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 26 

Abstract 

Population divergence and gene flow are key processes in evolution and ecology. Model-28 

based analysis of genome-wide datasets allows discrimination between alternative 

scenarios for these processes even in non-model taxa. We used two complementary 30 

approaches (one based on the blockwise site frequency spectrum (bSFS), the second on 

the Pairwise Sequentially Markovian Coalescent (PSMC)) to infer the divergence history of 32 

a fig wasp, Pleistodontes nigriventris. Pleistodontes nigriventris and its fig tree mutualist 

Ficus watkinsiana are restricted to rain forest patches along the eastern coast of Australia, 34 

and are separated into northern and southern populations by two dry forest corridors (the 

Burdekin and St. Lawrence Gaps). We generated whole genome sequence data for two 36 

haploid males per population and used the bSFS approach to infer the timing of 

divergence between northern and southern populations of P. nigriventris, and to 38 

discriminate between alternative isolation with migration (IM) and instantaneous admixture 

(ADM) models of post divergence gene flow. Pleistodontes nigriventris has low genetic 40 

diversity (π = 0.0008), to our knowledge one of the lowest estimates reported for a sexually 

reproducing arthropod. We find strongest support for an ADM model in which the two 42 

populations diverged ca. 196kya in the late Pleistocene, with almost 25% of northern 

lineages introduced from the south during an admixture event ca. 57kya. This divergence 44 

history is highly concordant with individual population demographies inferred from each 

pair of haploid males using PSMC. Our analysis illustrates the inferences possible with 46 

genome-level data for small population samples of tiny, non-model organisms and adds to 

a growing body of knowledge on the population structure of Australian rain forest taxa.  48 
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Introduction 50 

Division of an ancestral population into daughter populations is a universal and 

repeating process in biology. The tempo and mode of population divergence are central to 52 

evolutionary processes ranging from local adaptation and range expansion to the origin of 

species (Hey & Nielsen 2004; Martin et al., 2013; Sousa & Hey, 2013). From a 54 

demographic perspective, population divergence can be described in terms of the sizes of 

ancestral and descendant populations, the time at which the ancestral population split, and 56 

parameters capturing the timing, extent and direction of gene flow between descendant 

populations. Gene flow can be modelled in at least two general ways (Fig. 1): an isolation 58 

with migration (IM) model identifies gene flow as the result of ongoing dispersal (Nielsen & 

Wakeley 2001, Hey, & Nielsen 2004, Lohse et al 2011), while an instantaneous admixture 60 

(ADM) model associates gene flow with one or more discrete dispersal events in the past 

(Durand et al., 2011; Sousa & Hey, 2013; Lohse & Frantz, 2014). Thus, which of these 62 

models applies may tell us whether putative dispersal barriers are past or ongoing, and 

help to identify evolutionarily independent conservation units within species. The models 64 

also have very different implications for local adaptation: while local adaptation may 

proceed unimpeded during periods of complete isolation in the ADM model, continuous 66 

gene flow under the IM model imposes a constant genetic load of locally deleterious 

variants (Bisschop et al 2020).  68 

Discriminating among alternative models of gene flow and estimating the relevant 

demographic parameters are data-hungry problems and a growing number of approaches 70 

exploit the signal contained in whole genome data (WGD) for a small sample of individuals 

(Li & Durbin, 2011; Lohse & Frantz 2014; Bunnefeld et al., 2018). Whilst these approaches 72 

are currently applicable to a limited diversity and complexity of demographic models 

(discussed further below), their requirement for only a small number of relatively low 74 

quality genomes makes them accessible and affordable for non-model taxa, including rare 
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taxa for which larger samples of individuals and reference genomes often do not exist 76 

(Allendorf et al., 2010; Fuentes-Pardo & Ruzzante 2017).  

Here we use two such approaches to infer the population divergence history of 78 

Pleistodontes nigriventris, a wasp that is the only pollinator of an endemic fig species 

(Ficus watkinsiana) found in two widely separated blocks of rainforest along the east coast 80 

of Australia (see below) (Dixon 2003; Lopez-Vaamonde et al., 2002). Our overall objective 

is to infer the extent and direction of fig wasp gene flow between these two populations, 82 

using WGD for just two individuals per population. Our approaches take advantage of the 

haplodiploidy of the Hymenoptera, by sampling males whose haploid genomes facilitate 84 

data analysis and interpretation. 

We first compare support for alternative IM and ADM models using a parametric 86 

maximum-composite likelihood method (Lohse et al., 2011; 2016), and then compare 

these results with those obtained using the Pairwise Sequentially Markovian Coalescent 88 

(PSMC) (Li & Durbin, 2011), a non-parametric method. Both are well-suited to the pairwise 

population divergence hypotheses we explore in Pleistodontes nigriventris. We chose 90 

these methods because they infer population history based on different aspects of 

genome-wide sequence variation, and have contrasting limitations. The composite 92 

likelihood framework developed by Lohse et al. (2016) is based on a blockwise summary 

of sequence variation, while PSMC exploits the information contained in the density of 94 

pairwise differences along a minimal sample of two haploid genomes. The blockwise 

method – by design – lacks power to detect very gradual demographic changes (for 96 

example, in population size), while PSMC is known to smooth out very sudden changes (Li 

& Durbin, 2011). The two methods therefore complement each other and together provide 98 

a comprehensive picture of population history.  

Fig trees are keystone biological resources in tropical and subtropical habitats 100 

worldwide (Cook & Rasplus 2003; Harrison 2005), and fig fruits and their insect inhabitants 
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are important model systems in the study of community assembly and coevolution (Cook & 102 

Rasplus 2003; Segar et al., 2014). Our target species Pleistodontes nigriventris is the 

specialist pollinating wasp of Ficus watkinsiana (Lopez-Vaamonde et al., 2002; Male & 104 

Roberts 2005, Rønsted et al., 2008), a monoecious rainforest fig restricted to northern and 

southern populations over 1000km apart along the eastern coast of Australia (Fig. 2) 106 

(Dixon 2003). While the existence of intervening F. watkinsiana trees and associated P. 

nigriventris cannot be categorically excluded, no populations are known; the demographic 108 

history of P. nigriventris can thus be modelled in terms of pairwise population divergence. 

 The distribution of Australian rainforests has been dictated by two major processes. 110 

First, falling temperatures during the Miocene restricted them to areas of higher rainfall 

along the eastern and southern coasts (Markgraf et al., 1995), separated from drier inland 112 

habitats by the Great Dividing Range (Chapple et al., 2011) (Fig. 2). Second, during the 

Pleistocene climate oscillations, east coast Australian rain forests repeatedly expanded 114 

from, and contracted into, a latitudinal series of refugia separated by intervening areas of 

dry forest and shrublands (Bryant & Krosch, 2016; Chapple et al., 2011). The rainforest 116 

areas occupied by F. watkinsiana are currently separated by two major dryland corridors 

(Fig. 2): the Burdekin Gap, located between Mackay and Townsville, is the largest dry land 118 

corridor on the east coast, and the St. Lawrence Gap is a smaller lowland dry corridor 

located 350km further south (Weber et al., 2014; Bryant & Krosch, 2016). While the 120 

formation and stability of these dryland corridors through time is incompletely 

characterised (Bryant & Krosch, 2016), both have been implicated in restricting dispersal 122 

and driving population divergence in rainforest plants (Burke et al., 2013), including F. 

watkinsiana (Dixon, 2003H; Haine & Cook, 2005), and animals (e.g. Schauble & Moritz, 124 

2001; Pope et al., 2001; Nicholls & Austin, 2005; Brown et al., 2006; Dolman & Moritz, 

2006; Baker et al., 2008, MacQueen et al., 2012; Rix & Harvey, 2012; Bryant & Fuller, 126 

2014; Bryant & Krosch, 2016).  
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The impact of biogeographic barriers on the genetic makeup of any species 128 

depends on how long ago population divergence occurred, the sizes of the populations, 

and the direction, mode and frequency of gene flow between them (Aeschbacher et al., 130 

2017; Ringbauer et al., 2018). Previous studies of fig/fig wasp systems provide evidence 

for two contrasting paradigms with which patterns in Pleistodontes nigriventris can be 132 

compared. Though female fig wasps are poor active flyers (and the males are wingless 

and do not leave their natal fig) (Ware & Compton 1994a,b), they can be dispersed over 134 

large distances by wind currents (Ahmed et al., 2009; Liu et al., 2015), particularly when 

emerging from fig fruits high in the forest canopy (Harrison & Rasplus, 2006; Kobmoo et 136 

al., 2010; Yang et al., 2015; Liu et al., 2015; Sutton et al., 2016). Long range dispersal by 

fig wasps is supported by lack of genetic structure over distances ranging from several 138 

hundred to >1500 km in pollinating fig wasps (Kobmoo et al., 2010; Liu et al., 2015; Tian et 

al. 2015; Bain et al., 2016) and in host figs - particularly monoecious species that are often 140 

large trees (Nazareno et al., 2013; Bain et al., 2016). Ficus watkinsiana can grow to 50m, 

and if Pleistodontes nigriventris benefits from wind-assisted dispersal, we might expect to 142 

find significant gene flow between F. watkinsiana populations. In contrast to this pattern, 

local adaptation of diverging populations to local host figs and/or abiotic conditions could 144 

drive genetic divergence between fig wasp populations over similar or even relatively small 

geographic scales. Genetic divergence has been documented over tens of km between 146 

mainland and island populations of a Chinese fig wasp (Tian et al., 2015), and between 

the same northern and southern rainforest habitats studied here for two Pleistodontes 148 

pollinators of another monoecious fig, Ficus rubiginosa (Darwell et al., 2014). 

Here we answer the following questions for Pleistodontes nigriventris: 150 

1) Is there evidence of genetic divergence between populations either side of the Burdekin 

and St. Lawrence Gaps? 152 

2) Is there a signal of post-divergence gene flow, and if so, in which direction? 
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3) Can we discriminate between the IM and ADM models of gene flow? 154 

4) Do the blockwise and PSMC methods infer concordant population histories? 

5) Is the inferred divergence time for P. nigriventris concordant with estimates for other co-156 

distributed taxa? 

 158 

Materials and Methods 

Sample Collection 160 

 Samples were collected between January 2001 and August 2009 from four sites in 

Queensland, two in each of the northern and southern ranges of F. watkinsiana. The two 162 

Northern individuals were sampled from Kairi (N1: 17.21° S, 145.55° E) and Kamerunga 

(N2: 16.87° S, 145.68° E) and the two South individuals were sampled from Settlers Rise 164 

(S1: 27.68° S, 153.26° E) and Main Range (S2: 28.07° S, 152.41° E) (Fig. 2). Near-to-ripe 

F. watkinsiana fruits were collected and placed individually into specimen pots. Our 166 

sampling targeted male fig wasps, whose haploid genome facilitates analysis (Bunnefeld 

et al., 2018; Hearn et al., 2014). Once the wasps started to emerge (12-24 hours after 168 

collection depending on fig ripeness) figs were dissected and live males were placed 

directly into 70% ethanol to preserve for DNA extraction. Due to potentially high levels of 170 

sib-mating in fig wasps (Greeff et al., 2009; Sutton et al., 2016) all individuals were 

sampled from different figs.  172 

 

DNA extraction and sequenced-based confirmation of identity.  174 

DNA was extracted from whole male wasps 1.5-1.6mm long (Lopez-Vaamonde et 

al., 2002) using the Qiagen DNeasy Blood and Tissue Extraction kit. The Purification of 176 

Total DNA from Animal Tissues (Spin-Column) Protocol was followed with the following 

modifications to maximise DNA yield from these extremely small wasps. Step 1: Individual 178 

wasps were placed in 180 µl of buffer ATL and crushed using a mini-pestle. Step 2: 
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Riboshredder RNase (Epicentre) was used in place of RNase A. Steps 7-8: Buffer EB was 180 

used in place of Buffer AE for the elutions as Buffer AE contains EDTA, which will interfere 

with the downstream library preparation. Extractions were eluted in smaller volumes (25 µl) 182 

than recommended and samples were incubated for longer (5 minutes). This protocol 

yielded 35.7-58.3 ng of DNA per wasp, despite their very small size (total body length ca. 184 

1mm). 

Identification of male fig wasps was confirmed by comparison of sample sequences 186 

to voucher sequences for a 433 base pair (bp) fragment of the mitochondrial cytochrome b 

(cytb) gene (Lopez-Vaamonde et al., 2001). Sequences were amplified using the primers 188 

CB1/CB2 (Jermiin & Crozier, 1994). 0.3 µl of DNA extraction was used per PCR reaction. 

The remainder of the PCR mix consisted of 2 µl BSA (10 mg/ml), 2 µl 10X PCR buffer, 0.8 190 

µl MgCl2 (50mM), 0.3 µl of each primer (20 µM), 0.16 µl dNTPs (each 25 mM) and 0.1 µl 

Taq (Bioline 5U/µl), made up to 20 µl with autoclaved MilliQ water. Amplification was 192 

carried out using a Bio-Rad S1000 thermal cycler for 2 minutes at 94°C, 35 cycles of 30 

seconds at 94°C, 30 seconds at 48°C, 40 seconds at 72°C, and a final elongation step of 5 194 

minutes at 72°C. PCR products were visualised on a 2% agarose gel and cleaned using a 

shrimp alkaline phosphatase and exonuclease 1 protocol. 2.5 µl of SAPExo1 mix (1.425 µl 196 

SAP dilution buffer, 1 µl SAP (1U), 0.075 µl Exo1 (1.5U)) was added to each sample 

before being incubated for 40 minutes at 37°C followed by 15 minutes at 94°C. Only the 198 

forward strand was sequenced for each individual, using BigDye chemistry on an ABI 3730 

machine at the Edinburgh Genomics facility. Sequences for the four individuals have been 200 

deposited on GenBank (individual accession numbers: N1 MF597824; N2 MF597800; S1 

MF597825; S2 MF597826).  202 

 

High-throughput library preparation and sequencing 204 
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 We generated an Illumina Nextera genomic library for each individual male fig wasp 

following the manufacturers' instructions. To make best use of paired end sequencing, the 206 

library fragment size distribution should be unimodal with a majority of fragments longer 

than the 150bp read length. We checked the fragment size distribution by running 1µl of 208 

each library on a high sensitivity DNA Bioanalyzer chip (Agilent 2100). Libraries for each 

individual were end-labelled using a unique pair of indices, pooled and sequenced in one 210 

lane of 150bp paired-end reads on the Illumina HiSeq platform at the Edinburgh Genomics 

facility. Pooling volumes were calculated to achieve ~6-fold coverage per individual 212 

assuming 50 gigabases of data per lane and a genome size of 300 Mb based on an 

estimate for another Agaonid fig wasp, Ceratosolen solmsi (278 Mb; Xiao et al., 2013). Our 214 

strategy in balancing sequencing depth across individuals was to maximise data 

availability for our analyses while minimising cost, and to avoid biases in variant calling 216 

that could result from sequencing one or more individuals to substantially greater depth. 

Final coverage for each individual matched expectations and is shown in Table S2. The 218 

short read data have been deposited at the ENA short read archive (Cooper et al., 2020a).  

 220 

Bioinformatic pipeline 

 Reads for all four individuals were screened to remove low quality and contaminant 222 

reads and combined. After exclusion of contaminants, reads for all four individuals were 

combined to generate a de novo meta-assembly for P. nigriventris using SPAdes (version 224 

3.6.2) (Bankevich et al., 2012). Reads from each individual were mapped back to this 

reference using BWA; variants were called using GATK (Van der Auwera et al., 2013; 226 

version 3.5.0) haplotype caller. After masking repeat sequences, sites with a minimum 

coverage of two and a mapping quality (>20) and base quality (>10) were identified using 228 

the GATK tool CallableLoci. The bioinformatic pipeline is summarised diagrammatically in 

Supplementary information, Figure S1.   230 
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(i) Quality control and processing of sequencing reads. To exclude low quality sequence, 

reads were checked using Fast-QC (www.bioinformatics.babraham.ac.uk/projects/fastqc) 232 

and trimmed at a base quality score of 20 (sliding window 15:20 and min length 50). 

Adapters were trimmed using Trimmomatic version 0.32 (Bolgar et al., 2014). Any 234 

adaptors found to be present after a second pass through Fast-QC were removed using 

Cutadapt (Martin, 2011). Paired-end reads were merged (assembled into pairs) using 236 

PEAR version 0.9.0 (Zhang et al., 2014) for de novo assembly only. 

(ii) Filtering of contaminant sequences. Genomic data obtained from whole organism 238 

libraries commonly contain reads from associated non-target organisms, including 

symbionts, parasites and commensals. Wolbachia bacteria are common endosymbionts in 240 

fig wasps (Haine and Cook, 2005) and diverse fungal taxa have been identified from a 

genome assembly of the fig wasp Ceratosolen solmsi (Niu et al., 2015). To remove 242 

contaminant sequences from our data, we first aligned reads across all 4 individuals to 

create a single Velvet reference assembly (version 1.2.10) with a k-mer length of 31 244 

(Zerbino and Birney, 2008). The filtered reads for each individual were then mapped to this 

Velvet reference assembly using Bowtie2 version 2.2.3 (Langmead and Salzberg, 2012). 246 

Contaminant sequences were identified using blobtools (Kumar et al., 2013), which uses 

BLAST searches to create Taxon-Annotated-GC-Coverage plots (Blobplots) that allocate 248 

aligned reads to taxa at a user-specified level. We used four BLAST approaches to assess 

taxonomic matches: (i) The fast protein aligner Diamond (version 0.7.9) (Buchfink et al., 250 

2015) was used alongside three BLAST (version 2.2.29) searches: (ii) against the NCBI 

nucleotide database (https://www.ncbi.nlm.nih.gov/nucleotide/), (iii) against the genome of 252 

the Agaonid pollinating fig wasp, Ceratosolen solmsi (Xiao et al., 2013), and (iv) against 

the genome of the pteromalid parasitoid wasp Nasonia vitripennis (Werren et al., 2010). 254 

Non-Arthropod reads (primarily allocated to Proteobacteria and Ascomycota) were 

excluded from further analysis. 256 
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(iii) Generation of a P. nigriventris reference assembly. After exclusion of contaminants, 

reads for all four individuals were combined and re-assembled using SPAdes (version 258 

3.6.2) (Bankevich et al., 2012). The quality of this reference assembly was assessed using 

BUSCO (Benchmarking Universal Single-Copy Orthologs) version 1.1b1 (Simão et al., 260 

2015) using the Arthropoda BUSCO set (http://busco.ezlab.org). 

(iv) Variant calling. Filtered, merged reads from each individual were mapped back to the 262 

reference meta-assembly using the Burrows-Wheeler Aligner (BWA) version 0.7.10 (Li & 

Durbin, 2009). FASTA file indexes and sequence dictionaries were created using samtools 264 

(Li et al., 2009) faidx (version 1.2) and the picard 

(https://broadinstitute.github.io/picard/index.html) tool CreateSequenceDictionary (version 266 

1.141) respectively. The BAM files were sorted and merged to create a single species 

BAM file using the picard tool MergeSamFiles. Duplicate reads were removed from these 268 

merged files using the picard tool MarkDuplicates. Variants were called using 

HaplotypeCaller in GATK. As male wasps are haploid, ploidy was set to 1 and the ‘-emit 270 

variants only’ option was used. Only SNPs were considered. 

(v) Masking repetitive regions. Regions of repetitive DNA can cause assembly and 272 

mapping errors in short read data (Treangen & Salzberg, 2011). We created a library of 

repetitive regions in the reference meta-assembly using RepeatScout (version 1.0.5) 274 

(Price et al., 2005), and masked these using RepeatMasker (version open-4.0.6) (Smit, 

AFA, Hubley, R & Green, P. RepeatMasker Open-4.0. 2013-2015 276 

http://www.repeatmasker.org). RepeatMasker outputs an annotation file which was used to 

create a BED file of repeat positions for downstream processing. 278 

(vi) VCF filtering. High quality sites were identified based on coverage and mapping quality 

using the GATK tool CallableLoci and default parameter values except for the following: 280 

minimum base quality of 10, minimum mapping quality of 20, minimum read depth of two 

reads per site. The base quality score recalibrated (BQSR) BAM file was subsampled to 282 
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extract BAM files for each individual. We used CallableLoci to generate BED files of 

callable regions in each individual. Repeat regions were excluded and positions meeting 284 

filters across all four individuals extracted using bedtools multiIntersectBed. This BED file 

was used to filter the VCF files (generated from the GATK pipeline) for callable variable 286 

sites using bcftools (Li, 2011) version 1.2. 

 288 

Fitting of IM and ADM models 

(i) Specification of alternative IM and ADM divergence models: Both the IM and the ADM 290 

model assume an ancestral population with a constant effective population size (Na) that 

splits into two populations (North and South). One of the descendant populations 292 

maintains the same ancestral population size Na, whilst the other is free to change to (1/B) 

x Na (i.e. B scales the rate of coalescence in the other population). In both models (Fig. 1), 294 

population divergence occurs at time T in the past. In the IM model divergence is followed 

by continuous unidirectional migration at rate M = 4Nm migrants per generation (m is the 296 

per lineage probability of migrating). In the ADM model (Fig. 1), gene flow occurs through 

an instantaneous and unidirectional admixture event at time Tadm which transfers a fraction 298 

f of lineages from the donor population into the recipient (Fig. 1). All time parameters are 

scaled in 2Na generations. We assessed support for all four possible combinations of 300 

population size and gene flow under both the IM and ADM models (Fig. S2), as well as for 

simpler nested models which either involving gene flow but a single population size 302 

parameter (B=1) or two population sizes but no post-divergence gene flow.  

(i) Generation of blockwise site frequency spectra (bSFS): We used the composite 304 

likelihood calculation described in Lohse et al. (2016) to fit the IM and ADM models (see 

also Jordan et al., 2017 and Nürnberger et al., 2017). The method uses information in 306 

patterns of linked sequence variation contained in short blocks and has previously been 

used for demographic inference under a variety of demographic scenarios including the IM 308 
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model (Lohse et al., 2012) and models of discrete admixture (Bunnefeld et al., 2018). For 

a sample of four haploid individuals (two from each of the Northern and Southern 310 

populations), we can distinguish four mutation types: variants in the two Northern samples 

(Nvar), variants in the two Southern samples (Svar), fixed differences between North and 312 

South (Fixed differences), or variants shared between North and South (Sharedvar) 

(Lohse et al., 2016). The site frequency spectrum of a block (bSFS) consists of counts of 314 

these four site types, i.e. vector {Nvar, Svar, Sharedvar, Fixed}. We used the automated 

recursion implemented by Lohse et al. (2016) to obtain the generating function of 316 

genealogies under the ADM model and computed the composite likelihood of both the 

ADM and IM models in Mathematica as described in Lohse et al. (2016) and Nürnberger et 318 

al. (2017). 

 The likelihood calculation assumes an infinite sites mutation model and no within-320 

block recombination. Given these assumptions, blocks that contain both fixed difference 

and shared variants (violating the 4-gamete test) are not possible and were excluded from 322 

the likelihood calculation. We chose a block length that strikes a balance between potential 

bias (arising from recombination within blocks) and power (which suffers when too few 324 

blocks contain multiple variant sites). We used a custom python script to extract aligned 

sequence blocks of a fixed length of 387 base pairs, which corresponds to an average of 326 

1.5 variant sites per block (see Table S1). The blockwise data were analysed in 

Mathematica (Wolfram Research, Inc., Mathematica, Version 10.4, Champaign, IL (2016)) 328 

(Cooper et al., 2020b). The computational cost of calculating composite likelihoods 

increases with the number of unique bSFS configurations considered in the data. We 330 

limited the number of bSFS configurations by lumping mutation counts above a threshold 

kmax= 2 for the Nvar, Svar and SharedVar and kmax= 3 for fixed differences. Since 87% of 332 

the blockwise data are within these kmax bounds and so included in the composite 

likelihood calculation exactly, the expected loss of power is minimal. 334 
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(iii) Estimation of demographic parameters: We estimated all model parameters for both 

the IM and ADM model. Estimation of Na (as Na = theta /(4 μ)) and scaling of T parameters 336 

into years requires an estimate of the mutation rate per generation (µ) and the number of 

fig wasp generations (g) per year. In the absence of any fig wasp estimate of μ, we used 338 

the per generation mutation rate of 2.8 x 10-9 for Drosophila melanogaster (Keightley et al., 

2014). Note that the relative timing of events in different models is not affected by this 340 

calibration. We assumed four fig wasp generations per year (g=4) and converted time 

estimates into years by multiplying by 2Na and dividing by g. The generation time for P. 342 

nigriventris is not known with certainty, and we assume 4 (range of 2-6) generations per 

year based on the following rationale. Duration of any single fig wasp generation can be 344 

estimated by measuring the time from pollination to ripening of individual figs. This is 

because wasp eggs are laid at the time of pollination, the emerging daughters disperse at 346 

the same time as the fig ripens, and these new females lay eggs rapidly as they live only a 

day or two as adults (Sutton et al. 2018). Estimates of the length of fig tree reproductive 348 

events are available for several species (e.g. Bronstein 1990), but not available for P. 

nigriventris. Jia et al. (2008) estimated a generation time of about 40 days for another 350 

Australian Pleistodontes fig wasp (P. imperialis) pollinating Ficus rubiginosa. This might 

suggest 8-9 generations per year for P. imperialis, but while these monoecious figs 352 

(including F. watkinsiana) fruit asynchronously year-round (Harrison, 2005), they are in 

highly seasonal environments and generation time can be much longer in cooler or drier 354 

periods. Fruit development time is also longer in species producing larger figs. Fruit 

development takes 3-8 months in winter figs of F. macrophylla (JMC, unpublished data), 356 

which has smaller figs than F. watkinsiana (Al-beidh, 2010). Hence, a range of 2-6 

generations per year seems likely for P. nigriventris. We discuss the consequences of 358 

uncertainty in our generation time estimates. 
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(iv) Correcting for the effects of linkage between blocks. The composite likelihood 360 

calculations do not account for linkage between blocks. Given the difficulty of assessing 

the level of linkage between blocks in highly fragmented assemblies, we incorporated 362 

linkage effects using a parametric bootstrap approach (Lohse et al., 2016). We used 

msprime (version 0.3.1 (IM) and 0.4.0 (ADM)) (Kelleher et al., 2016) to simulate 100 364 

datasets assuming a recombination rate of 2.719 x 10-10 per base (estimated from the 

data, see below). Each simulated dataset had the same total length as the real data. To 366 

keep simulations computationally tractable, we partitioned each simulated genome into 20 

pseudo-chromosomes of equal length. Because our simulations allow for recombination 368 

anywhere along a linear genome, this parametric bootstrap scheme allows us to quantify 

both the uncertainty in estimates due to linkage between blocks and the potential bias due 370 

to recombination within them. Fitting the inferred model to these simulated datasets, we 

obtained 95% confidence intervals for parameter estimates as ±1.96 standard deviations 372 

(of the analogous estimates on the simulated data). 

(v) Model selection. We used an analogous parametric bootstrap scheme to determine 374 

whether the IM or ADM models provided a significantly better fit to our data. We fitted both 

models to each of 100 bootstrap datasets simulated under the best-fit IM model 376 

parameters. The distribution of differences in log composite likelihood (calculated as ΔlnCL 

= 2*(ADMlnCL-IMlnCL)) between the IM model and the ADM model represents an 378 

expectation of selecting the ADM when the IM is true (Type 1 error). We determined 

critical values from this distribution at a significance level of 0.05. 380 

(vi) Recombination rate estimation. There are no estimates of either the per generation 

recombination rate (r) or the population recombination rate (ρ = 4Ner) for any fig wasp 382 

species. We therefore estimated a recombination rate for P. nigriventris using a two-locus 

generating function that co-estimates ρ (scaled by 2Ne) and θ, for a sample of two haploid 384 
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genomes drawn from a single panmictic population (here, the two Northern individuals) 

(Lohse et al., 2011).  386 

 

PSMC analysis  388 

 We compared the results of our blockwise analysis with inference using the 

Pairwise Sequentially Markovian Coalescent (PSMC) (Li & Durbin, 2011). PSMC infers the 390 

effective population size history from a pair of genomes, which may either be sampled 

from a single diploid individual, or a pair of haploid individuals. PSMC provides a 392 

continuous estimate of demographic parameters through time. While PSMC does not allow 

direct inference of population divergence, comparison of the PSMC trajectories of two 394 

diverged populations (here, North and South) reveals when these shared the same 

population size and so were likely part of the same ancestral population.  396 

 PSMC uses the density of pairwise differences along the genome to infer a 

trajectory of population size through time. Input files were generated from the per-398 

individual BAM files using samtools mpileup (version 0.1.19). The pileup file was converted 

to a VCF file in bcftools (version 0.1.19) and a consensus sequence (fastq file) per 400 

individual was generated using the bcftools utility vcf2fq. Consensus files contained 31,371 

and 33,523 contigs for the Northern and Southern pairs respectively. The two consensus 402 

files per population were merged using the seqtk function mergefa (version 1.0) and 

converted to the PSMC input format using the PSMC function fq2psmcfa (version 0.6.5). 404 

Only contigs that contain >10kb of unfiltered bases, ≥ 80% of which pass a quality 

threshold score, here set to ≥20 were included (6,900 and 7,305 contigs for the North and 406 

South pairs respectively). We analysed each pair of individuals with PSMC (version 0.6.5) 

using the following parameter values: N = 30, t = 20, r = 10.3 and p = “4+60*1+4”. Each 408 

dataset was sub-sampled 100 times to generate bootstrap replicates using the PSMC 
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utility splitfa (version 0.6.5). Results were calibrated using the same mutation rate and 410 

generation times given above.  

 412 

Results 

De novo genome assembly for Pleistodontes nigriventris 414 

Nextera libraries were generated successfully for all four male Pleistodontes 

nigriventris (Figure S3). After initial filtering and trimming the joint assembly of reads for all 416 

four individuals in Velvet contained 173,180 contigs ≥200bp (Table S1). We identified 

contaminant reads from a range of non-Arthropod taxa (Figure S4). Individual assemblies 418 

contained between 5k and 149k reads identified as bacterial. For three individuals over 

97% of these were attributed to Wolbachia (and 24% in the final individual) (Table S2). 420 

The relative fraction of Wolbachia reads was significantly higher in Northern compared to 

Southern individuals (Chi-squared = 95159, df = 1, p < 2.2e-16), consistent with previous 422 

findings of between-population differences in Wolbachia prevalence in P. nigriventris 

(Haine & Cook, 2005). Excluding contaminant reads resulted in between 11 and 22.5 424 

million reads per individual (Table S1). Re-assembly using SPAdes (Cooper et al., 2020a) 

improved the contiguity (139,731 contigs ≥200bp, N50 of 9,643 bp) and the completeness 426 

of the final assembly: CEGMA scores: 93.15% complete and 99.19% partially complete, 

BUSCO scores for the reference Arthropod gene set: 74% complete, 4.5% duplicated, 428 

16% fragmented and 8.4% missing. We note that the P. nigriventris assembly, although 

fragmented, has higher completeness (in terms of complete Core Eukaryote Genes) than 430 

the genome of Ceratosolen solmsi (CEGMA: 88% complete), the only published fig wasp 

genome (Xiao et al., 2013). Repetitive elements made up 21.4% of the reference 432 

assembly and were excluded from subsequent analyses.  

Processing of the filtered and aligned reads (mean coverage per individual of 3.7x) 434 

identified 1,837,396 SNPs. The blockwise site frequency spectrum contained the four site 
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types in the following proportions: Nvar 0.164, Svar 0.153, Fixed 0.673, and Sharedvar 436 

0.0102. The average pairwise diversity per site (after filtering) for the North and South 

populations were very similar (π = 0.000884 and 0.000822 respectively). This is one of the 438 

lowest estimates of genetic diversity reported for any sexually reproducing arthropod 

(Leffler et al., 2012; Romiguier et al., 2014). Pairwise Fst was 0.74, indicating high 440 

differentiation between the Northern and Southern populations. 

 442 

Inferring divergence with continuous migration and admixture  

 Our block extraction protocol (Cooper et al., 2020b) resulted in 775,977 blocks of 444 

387 base pairs. Of these, 0.8% (5,872) contained both shared variants and fixed 

difference, violating the 4-gamete test, and were excluded from blockwise analyses.  446 

Isolation with continuous migration (IM). Models incorporating post-divergence migration 

and different effective population sizes (Ne) received substantially greater support than 448 

otherwise equivalent models with no migration and/or a single Ne parameter (Table 1a). 

The best-supported direction of migration is from South to North, irrespective of whether 450 

we assumed a single Ne (compare model IM3 to IM2) or two Ne parameters (compare 

IM7+IM9 to models IM6+IM8). The scenario in which the South population retained the 452 

ancestral Ne (IM9; Figure 3a) had highest support. Under this model, the split between the 

two populations occurred 177 (95% C.I. 172–182) thousand years ago (kya) and the Ne for 454 

the ancestral/South population was estimated to be slightly higher (69k, 95% C.I. 65.4k-

72.6k) than for the North population (58k 95% C.I. 54.3k- 61.5k). We inferred a migration 456 

rate M from south to north of 0.071. Although low (1 migrant every 28 generations), this 

estimate was significantly greater than zero (95% C.I. 0.045 – 0.097).  458 

Isolation with instantaneous admixture (ADM). Inferences for models assuming 

instantaneous admixture mirrored those for IM models both in terms of model comparisons 460 

and parameter estimates: scenarios with gene flow and two Ne parameters were 
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significantly better supported than otherwise equivalent models without admixture and/or a 462 

single Ne (Table 1b). The best-supported admixture direction was again from South to 

North, and the model assuming that the Southern population retained the ancestral Ne 464 

(ADM10; Fig. 3a) had greatest support. Ne estimates under the best fitting ADM history 

were similar to those under the analogous IM model (IM9): we inferred an 466 

ancestral/Southern Ne of 69k (95% C.I. 66.1k-72.6k) and a lower Northern Ne of 59k 

(55.2k-62.2k). In contrast, under the best fitting ADM9 the population split was estimated 468 

196kya (95% C.I. 193-198kya), slightly older than under the analogous IM model. The 

admixture event was inferred to have occurred 57kya (95% C.I. 53-62kya) (Table 1b) and 470 

around a quarter (admixture fraction f = 0.239, 95% C.I. 0.206-0.272) of Northern lineages 

are inferred to have originated from the Southern population. 472 

Greater support of instantaneous admixture. The ADM model had greater support than the 

IM model (ΔlnCL = 4175). Since the blockwise composite likelihood calculation ignores 474 

linkage between blocks and given that IM and ADM models are not nested, we cannot use 

a likelihood ratio test to compare the support for these models. To confirm whether the 476 

simpler IM model fits significantly worse than the ADM model we obtained a critical value 

for ΔlnCL (155.4 at p=0.05) using a fully parametric bootstrap. The difference in model 478 

support in favour of the ADM model ΔlnCL = 4175 in the real data far exceeds this and 

confirms that admixture provides a better fit to our data than continuous gene flow. To 480 

investigate which aspect of blockwise variation in the data allows discrimination between 

instantaneous admixture (ADM) and continuous migration (IM), we compared the 482 

frequencies of the most common bSFS configurations in the data with those expected 

under the best fitting IM and ADM models (Figure S6). Inspection of the residual reveals 484 

that the ADM model predicts both the frequency of monomorphic blocks ({0,0,0,0}) and 

blocks with more than three fixed differences ({0,0,>3,0}) better than the IM model. 486 
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PSMC supports divergence and instantaneous admixture from South to 488 

North 

 We used PSMC (Li & Durbin 2011) to infer trajectories of Ne change for Northern 490 

and Southern populations. Comparing the trajectories both with each other and with 

parameters inferred under the best fitting models of divergence and gene flow (ADM10) 492 

reveals a close correspondence between blockwise analyses and PSMC in several 

respects (Fig. 4). First, PSMC trajectories are consistent with the blockwise inference of a 494 

slightly larger Ne in the Southern population compared to the Northern population. Second, 

the divergence time inferred by the blockwise analyses corresponds to a period in the 496 

PSMC at which the Northern and Southern populations show similar Ne (overlapping 

confidence intervals), consistent with a shared ancestral population. Finally, PSMC infers 498 

an increase in the Northern Ne prior to the time of admixture inferred under the ADM 

model. Such an increase in genetic diversity in the (Northern) recipient population is 500 

exactly what would be expected from a sudden admixture event. We note that PSMC also 

reveals an increase in the Southern Ne around the same time which, however, is markedly 502 

smaller. While PSMC also shows an increase in Ne in the very recent past (i.e. the last 

3ky), the variation among bootstrap replicates (Fig. 4) suggests that our data lack the 504 

signal to reliably infer population size change over this timescale.  

 506 

Discussion 

Individual level population genomics of very small insects 508 

Genomic data offer enormous potential in inference of population relationships and 

demography, but genomic resources remain limited for all but a tiny proportion of taxa. In 510 

some taxa, including rare species of conservation importance, it is also not possible to 

sample large panels of individuals (Allendorf et al., 2010; Fuentes-Pardo & Ruzzante 512 
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2017). In such cases, and where the distribution of populations is appropriate to a pairwise 

comparison, the approaches we use here allow demographic inference with minimal cost 514 

and sampling. Our approach may be of use in similar pair-wise population analyses of 

other east coast Australian forest taxa divided by the same dry habitat corridors, and other 516 

analogously distributed taxa. 

We generated genomic libraries for individual male fig wasps, each only 1.5 mm 518 

long, resulting in over 770 thousand aligned blocks of sequence containing an average of 

1.5 variable sites. Even with minimal samples of two haploid individuals per population, 520 

these whole genome data allowed estimation of demographic parameters with high 

confidence. A further advantage of the two methods we use is that neither makes any 522 

assumptions about phase in sequence data. Both can thus be applied to diploid 

organisms, provided that coverage is high enough to distinguish sequencing error from 524 

heterozygosity (ability to do so with high confidence is a major benefit of working with 

haploid organisms, including male Hymenoptera). 526 

The best supported IM and ADM models gave similar estimates for the age of the 

initial divergence between Northern and Southern P. nigriventris populations, and their 528 

sizes. Further, we show that a burst of admixture (ADM) provides a significantly better fit 

than ongoing gene flow to the blockwise data and the individual population Ne trajectories 530 

inferred by PSMC analysis. We first place our results in the broader context of 

phylogeographic work on taxa spanning the Burdekin and St. Lawrence Gaps, and then 532 

discuss the potential limits of our demographic inferences. 

 534 

Pleistocene population divergence across the Burdekin and St 

Lawrence Gaps in P. nigriventris 536 

Australia has a complex climate history, a major feature of which is the aridification 

that started in the Miocene and continued throughout the Pliocene and Pleistocene 538 
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(Schauble & Moritz, 2001; Martin, 2006; MacQueen et al., 2010, Frankham et al., 2016). 

This resulted in the gradual restriction of rain forests to the Eastern coast of Australia, 540 

separated from more arid inland habitats by the Great Dividing Range (Kershaw 1994; 

McGuigan et al., 1998; Schneider et al., 1998; Pope et al., 2000, Bell et al., 2007). 542 

Between 280 and 205kya, decreased precipitation and more severe aridification were 

associated with major faunal turnover in rainforest taxa (Hocknull et al., 2007). Against the 544 

backdrop of this general trend, the Pleistocene climate oscillations drove cycles of rain 

forest expansion during warmer, wetter interglacials and contraction during cooler, drier 546 

glacials (Byrne 2008; Maldonado et al., 2012; Burke et al., 2013). The current dry habitat 

corridors of the Burdekin and St. Lawrence Gaps are thought to be products of the long 548 

term aridification of Australia, and though it is uncertain when they first formed, they most 

likely existed through multiple Pleistocene cycles (Bryant & Krosch, 2016).  550 

 We found a strong signature of population divergence over the combined Burdekin 

and St. Lawrence gaps in Pleistodontes nigriventris. This is perhaps to be expected, given 552 

the obligate dependence of P. nigriventris on Ficus watkinsiana, and the restriction of this 

fig species to rain forest (Dixon 2003). However, our analyses do not allow inference of the 554 

ancestral distribution of P. nigriventris, and are compatible with either population being 

founded from the other, or vicariance of a previously continuous rainforest distribution 556 

(Martin, 2006). Assuming four generations per year for P. nigriventris (see below), the best 

fitting IM and ADM models for P. nigriventris both infer divergence between the Northern 558 

and Southern populations 170-200kya ago, in the Late Pleistocene.  

In a review encompassing a wide range of plant and animal taxa, Bryant and 560 

Krosch (2016) identified a signature of population subdivision for the Burdekin Gap in 18 of 

27 studies (nine of which have divergence time estimates) and for the St. Lawrence Gap in 562 

10 of 23 studies (six of which have divergence time estimates). Pleistocene divergence 

across the Burdekin Gap has also been inferred for Melomys cervinipes (a wet forest 564 
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rodent (Bryant & Fuller (2014)), Petaurus australis (yellow-bellied glider (Brown et al., 

2006)), and Varanus varius (a large lizard with broad habitat preferences (Smissen et al., 566 

(2013)). Very few studies have considered insect population structure across the same 

potential barriers to gene flow. In contrast to our results for P. nigriventris, Schiffer et al., 568 

(2007) found no evidence for genetic divergence across the Burdekin gap in Drosophila 

birchii, a specialist rainforest fruit fly, but instead inferred a moderate gene flow across the 570 

whole range following a recent range expansion. Divergence estimates for other taxa 

spanning the Burdekin and/or St Lawrence Gaps are concentrated in the late Miocene to 572 

late Pleistocene (Bryant & Krosch 2016) with substantial variation across taxa. For 

example, divergence across the Burdekin Gap was estimated to have occurred in the early 574 

Miocene-late Oligocene >20 million years ago (mya) in Uperoleia frogs (Catullo & Keogh 

2014; Catullo et al., 2014), and 31-51mya in assassin spiders (Rix & Harvey 2012). Given 576 

that most of these previous estimates are not based on any statistical model of population 

divergence, but rather a single (often mitochondrial) gene tree, it is unclear how much of 578 

the variation in previous divergence time estimates across these co-distributed taxa simply 

reflects coalescence variance and/or differences in calibration. Model based comparative 580 

studies are needed to assess whether past vicariance events have been shared in time 

across taxa with disjunct distributions across the Burdekin and St Lawrence gaps.  582 

Two compatible explanations could explain observed population divergence in P. 

nigriventris. A first is that aridification and lack of suitable fig hosts in intervening habitats 584 

prevented viable dispersal between Northern and Southern populations. A second is that 

despite dispersal, migrants failed to contribute genes to receiving populations. This could 586 

happen if, following initial divergence, each of the Northern and Southern populations 

became locally adapted, but reciprocally maladapted (Rodriguez et al., 2017). Such failure 588 

could result from reciprocal mismatches in climate, or in coevolved interactions with co-

distributed Ficus watkinsiana. That failure to disperse may not wholly explain divergence 590 
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between Northern and Southern populations of P. nigriventris is suggested by inferred high 

dispersal within each population (low divergence between individuals), and the fact that 592 

some other fig wasps (including another Pleistodontes species (Sutton et al. 2016)) show 

little or no genetic divergence over distances of around 1000km, close to the separation 594 

between our populations (e.g. Kobmoo et al., 2010; Liu et al., 2015; Tian et al. 2015; Bain 

et al., 2016). Further evidence comes from lack of spatial genetic structure (and hence 596 

long range pollen and/or fruit dispersal) in other monoecious figs (e.g. Nazareno et al., 

2013; Bain et al., 2016). That effects other than barriers to dispersal per se can structure 598 

intraspecific genetic diversity is also suggested by (potentially host-mediated) 

differentiation in other fig wasp species over distances of less than 50km (Tian et al., 600 

2015). The extent to which Northern and Southern populations of P. nigriventris are able to 

interbreed and to induce galls in allochthonous host figs remains unknown, but could be 602 

tested experimentally. 

 604 

Effective population size of P. nigriventris 

We estimated the effective population sizes for Northern and Southern populations of P. 606 

nigriventris to be ca. 60k and 70k respectively, with 95% confidence intervals over the IM 

and ADM models spanning 54k-73k. These figures fall within the range observed in other 608 

similarly sized chalcidoid and cynipoid Hymenoptera (e.g. Bunnefeld et al., 2018; Walton 

et al., 2020). The true census population size for P. nigriventris is almost certainly much 610 

higher, given that a single large fig tree can bear many thousands of pollinated figs, each 

of which required entry by at least one female P. nigriventris. Census population size (N, 612 

which contributes to fruit set) is generally one to several orders of magnitude greater than 

Ne (Lewontin 1974; Frankham 1995; Palstra and Ruzzante 2008), particularly in taxa that, 614 

like fig wasps, show high levels of sib-mating (Kimura and Crow 1963; Leffler et al., 2012; 

Sutton et al., 2016 for Pleistodontes; Molbo et al., 2004 for Pegoscapus) and can 616 
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experience large population fluctuations and genetic bottlenecks (Bronstein and Hossaert-

McKey 1996; Harrison 2000; Wachi et al., 2016). Both are likely explanations for the 618 

similar and very low genetic diversities observed in each of the Northern and Southern 

populations (π = 0.000884 and 0.000822 respectively), amongst the lowest estimates for 620 

any sexually reproducing arthropod (Leffler et al., 2012; Romiguier et al., 2014). 

 622 

The Northern population of P. nigriventris received a burst of admixture 

from the South at the end of the Pleistocene 624 

Both the best fitting ADM and IM models inferred gene flow from the Southern to 

the Northern population. While the continuous migration rate inferred under the best IM 626 

model (M = 0.071) is much lower than the estimated admixture fraction (f=0.24) under the 

better supported ADM model, the overall amount of gene flow inferred under both models 628 

is in fact very similar: Under the IM model, the probability that a single lineage sampled 

from the North is derived from the South via gene flow is 1-e^(-MT). Given our estimates 630 

for these parameters in model IM9, this is ~0.3, so very comparable to the admixture 

fraction inferred under the best ADM model. While both models agree in the overall 632 

amount of post-divergence gene flow, our model comparison clearly shows that genetic 

exchange occurred as a sudden burst rather than a continuous process. Additional support 634 

for a discrete admixture event comes from the contemporary increase in the Northern 

population size revealed by PSMC. The inferred combination of divergence and admixture 636 

is compatible with the following demographic scenario: (i) Northern and Southern 

populations were separated 170-200 kya following contraction of suitable habitat and 638 

expansion of intervening inhospitable dry forest corridors. (ii) Northern and Southern 

populations remained separated for over 100ky until favourable conditions in the late 640 

Pleistocene allowed expansion of one or both populations of Ficus watkinsiana, to the 

point at which substantial genetic exchange was possible between populations of 642 
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pollinating P. nigriventris. (iii) Subsequent aridification resulted again in range contractions 

and a shutdown of gene flow.  644 

 Notwithstanding the uncertainty in our time calibration for P. nigriventris (see 

below), the date of the inferred admixture event falls in Marine Isotope Stage 3 (27-60kya), 646 

a period in the late Pleistocene characterised globally by abrupt phases of warming and 

cooling (Siddall et al., 2008; Van Meerbeeck et al., 2009). These warming phases were 648 

interspersed by cooler periods around every 7,000 years (Clark et al., 2007), and even 

during the cooler periods average temperatures were much higher than during the Last 650 

Glacial Maximum (~19-21kya) (Van Meerbeeck et al., 2009). The lower bound (53kya) of 

the inferred admixture time corresponds approximately to the warmest point in one of 652 

these cycles, and it is tempting to suggest that this allowed temporary expansion of the 

range of the F. watkinsiana/P. nigriventris mutualism and secondary genetic contact. Such 654 

climatic instability also raises the possibility that any selection in favour of locally adapted 

fig wasps could sometimes have been replaced by selection in favour of adaptive 656 

introgression of migrant genes (Hedrick 2013).  

 Our results do not rule out bidirectional dispersal, but rather imply a signal of 658 

predominant gene flow from the South into the North. This could indicate conditions that 

facilitated northwards dispersal in this direction, such as prevailing winds from the south. 660 

Records from the 1940s-2000s do indicate stronger winds from the south in eastern 

Australia (Australian Government, Bureau of Meteorology, 662 

http://www.bom.gov.au/climate/). However, it is not known whether current trends can be 

extended back into the past. Similar post-divergence dispersal from south to north across 664 

the Burdekin gap has been inferred in a small number of other rain forest-associated taxa 

(Bryant & Fuller, 2014; Bryant & Krosch 2016). Alternatively, the asymmetry in genetic 666 

exchange between North and South we infer may be the result of genetic incompatibilities 

that arose and became fixed during periods of isolation. 668 

http://www.bom.gov.au/climate/
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Limits of demographic inference 670 

Our inference of the population history of P. nigriventris is contingent on the realism 

of our models, ability to incorporate effects of linkage, and scaling of time estimates. We 672 

consider these issues in turn. 

 Our IM and ADM models assume two populations with a maximum of two different 674 

and constant Ne parameters (Fig. 1). While this simple model is unlikely to be true for any 

organism, the assumption of two panmictic populations is, as far as is known, a good 676 

approximation for the current distribution of P. nigriventris. Fitting explicit models 

necessarily involves simplifying assumptions, and alternatives for limiting the number of Ne 678 

parameters (such as assuming equal Ne for all populations, or an even split between 

daughter populations) are even less realistic. Concordance in Ne estimates between our 680 

IM/ADM models and our PSMC analysis (in which Ne is free to vary through time) 

suggests that drastic changes in Ne are not a feature of the population history of P. 682 

nigriventris, and that this simplifying assumption is unlikely to affect our inference. 

Agreement in parameter estimates across models and the close fit of our best ADM model 684 

to the observed blockwise data both suggest that we have captured key aspects of the 

demographic history of P. nigriventris. Perhaps the main result of our analyses is that we 686 

have shown that continuous and discrete gene flow can be clearly distinguished in this 

species, even over relatively recent timescales (both in terms of sequence divergence and 688 

genetic drift). While most analyses of demographic history choose a priori to model gene 

flow as either a continuous process or a discrete event, these two extremes of model 690 

space are rarely compared directly and it remains an open question which one better 

captures the demographic history in most taxa. All three demographic scenarios we have 692 

considered (IM, ADM and PSMC) are nevertheless crude simplifications of what is likely a 

more complex history, possibly involving repeated cycles of rain forest expansion and 694 
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contraction. The upland wet forests south of the Burdekin Gap in the Clarke Range and 

Conway Peninsula are thought to have persisted through multiple Pleistocene climate 696 

cycles (Stuart-Fox et al., 2001), and it would be interesting in future to use the information 

contained in larger samples to explore more realistic histories involving repeated 698 

admixture pulses (Jésus et al., 2006) in P. nigriventris and F. watkinsiana, potentially 

involving additional intermediate populations that may no longer exist (e.g. Stone et al., 700 

2017). Likewise, it would be interesting to test how well the blockwise distributions of 

divergence and diversity in P. nigriventris fit a more complex generalised class of IM 702 

models (GIM) that involve periods of historic gene flow (Costa & Wilkinson-Herbots 2017). 

Exploring these models would allow bridging of the model space between the IM and ADM 704 

histories we consider here (Costa & Wilkinson-Herbots 2017). However, unlike the bSFS 

framework we have used here, analytic results for GIM models are currently limited to 706 

pairwise samples, which, all else being equal, are less informative about gene flow (Lohse 

et al., 2016, Fig. 7). 708 

Demographic analyses that are based on genome-wide samples of either single 

variants or loci/blocks generally assume that blocks are statistically independent, i.e. 710 

unlinked. A common way of dealing with linkage effects is to use subsampling, either by 

sampling a fixed minimum distance apart or by resampling bootstrap. We have instead 712 

opted for a fully parametric bootstrap that incorporates recombination within and linkage 

between blocks explicitly. Although this is computationally more intensive than 714 

subsampling, we believe it is the only way to accurately capture the effect on parameter 

estimates. Our parametric bootstrap for the best fitting IM and ADM models gave narrow 716 

95% confidence intervals for all model parameters. Importantly, mean parameter estimates 

obtained from the simulation replicates are very close to the MLEs used to simulate the 718 

datasets (Table 1). This confirms that biases in parameter estimates due to violations of 

the assumption of no recombination within blocks are negligible, as shown in previous 720 
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studies on a range of organisms (Jennings & Edwards, 2005; Lanier & Knowles, 2012; 

Hearn et al., 2014; Bunnefeld et al., 2015; Wang & Liu, 2016). Another standard 722 

assumption of demographic inference is that sequences evolve neutrally. While our 

approach sampled blockwise sequence variation genome-wide, one would expect both 724 

genome assembly and read mapping to be easier in regions under selective constraint. As 

a consequence, our blockwise dataset is likely enriched for conserved coding regions. In a 726 

methodologically similar study of a European gall wasp, Hearn et al., (2014) tested for the 

effect of selective constraint by partitioning blocks according to the proportion of coding 728 

sequence they contained, and scaling the estimated genome-wide mutation rate between 

values for synonymous and non-synonymous mutations. They found that mutation rate 730 

heterogeneity had no impact on the inference, reporting only a slight increase in Ne and 

divergence time estimates. Given these results and the lack of annotated genomes or 732 

transcriptome data to aid gene detection, we have not pursued this here. However, it will 

be interesting to check whether selective constraint can explain the observed higher 734 

frequency of invariant blocks in our P. nigriventris data compared to expectations under 

both the best fitting IM and ADM models. Taken together, these results suggest that 736 

recombination within blocks and background selection had a minimal impact on our 

inference of demographic history. 738 

Scaling divergence and admixture times into years requires knowledge of both the 

mutation rate and generation time. Both are uncertain for P. nigriventris. In the absence of 740 

direct mutation rate estimates for fig wasps, we used an estimate from Drosophila 

melanogaster (Keightley et al., 2014). While it is unclear how well this matches mutation 742 

rates in fig wasps, it is reassuring that the few published mutation rate estimates for other 

insects are similar (e.g. 2.9 x 10-9 for the butterfly Heliconius melpomene). A likely greater 744 

source of calibration uncertainty is average wasp generation time, which is not known for 

P. nigriventris. Our estimate of 4 generations per year is based on data for other Australian 746 
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Pleistodontes species, taking into account the seasonal habitat and large (slowly 

developing) fruits of F. watkinsiana (see Methods). Calibration of the timing of 748 

demographic events in P. nigriventris scales simply and inversely with generation time, 

i.e., halving the number of generations per year doubles the age of events. Assuming 2 750 

and 6 generations per year (rather than 4 as we have done here) still places divergence 

and admixture times for P. nigriventris in the late Pleistocene: for 2 generations/year, 752 

T=392(386-396)ky and Tadm=114(106-184)ky, and for 6 generations/year, T=131(129-

132)ky and Tadm= 38(35-61)ky. However, in the absence of precise information our attempt 754 

to match the demographic history of P. nigriventris to past climatic events remains 

speculative.  756 

  

 Our results show that robust demographic inferences can be made for very small 758 

sample sizes of non-model taxa without significant associated genomic resources. While 

our motivation for assembling a genome for P. nigriventris was solely to generate a 760 

dataset for demographic inference, genome assemblies are arguably a more generally 

useful resource than other types of genomic data (e.g. RadSeq) and can be improved in 762 

the future (e.g. by adding RNASeq and long read data to improve annotation and 

contiguity respectively). Inference based on de novo assemblies and minimal sampling is 764 

likely to become the norm for taxa that are rare or hard to sample. Figs support highly 

structured (and often co-evolved) communities of pollinators, inquilines and natural 766 

enemies (Lopez-Vaamonde et al., 2001; Segar et al., 2014), and while a growing body of 

work addresses phylogeographic relationships in figs and their pollinators (Bain et al., 768 

2016; Rodriguez et al., 2017; Yu et al., 2019), much less is known about the 

phylogeography of non-pollinating fig wasps (Sutton et al., 2016). Our approach provides a 770 

framework for comparative analyses that reconstruct the assembly of these species-rich 

communities. More broadly, given that many questions about both intraspecific 772 
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demography history and speciation come down to distinguishing between ongoing gene 

flow and discrete admixture pulses, systematic power analyses on how this can best be 774 

achieved - especially for genomic data from non-model organisms without a contiguous 

reference genome - are urgently needed. 776 
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 1366 

Table 1. Maximum composite likelihood estimates (MCLE) of model support and 
demographic parameters under (a) IM and (b) ADM models. The best supported model is 1368 

highlighted in bold with parameter 95% confidence intervals estimated by parametric 
bootstrap. n(Ne) indicates the number of population size parameters in the model, and Na 1370 

indicates the population(s) retaining the ancestral population size. Mig indicates the 
direction of gene flow in the model, with 0 indicating a model with no gene flow. Model 1372 

support is measured relative to the best fit model in each class (IM9 in (a) and ADM10 in 
(b)). Likelihood ratio tests (LRT) were calculated as 2ΔlnL. 1374 
 

(a) IM (Isolation with migration) models 1376 

Model 
n(Ne) Na Mig ΔlnL LRT 

T B M 

IM1 1 both 0 -22,877 n/a 3.938 n/a n/a 

IM2 1 both N->S -5,078 35,598 5.210 n/a 0.044 

IM3 1 both S->N -1,122 43,509 5.533 n/a 0.057 

IM4 2 N 0 -22,740 274 3.523 1.198 n/a 

IM5 2 S 0 -21,298 3,157 3.808 1.055 n/a 

IM6 2 N N->S -2,855 36,885 6.417 0.774 0.051 

IM7 2 N S->N -500 44,479 6.193 0.872 0.061 

IM8 2 S N->S -1,757 39,081 4.573 1.348 0.065 

IM9 2 S S->N 0 45,481 5.137 (4.784-
5.489) 

1.193 
(1.089-
1.296) 

0.071 
(0.045-
0.097) 

IM9 sim      0.299 5.150 1.197 

(b) ADM (Instantaneous admixture) models 

Model n(Ne) Na Mig ΔlnL LRT Tadm T B f 

ADM1 1 both 0 -6,349 37,230 n/a 4.969 n/a 0.015 

ADM2 1 both 0 -6,349 37,230 n/a 4.969 n/a 0.015 

ADM3 1 both N->S -4,995 2,634 2.194 6.122 n/a 0.296 

ADM4 1 both S->N -1,110 10,478 1.970 6.095 n/a 0.257 

ADM5 2 N 0 -6,536 36,583 n/a 4.193 1.313 0.014 

ADM6 2 S 0 -5,632 35,508 n/a 4.631 1.152 0.017 

ADM7 2 N N->S -1,645 9,784 1.642 5.195 1.329 0.257 

ADM8 2 N S->N -172 10,919 2.003 6.872 0.857 0.256 

ADM9 2 S N->S -1975 9,122 2.281 7.276 0.767 0.291 

ADM10 2 S S->N 0 11,263 1.656 
(1.509-1.802) 

5.643 
(5.317-
5.966) 

1.181 
(1.093-
1.269) 

0.239 
(0.206-
0.272) 

ADM10 
sim      0.302 1.653 5.604 1.184 
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 1378 

 
Figure 1. The IM (divergence with continuous migration) and ADM (divergence with 1380 

instantaneous admixture) models of population divergence with gene flow, showing the 

demographic parameters estimated in our blockwise method analyses. Gene flow can be 1382 

modelled in either direction. Na represents the size of an ancestral population extending 

back into the past that splits into two daughter populations at time T (scaled by 2Ne) 1384 

generations. One population retains the same population size Na, and one is free to have 

a new population size Na/B, where B is a scaling factor. Post divergence gene flow in the 1386 

IM model is a continuous process with total M per generation = 4Ne * m, where m is the 

individual migration rate per generation. In the ADM model, gene flow is modelled as an 1388 

instantaneous admixture event at time Tadm (scaled by 2Ne) generations ago, at which a 

fraction f of lineages in the source population are transferred to the receiving population.  1390 
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Figure 2. Map of the east coast of Australia, showing the distribution of Ficus watkinsiana 1392 

(green) (after Dixon (2003)), the Burdekin and St. Lawrence Gaps (black), and the four 
sample sites (blue circles). The two Northern sampling sites are Kamerunga (1) and Kairi 1394 

(2); the two Southern sites are Settlers Rise (3) and Main Range (4). The location of the 
study region within the whole of Australia is shown by the box in the inset at bottom left. 1396 
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 1398 
 

Figure 3. The best supported models under (a) IM and (b) ADM scenarios for 1400 

Pleistodontes nigriventris. Bars joining the populations at divergence are the 95% 

confidence intervals for the divergence time. Time is measured in thousands of years, 1402 

assuming 4 generations per year. The population widths are scaled according to their 

population size estimates (given in thousands). 95% confidence intervals for other 1404 

parameters are given in Table 1. 

 1406 
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 1408 

 

Figure 4. Population size trajectories for the Northern (red) and Southern (blue) 1410 

populations inferred using PSMC. Heavy red and blue lines represent estimates for each 

population, thin lines show individual bootstrap replicates. Maximum composite likelihood 1412 

estimate (MCLE) for the population sizes for the North and South populations and the 

dates of admixture (Tadm) and population divergence (T) under the model that gives the 1414 

best fit to the blockwise data (ADM10) (and their 95% confidence intervals) are overlaid in 

grey.  1416 

 

 1418 

 


