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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 (Lima-Ribeiro et al., 2012; Saltré et al., 2019; 

Wroe, Field, & Grayson, 2006). Indeed, both human impacts over the Holocene — e.g., (Dearing 

et al., 2008; Lombardo et al., 2020) — 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 (Lima-Ribeiro et al., 2012; Prescott, 

Williams, Balmford, Green, & Manica, 2012; Saltré et al., 2019; Wroe et al., 2006). How 

invertebrate diversity has responded to these two factors is often overlooked (Mora, Tittensor, 

Adl, Simpson, & Worm, 2011; Prather et al., 2013), 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 — (Lorenzen et al., 2011). Disentangling how both climate and 

humans have shaped ecosystem responses is understandably challenging, typically requiring fine-

scale interrogation of the fossil record (Saltré et al., 2019; Wroe et al., 2006). 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 (Bickel, 2009; Karr & Clapham, 2015; Labandeira & Sepkoski, 1993).

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 

(Drummond, Rambaut, Shapiro, & Pybus, 2005). 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 (ii) they need to 

be able to distinguish between ‘local’ and ‘global’ changes in demography (Grant, 2015). For A
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example, in species that occupy regions with large latitudinal extents, such as continents, the 

effects of climate- or human-mediated disturbance on regional population sizes could be masked 

by the ability of species to shift their ranges latitudinally (Harter et al., 2015; Wiens et al., 2010). 

But when dispersal is largely precluded by substantial oceanic barriers, as in many islands, 

demographic responses to changing climates can be assessed without these confounding 

distributional shifts. However, elevational shifts are still possible and can be strongly 

phylogenetically structured (Dorey et al., 2020a). Additionally, the short generation times of many 

tropical invertebrates (i.e. more mutations/year), coupled with the tractability of insular systems, 

make tropical island invertebrates ideal model organisms for investigating relatively recent past 

demographies (Groom, Stevens, & Schwarz, 2014; MacArthur & Wilson, 1963; MacArthur & 

Wilson, 1967; Warren et al., 2015).

Multiple studies have posited that tropical ectotherms such as insects should have narrow thermal 

tolerances and might be particularly susceptible to climate variation (Janzen, 1967; Kellermann, 

Van Heerwaarden, Sgrò, & Hoffmann, 2009; Tewksbury, Huey, & Deutsch, 2008). As the tropics 

are less thermally variable than temperate and boreal regions (Janzen, 1967; Tewksbury et al., 

2008), it is thought that species evolving in tropical climates would possess relatively narrow 

thermal niches. This is indirectly supported by ‘Rapoport’s Rule’, where species distributions tend 

to become latitudinally narrower as their range approaches the equator (Addo-Bediako, Chown, & 

Gaston, 2000; Dorey et al., 2020a; Kellermann et al., 2009; Stevens, 1989). The impact of both 

historical and future climate change may then be expected to be greater in tropical ectotherms than 

in taxa of higher latitudes — e.g., Kellermann et al. (2009).

Fiji is a tropical archipelago that began subaerial emergence in the late Eocene, mostly through 

volcanic activity, with the main island of Viti Levu emerging in the Oligocene (Taylor, Gascoyne, 

& Colley, 2000). The next largest islands, Vanua Levu, Taveuni and Kadavu became subaerial in 

the late Miocene and Pliocene, followed by a large number of smaller islands (Taylor et al., 2000). 

The earliest records of humans in Fiji comprise Lapita pottery fragments dated to about 3 kya 

(Clark & Anderson, 2009; Nunn et al., 2004; Roos, Field, & Dudgeon, 2016), with subsequent 

migration through the Lau islands to Tonga and then Samoa within a relatively short window 

between 2.95 and 2.75 kya (Clark & Anderson, 2009). Sediment and ash layers in estuarine deposits 

from Viti Levu could indicate terrestrial impacts of the Lapita people shortly after their arrival A
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(Kumar & Nunn, 2003), but with little evidence that they substantially occupied inland regions 

(Field, 2006). A second wave of human occupation of Fiji commenced approximately 2.5 kya, 

with changes in mobility, intensified land use and inland settlement (Clark & Anderson, 2009). 

Archaeological studies suggest that movement of humans into highland regions began about 2.1 

kya (Anderson et al., 2006). The earliest evidence of slash-and-burn agriculture on Viti Levu is 

from up to 1.8 kya (Roos et al., 2016). 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 (Kumar & Nunn, 2003).

A single ground-nesting bee genus, Homalictus, has been shown to represent the entire endemic 

bee fauna of Fiji (Groom & Schwarz, 2011; Groom, Stevens, & Schwarz, 2013; Groom et al., 

2014). 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) (Dorey et al., 2020a; Dorey, Schwarz, & 

Stevens, 2019). 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 (Dorey et al., 2020a). Using Bayesian skyline plot analyses, Groom 

et al. (2013) 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 (Grant, 2015). 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 (Draper et al., 2021). 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. (2013), 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 A
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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).

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 (Pante & Simon-Bouhet, 2013). The marmap package 

was also used to produce maps and calculate subaerial landmasses presently and at the last glacial 

maximum. 

COI data generation

We subjected a subset of COI data from a previous study (Dorey et al., 2020b) 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 (Groom et 

al., 2013). For these samples DNA amplification used the universal primer pair LepF1 and LepR2 

(Groom et al., 2013; Hebert, Penton, Burns, Janzen, & Hallwachs, 2004). For all other samples 

DNA extractions and PCR amplifications were completed at the South Australian Regional A
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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 the mtDNA (COI) gene using the primers 

LCO1490 (forward) and HCO2198 (reverse). The 25 µL PCR reactions comprised the following 

reagents: Sterile H2O (15.9 µL), MRT buffer (5 µL), 1 µL (5 µM) of LCO1490, 1 µL (5 µM) of 

HCO2198, Immolase Taq (0.1 µL) and mtDNA from specimen (2 µL). 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 (Kearse et al., 2012). 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 (Grant, 2015; Joly, Stevens, & 

Jansen van Vuuren, 2007). 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 (Dorey et al., 2020b) 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 (Dorey et al., 2020a; Dorey et al., 2019). We used the solid-state method Diversity Arrays 

Technology in Canberra, Australia (DArTseq™) (Jaccoud, Peng, Feinstein, & Kilian, 2001) 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 (Shams et al., 2019). The restriction enzymes PstI and Hpall were used.A
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A total of 62,426 SNP loci were called across all five sequenced species. We used the R package 

DArTR version 1.3.4 (Gruber, Unmack, Berry, & Georges, 2018) to filter our data. The original 

SNP dataset was filtered to only include H. fijiensis. Monomorphic (non-variable) sites were then 

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 (O'Leary, 

Puritz, Willis, Hollenbeck, & Portnoy, 2018). Hence, we analysed a wide variety of linkage 

disequilibrium (LD) filtering criteria. We filtered for linkage, removing loci with r2 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 COI data

A minimum-spanning network (Bandelt, Forster, & Röhl, 1999) of our complete COI dataset was 

created using PopART version 1.7 (Leigh & Bryant, 2015). Geneious version 10.2.2 (Kearse et al., 

2012) 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 (Grant, 2015). To examine 

panmixia, we used Arlequin version 3.11 (Excoffier, Laval, & Schneider, 2005) 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 (Rogers & Harpending, 1992).A
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Extended Bayesian skyline plots (EBSP) of COI data

We employed PartitionFinder version 2.1 (Lanfear, Frandsen, Wright, Senfeld, & Calcott, 2016) 

to determine the most appropriate model of molecular evolution for all COI datasets. Because the 

existence of population structure violates assumptions of panmixia (Heller, Chikhi, & Siegismund, 

2013) 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 (Bouckaert et al., 2019a; 

Drummond, Suchard, Xie, & Rambaut, 2012) to infer changes in historical demography. We 

restricted demographic EBSP analyses to the third codon position, where most synonymous 

mutations occur (Ermolaeva, 2001). We applied a strict molecular clock and the best-fit 

PartitionFinder 2 model, an HKY and an HKY+Γ 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 30,000th iteration using the BEAST 

package CoupledMCMC version 1.0.2 (Altekar, Dwarkadas, Huelsenbeck, & Ronquist, 2004). 

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 

100,000th iteration. The log files from each run were examined in Tracer version 1.7.1 (Rambaut, 

Drummond, Xie, Baele, & Suchard, 2018) 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 (Bouckaert et al., 2019a). The EBSP log files were 

analysed with the plotEBSP script in R version 3.5 (Bouckaert et al., 2019a).

The estimated mutation rate of 1.09x10-7 per site per generation, based on only the 3rd codon 

position from the whole mitogenome of Caenorhabditis elegans (Denver, Morris, Lynch, 

Vassilieva, & Thomas, 2000) 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 (Gratton, Konopiński, 

& Sbordoni, 2008; Papadopoulou, Anastasiou, & Vogler, 2010). The AT bias of C. elegans 

(70.3% from 21 C. elegans COI sequences; BOLD (2020)) is similar to that of our H. fijiensis COI 

fragment (74% from 474 H. fijiensis COI sequences). We converted the EBSP time scale from A
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generations to chronological time by assuming four Homalictus generations per year, following 

Groom et al. (2014). 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. 

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 20,000th 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 (Bouckaert et al., 2019b) using 

median node heights. The tree was visualised in FigTree version 1.4.4 (Drummond, 2016).

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+Γ and for the remaining datasets (without 

and with secondaries — multiple SNPs on a single fragment — included) we used a GTR+Γ 

model. We used a relaxed log normal clock for all SNP EBSP analyses (Lemey, Rambaut, Welch, 

& Suchard, 2010). All runs except for that with secondaries were executed for 100 million 

iterations, sampling every 50,000th 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 10,000th 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 (Bouckaert et al., 2019a). A
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Supplementary methods summary

We examined haplotype sample sizes required for robust demographic inference, using rarefaction 

analysis in EstimateS version 9.1.0 (Colwell, 2013) (see Appendix). We also undertook nested 

sampling (NS package in BEAST 2) and used DIYABC-RF version 1.0.12 in R (Collin et al., 

Submitted; Durif & Collin, 2021) 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 

(Fernandez-Palacios et al., 2016). Using bathymetric data we can infer that many islands that are 

separate today might have been joined at the last glacial maximum (Figure 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 km2 today compared to ~56,000 km2 at the last glacial 

maximum and ~47,000 km2 ~11.5 kya; Figure 1b). Hence, most of the reduction in subaerial 

landmass has occurred in the last 11,500 years (Figure 1).

Haplotype analyses of COI data

In total, we found 67 haplotypes among the 474 all-islands specimens (Figure 1). Of the 67 

haplotypes, 16 each entailed eight unique amino acid sequences, two of which might have evolved 

convergently (Figure 1a). From the Viti Levu population (n = 309 specimens) there were 27 

haplotypes and these entailed only two amino acid sequence changes (Figure 1a). The Kadavu 

sample (n = 109) consisted of 18 haplotypes and three amino acid differences (Figure 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 (Figure 1). The other two large islands of Vanua Levu 

and Taveuni had a total of seven haplotypes, clustered with Viti Levu haplotypes (Figure 1). 

However, sample sizes for all islands other than Viti Levu and Kadavu are low (Table S1). When 

restricted to 3rd codon positions we found 60 haplotypes across all islands, 24 haplotypes for the 

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

From our Arlequin analyses the islands pairs of Fulaga and Ogea, Totoya and Moala, as well as 

Vanua Levu and Taveuni had non-significant population pairwise FST 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 (Figure 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 (Figure 2). The Viti Levu population 

of H. fijiensis had a significant negative Tajima’s D (D = -1.81, p = 0.006) and Fu’s Fs (Fs = -

18.54, p = 0.0005) (Table 1) (Ashfaq et al., 2014). The Kadavu population differs from the 

simulated frequencies and does not indicate a sudden population expansion (Figure 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 (Figure S1), however sample sizes might be 

too small to draw reliable conclusions — e.g., López-Uribe, Cane, Minckley, and Danforth 

(2016).

Extended Bayesian skyline plots of COI 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 (Figure 3a). Prior to ~3 kya there 

were not enough inferred coalescent events to reliably interpret demographic patterns (Figure 

S2c). During this time, the median Ne increased by a factor of eight (oldest Ne ≈ 0.01 and present-

day Ne ≈ 0.08; Figure 3; Table 2). Our COI 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 (Dorey et al., 2019; Michener, 1979) (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 (Figures 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 (Figure 3). Assuming fewer (3) or more (5) annual generations, respectively, increases these 

ages by 33% or decreases them by 20% (Figure S3). A
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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) (Figure S4). Most of the deeper 

branches belong to the smaller south-eastern islands (Figure 1b), with many nodes indicating 

dispersals from Kadavu (Figure S4). The larger islands of Viti Levu, Taveuni and Vanua Levu 

appear in a shallower clade, with Kadavu at its basal node (Figure 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 (Figure 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 LDR2=0.2 when compared to the other levels of filtering) (Figure 4). Our median 

Ne values increased by a factor of between 154 to 327, depending on filtering level (Figure 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. (2013) 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 (Dorey et al., 2020a; Dorey et al., 2019). 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 (Grant, 2015). 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.A
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Haplotype and population genetic analyses of COI data

Our FST values and haplotype network analysis indicated significant population genetic structure 

among the different island groups (Figure 1 and Table S2); not unusual for tropical island bees 

(Magnacca & Danforth, 2006). Interestingly, the Kadavu population harbours greater nucleotide 

diversity (π = 3.15; Table 1) than the Viti Levu population (π = 1.53; Table 1) despite Viti Levu 

being ~25 times larger in geographical size (642 km2 for Kadavu and 10,388 km2 for Viti Levu) 

(Figure 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 (Figure 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 (Figure 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 (Johnson, Adler, & Cherry, 2000; McGlaughlin et al., 2014; Papadopoulou et al., 

2011). 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 (Figure 5a); (ii) as 

above, except the Viti Levu population expanded from a local haplotype following a population 

bottleneck (Figure 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 (Figure 5c).

Past demographies on Viti Levu and Kadavu 

Mismatch analyses. In contrast to the Kadavu population, we found significantly negative Fu’s Fs 

(Fu, 1997) and Tajima’s D (Tajima, 1989) 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) (Ashfaq et al., 

2014; Ray, Currat, & Excoffier, 2003). Additionally, the Viti Levu mismatch diagram matched 

that expected under a sudden population increase (Figure 2a), while the Kadavu mismatch showed 

a strong deviation from this expected pattern (Figure 2b). While these parameters were A
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originally designed to detect departures from neutrality (Fu, 1997; Tajima, 1989), they can 

also be used for demographic inferences. In our case, because we 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 (Figure 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 (π) 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 (Figure 5). The Viti Levu analyses suggested an increase in population sizes beginning 

approximately 3 kya and accelerating from about 2 kya (Figure 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 

(Figure S4). The analysis also suggests strong geographic structure with many older lineages 

found on the smaller south-eastern islands (Figures 1 and S4). The large northern islands — Viti 

Levu, Taveuni and Vanua Levu — all appear to form a more-recent lineage (Figure 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 (Figure 4). Combined with the above results, these data support possibility i 

above (Figure 5a); the Viti Levu population expansion likely followed a founding event from the 

older Kadavu population, perhaps after extirpation on Viti Levu. Extirpation or haplotype A
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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 

(Dorey et al., 2020a; Dorey et al., 2019) 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 COI analyses 

indicated an eight-fold increase in Ne, while our SNP data predicted increases of between 154 and 

327 times (Figures 3 and 4; Table 2). The upper estimate of 327 (LDR2 = 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 (Waples, Larson, & Waples, 2016). Estimates of Ne from 

mitochondrial data might also be expected to be about one third that of haplo-diploid autosomal 

DNA (Charlesworth, 2009). 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., (Pulido-

Santacruz, Aleixo, & Weir, 2020). 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 (Figure 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, (ii) 

human modification of the environment, or (iii) both (Figures 2 and 3). Whatever the driver is, it 

apparently did not act on the Kadavu population (Figures 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 (Patiño et al., 2017). Global sea-levels began to 

rise ~26 kya and continued to rise in a major way until ~5 kya (Peltier & Fairbanks, 2006). 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 both larger by a factor of A
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~2.6 (26 kya when sea-levels were ~120 m lower than today) and ~2.2 (11.5 kya when sea levels 

were ~50 m below current levels) and better-connected (Figure 1). The largest Fijian islands, the 

northern islands of Viti Levu, Vanua Levu and Taveuni, were better connected and larger than 

they are today (Figure 1). Similarly, Kadavu was larger in size than it is today and was somewhat 

less isolated from the other islands (Figure 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 (Peltier & Fairbanks, 2006) 

(Figure 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 (Stott et al., 2004) (Figure 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 (Figure 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 (Clark & Anderson, 2009; Nunn et al., 2004; Roos et al., 2016). 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 (Dorey et al., 2019). 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) (Crichton et al., 2018; Draper et al., 2021). 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 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. (2014) (Figure S3).A
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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 (Figures 2 and 3). Although Kadavu, and its surrounding 

islands, are relatively large in size (642 km2) 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 (Morrison & Clarke, 1990). Volcanic activity since 

early human colonisation (Cronin, Ferland, & Terry, 2004) 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 (Department of Environment Fiji, 2014; Roos et al., 2016). 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:

(i) There is substantial population genetic structure between multiple islands or island 

groups based on the mitochondrial gene COI, 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.

(ii) 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 exhibited stasis in population size over the past 11,500 years 

for which demographies could be inferred (falsifies hypothesis i).

(iii) 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). A
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(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(da 

Silva et al., 2021)(da Silva et al., 2021) . Additionally, our demographic analyses do not include 

past major changes in sea surface temperature (Figure 3); given the narrow thermal tolerance of 

tropical ectotherms (Janzen, 1967; Tewksbury et al., 2008) and the results of da Silva et al. (2021), 

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 (Dorey et al., 2020a).

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. López-Uribe et al. (2016) 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. Similarly, Silva et al. (2020) 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., Hinojosa et al. (2019); Luna˗Lucena et al. (2017); Shokri, Gardner, and 

Schwarz (2021) 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 A
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megafauna by examining the past demography of associated taxa (e.g., ticks, mites or dung 

beetles). 
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Tables

Table 1. COI sample size (n), number of polymorphic sites (S), nucleotide diversity (π), Tajima’s 

D and Fu’s Fs with p-values in parentheses for the Fijian islands Kadavu, Viti Levu and Vanua 

Levu and Taveuni combined. 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 

(Ashfaq et al., 2014). 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 (Ashfaq et al., 2014).

Islands n S π

Tajima's D (p-

value) Fu’s Fs (p-value)

Kadavu 109 25 3.15 -0.99 (0.159) -3.56 (0.130)

Viti Levu 309 29 1.53 -1.81 (0.006) -18.54 (0.00005)

Table 2. The median effective population size (Ne) values for each extended Bayesian skyline plot 

analysis along with the data used (mitochondrial COI or autosomal SNPs). Values are the initial 

Ne (oldest value), final Ne (present-day value) and the factor of increase from initial to final 

(Figures 3 and 4). Parentheses indicate absolute female Ne (in thousands) for COI data, where 

mutation rates have been applied.

Analysis Data Used Initial Ne Final Ne Increase factor

Viti Levu COI 0.01 (92 k) 0.08 (734 k) 8

Kadavu COI 0.03 (275 k) 0.03 (275 k) 1

Viti Levu, LDR2 = 0.2 SNP 0.03 9.8 327

Viti Levu, LDR2 = 0.7 SNP 0.03 5.16 172

Viti Levu, LDR2 = 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
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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 amino acid 

changes from Ile (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) 

(Fernandez-Palacios et al., 2016; Peltier & Fairbanks, 2006). 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) Fulaga, (salmon) Ogea and (yellow) Ono-i-Lau.

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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Figure 3. An (a) extended Bayesian skyline plot using the third codon position of COI for 

Homalictus fijiensis on (purple) Viti Levu and (red) Kadavu. The y-axis indicates effective 

population size (Ne) on a log10 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 (Clark & Anderson, 

2009; Roos et al., 2016). The red and purple vertical lines in a indicate the points beyond which 

demography should not be interpreted for Viti Levu and Kadvau, respectively, based on Figure 

S2c. Full extended Bayesian skyline plot output plots are available in Figure 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 (Stott et al., 2004). And (c) relative sea-level (meters) in 

Barbados where the line indicates the ICE-5G (VM2) model fit (Peltier, 2004). 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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Figure 4. Results from extended Bayesian skyline plots of Homalictus fijiensis using SNP data 

from Viti Levu with several levels of filtering. In order of strongest to weakest filtering: (a-c) R2 = 

0.2 resulting in 171 loci, (d-f) R2 = 0.7 resulting in 1,646 loci, (g-i) R2 = 0.9 resulting in 1,811 loci, 

(j-k) no linkage filtering and removed secondary loci resulting in 3,768 loci, and (m-o) no linkage 

filtering and kept secondary loci resulting in 3,928 loci. Leftmost and central figures show median A
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(dotted lines) and 95% CPDs (solid lines), while the central figures also show the actual sampled 

population distributions. Rightmost figures indicate counts of tree (coalescence) events through 

time. The y-axes of the leftmost column indicates effective population size (Ne) on a log10 scale, 

while the middle column has Ne on a linear scale (see main text). The y-axes of the rightmost 

column indicates frequency.

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 (†) 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 COI 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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