear clustering of the more-divergent H. fijiensis
lineages (Chapter 3; Fig. 1) and (ii) the morphological data, particularly male genitalia, do
not indicate cryptic species. This question will be addressed further in a planned complete

revision of the Fijian Homalictus.

These four chapters, as well as some of my other papers published during my PhD
[62,182,232,236-240], expand our knowledge of tropical bee diversity. They also highlight
that the diversity of tropical bees can be used to answer fundamental and important
evolutionary and ecological questions relevant to other taxa. | have taken substantial steps
towards understanding the systematics, evolution, demography, ecology, and future risks of
the endemic Fijian bee fauna [99,139,182,232,241]. | also begin to build the foundational

work required to understand and assess the Australia tropical bee species, P. lactiferus [242].
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However, these advances also highlight that our understanding of both the Fijian and
Australian bee fauna is poor and requires much more research. They also indicate that

research into the bee fauna of the broader Pacific region is currently very inadequate.

Future research in these regions should first focus on understanding species diversity through
taxonomic examinations. Once diversity is better-understood, many theoretical
biogeographical, evolutionary, and ecological questions can be addressed. Because bees are
widespread, diverse, and ecologically and economically important, they are an ideal clade to
study. For the same reasons, it is important to understand potential anthropogenic threats to
their diversity and abundance. Genetic analyses, and particularly phylogenomics, will be an

invaluable tool to address many of these questions.
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