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Abstract: Catastrophic wildfires impacted large areas of western Kangaroo Island (KI), South Aus-
tralia in 2019–2020, burning habitat for many species, including large proportions of the distributional
range of the KI micro-trapdoor spider Moggridgea rainbowi, which led to it being listed as Endangered
under Australia’s Environment Protection and Biodiversity Conservation Act (EPBC Act). In order to
assess population genetic structure in M. rainbowi and detect diagnosable lineages and their distri-
butional patterns across KI, 28 individuals were genotyped for 2495 loci, sampling from all known
populations of the species. Population genetic and phylogenetic analyses of nuclear and mitochon-
drial sequence data provided strong support for three Evolutionarily Significant Units (ESUs) within
M. rainbowi; two populations on eastern KI and a heavily fire-impacted western population. High lev-
els of divergence and fixed allelic differences between 5 and 16% indicate a lack of gene flow between
ESUs and long periods of isolation. Distributional patterns of these lineages match likely locations of
isolation events caused by successive changes to sea level during the Quaternary (2.58 million years
ago to present), which led to KI being intermittently connected to the mainland or separated into one
or more islands. Our findings have strong conservation implications for M. rainbowi and highlight
the importance of inclusion of population genetic structure to inform conservation strategies and to
conserve lineage biodiversity at the species level and below.

Keywords: Moggridgea; trapdoor spider; island endemic; Kangaroo Island; molecular genetics;
RAD-seq; fire

1. Introduction

Trapdoor spiders of the family Migidae are small to medium-sized spiders, which
construct and occupy short trapdoor burrows in tree trunks, or in the ground [1,2]. The
family has a typical Gondwanan distribution, being found in all southern continents except
India [3]. In Australia, the family is represented by four genera: the Australian endemic
Bertmainius Harvey, Main, Rix and Cooper, 2015, and Heteromigas Hogg, 1902, and the more
widespread genera Migas L. Koch, 1873, and Moggridgea O. Pickard-Cambridge 1875, which
occur on more than one continent. Migid species typically have high habitat specificity
and disjunct and restricted distribution patterns with frequent short-range endemism [4,5],
resulting in elevated conservation risk [6,7] and leading to several species internationally
being identified as of conservation concern [2,8,9]. Studies have revealed strong genetic
structuring at the population level for Calathotarsus Simon, 1903 in Argentina [4] and
Bertmainius in Australia, likely as a result of low vagility and a typically sedentary nature,
and revealed for both genera cryptic speciation amongst geographically close species with
discrete, highly localized distributions [2,10].
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The genus Moggridgea is recorded from South Africa and southern Australia [3,11,12]
and has an enigmatic history. Molecular dating indicates the only known Australian
species, Moggridgea rainbowi (Pulleine, 1919), diverged from its nearest congeners in South
Africa between 2.27 and 16.02 million years ago (MYA), post-dating separation of Africa
from Gondwana and pre-dating human mediated dispersal. These analyses supported
a hypothesis of colonization via trans-oceanic dispersal, the first documented case for a
mygalomorph spider [13].

Moggridgea rainbowi occurs on Kangaroo Island (KI), an island with an area of 4405 km2,
situated around 15 km off the south coast of South Australia (Figure 1a). The species
has a predominantly coastal distribution on KI and is found in scattered populations in
creeklines, stretching from the northwest of the island to the northeast [9]. Individuals
occupy shallow trap door burrows, ca. 7 cm deep, which are constructed in the banks of
small, low energy creeklines [9]. KI has a Mediterranean climate, with dry hot summers
and cooler, wetter winters; around a third of the annual rainfall occurs during the winter
months (between May and September), and rainfall varies markedly between the east
of the island (ca. 450 mm) and the west (ca. 1000 mm) [14]. About a quarter of KI is
designated for conservation, as Wilderness Protection Areas (WPA), Conservation Parks
(CP), and National Parks, most of which are located in western KI [14]. During December
2019 and January 2020, catastrophic wildfires impacted western KI, burning nearly half
of the island, much at high severity, including nearly all conservation reserves to the
west of the island [9,15]. Most of the known western populations of M. rainbowi were
impacted by fire, with surviving individuals known only from small, isolated patches
of unburnt refugia [9]. This, in combination with threats to the species posed by land
clearance, incursion by Bridal Creeper, Asparagus asparagoides (a ground-matting weed of
national significance [16]), changes to hydrology, climate change, drought, and the threat of
future fire, both wild and human-mediated, led to the species being listed as Endangered
under Australia’s Environment Protection and Biodiversity Conservation Act (EPBC Act)
in 2022 [17]. Detailed surveys conducted following the 2019–2020 wildfires on KI have
better delineated the distribution of the species and located additional populations [9].

Harrison et al. [11,13] uncovered phylogeographic structuring in M. rainbowi, with
monophyletic groups of mitochondrial haplotypes representing the two sub-populations
known at the time of the study (American River and Western River, west KI). High popula-
tion structuring within a species is indicative of geographical or reproductive isolation and,
as such, is relevant to the conservation status of the species, as well as the development
of strategies for conservation management (e.g., via translocations [18]). Such diverged
populations may represent evolutionarily significant units (ESUs) [19]. Whilst the definition
of ESUs has been the subject of debate (for example, [20,21]), here we adopt a definition, as
proposed by Fraser and Bernatchez [22], of an ESU as a lineage that demonstrates highly
restricted gene flow from other lineages within the species. We also consider the additional
Moritz criterion [23], which proposes that ESUs should show reciprocal monophyly in
phylogenetic analyses of mitochondrial DNA sequence data. Whilst species remain the
standard unit used in conservation assessments, the use of other measures of biodiversity,
such as phylogenetic diversity [24] or ESUs [23], may provide alternative approaches that
escape the limitations of a reliance on taxonomic species delineation [25]. By doing so,
they may provide important information for protecting biodiversity and enhancing genetic
diversity at or below the species level, to inform subsequent conservation planning [26–29].
This becomes particularly relevant at a regional scale in relation to large-scale threat events
that differentially impact ESUs, such as the 2019–2020 wildfires, which impacted western
populations of M. rainbowi.

Here, we use molecular techniques, including mitochondrial DNA sequencing and re-
duced representation population genomic analyses, to examine the population structure of
the threatened M. rainbowi on KI. We find a strong phylogenetic structuring in populations
of M. rainbowi, with analyses delineating three ESUs, indicative of patterns of profound
isolation and highly restricted gene transfer between sub-populations. We discuss this
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in relation to threats posed to each of the ESUs and how this relates to the conservation
of the species. We propose this as a case study to illustrate the importance of population
structural analyses in conservation planning for threatened species.
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Figure 1. (a) Map of Australia, with South Australia shown in light green and Kangaroo Island
highlighted by a red box; (b) male M. rainbowi from Shorty Road, Chapman River, scale = 5 mm;
(c) map of Kangaroo Island showing collection locations for M. rainbowi, with sample areas depicted
as coloured circles; east: Pen: Penneshaw (Baudin CP and Penneshaw) in blue; Chapman River (CR)
in green; American River (AR) in red; and West: (Cape Forbin, Cape Cassini and Cape Torrens WPA)
in purple.

2. Materials and Methods

Thirty-four tissue samples were available from M. rainbowi for molecular genetic
analysis, collected between 2013 and 2022 from Kangaroo Island (KI), South Australia
(Figure 1, Table 1). Specimens were extracted from burrows, and transferred to
100% ethanol. Where possible, a leg was removed and the spider released, which was the
case for 2 of the 34 samples. Most of the samples were collected between 2 September 2019
and 6 April 2022 under permit number U26935 from the South Australian Department
of Environment and Water. The species was not listed as threatened at the time these
samples were collected; however, due to the potential threatened status of M. rainbowi,
extensive sampling at each collection locality was not deemed possible, and so we needed
to supplement our collections with samples from a study conducted 10 years ago by Harri-
son et al. [13]. Female migids are known to be long-lived and to stay in a single burrow
throughout their life [7,30] and therefore population structure analyses are unlikely to be
strongly influenced by the temporal difference in collections. These 2013 samples were
DNA extracts from American River (SAMA numbers, Table 1), used to reconstruct the
phylogeny of the genus Moggridgea [11,13].

Location and voucher information for the samples are presented in Table 1. The
samples can be grouped into four different regions, as shown in Figure 1c: 13 samples were
from Baudin CP and Penneshaw (Pen); 5 from Chapman River (CR); 10 from American
River (AR) (east); and 6 from Cape Forbin, Cape Cassini and North (N.) Cape Torrens WPA
(West). Vouchers are deposited at the South Australian Museum, Adelaide.

Genomic DNA was extracted from a single leg using the MagMax CORE kit on a
KingFisher Duo Prime purification system (Thermo Fisher Scientific, Scoresby, VIC, Aus-
tralia), according to the manufacturer’s protocol for fresh tissues. The amount of DNA was
quantitated on a fluorometer using QuantiFluor dye (Promega, Madison, WI, USA). The
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samples were normalized to 1 ng/µL for subsequent DNA sequencing. A reduced repre-
sentation of the genome of each sample was prepared for sequencing [31]: double-digest
restriction site-associated DNA sequencing (RAD seq), with duplicate reactions included
in the analysis as technical replicates. Following the protocol of Poland et al. (2012) [32],
the samples were double-digested using restriction enzymes PstI-HF and HpaII (NEB
BioLabs, Ipswich, MA, USA); then, the cut sites were ligated with different-length in-
dexed sequencing adapters. To determine the appropriate amount of adapter required
(1 µL), an adapter titration test was performed on a single-digested DNA extract, prior
to adapter ligation for the rest of the samples. Once each sample was uniquely indexed,
they were pooled and PCR-amplified with Illumina sequencing primers, AATGATACG-
GCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT (Forward)
and CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAA (Reverse).
Final fragment length distribution and molarity of the RAD seq library was determined on
a TapeStation 2200 using high-sensitivity ScreenTape and reagents (Agilent Technologies,
Santa Clara, CA, USA). Sequencing was conducted on a NovaSeq 6000 SP single lane at the
Australian Genomic Research Facility (AGRF) in Melbourne with 100 bp single-end read
cycles.

Table 1. Sample information for M. rainbowi. Institution code: South Australian Museum, Adelaide
(SAMA); Reg Number—Registration number of voucher specimens; CP: Conservation Park; WPA:
Wilderness Protection Area.

Sample Name Location Latitude/Longitude Reg Number

jm0107A Baudin CP −35.729869, 137.967542 SAMA NN31728
jm0107B Baudin CP −35.729869, 137.967542 SAMA NN31729
jm0107C Baudin CP −35.729869, 137.967542 SAMA NN31730
jm0107D Baudin CP −35.729869, 137.967542 SAMA NN31731
jm0107E Baudin CP −35.729869, 137.967542 SAMA NN31732
jm0107F Baudin CP −35.729869, 137.967542 SAMA NN31733
jm0107G Baudin CP −35.729869, 137.967542 SAMA NN31734
Mig002 Baudin CP −35. 722120, 137.955371 SAMA NN31735

Mig009.1 Baudin CP −35.723739, 137.960205 SAMA NN31736
Mig005 Penneshaw −35.728177, 137.948990 SAMA NN31748
jm0099 Penneshaw −35.728177, 137.94899 SAMA NN31749
jm0151 Penneshaw −35.75640, 137.90000 SAMA NN31750
jm0152 American Beach −35.75640, 137.89416 SAMA NN31751
Mig004 Chapman River −35.790532, 138.044630 SAMA NN31741
Mig006 Chapman River −35.790197, 138.044640 SAMA NN31742

Mig006A Chapman River −35.790197, 138.044640 SAMA NN31743
Mig007A Chapman River −35.790532, 138.044630 SAMA NN31744
Mig007 Chapman River −35.790532, 138.044630 SAMA NN31745
Mig003 American River −35.766336, 137.789524 SAMA NN31723

Mig003A American River −35.766336, 137.789524 SAMA NN31724
Mig008 American River −35.762345, 137.795942 SAMA NN31725

SAMA28428 American River −35.776944, 137.775833 SAMA NN28428
SAMA28257 American River −35.776389, 137.775833 SAMA NN28257
SAMA28345 American River −35.776806, 137.775833 SAMA NN28345

SAMA28346.1 American River −35.776806, 137.775833 SAMA NN28346.1
SAMA28429 American River −35.776806, 137.775833 SAMA NN28429

jrm0153 American River −35.77159, 137.783312 SAMA NN31726
jrm0154 American River −35.771358, 137.783681 SAMA NN31727
jm0109 Cape Forbin −35.710183, 136.780324 SAMA NN31738
jm0110 Cape Forbin −35.710265, 136.782339 SAMA NN31739
jm0111 Cape Forbin −35.702223, 136.790452 SAMA NN31740
jm0115 Cape Cassini −35.599560, 137.285037 SAMA NN31737
jm0108 Cape Torrens WPA −35.725597, 136.743711 SAMA NN31746
jm0112 Cape Torrens WPA −35.724615, 136.737096 SAMA NN31747

The generated sequences were processed with Stacks 2 (ver. 2.6.1, see https://
catchenlab.life.illinois.edu/stacks/, accessed on 7 May 2023) using the de novo analy-
sis pipeline developed to call loci from restriction-digested, short-read sequences, where
there is no available reference genome [33]. The FASTQ file was quality-checked with
FastQC (ver. 0.11.8, see http://www.bioinformatics.babraham.ac.uk/projects/fastqc/,

https://catchenlab.life.illinois.edu/stacks/
https://catchenlab.life.illinois.edu/stacks/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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accessed on 7 May 2023). Raw data were cleaned and de-multiplexed into individual
samples with the process_radtags command in Stacks. All reads with uncalled bases
and/or low-quality scores were removed, the presence of the restriction enzyme cut site
was checked, and the reads were trimmed to 75 bp to remove low quality ends identified
in the FASTQC analysis. The per-sample raw read count distribution was obtained from
the log files using the stacks-dist-extract command and summary plots were produced
in the R software (ver. 4.2.1, R Foundation for Statistical Computing, Vienna, Austria,
see https://www.R-project.org/, accessed on 7 May 2023). Sequences were aligned with
loci for each individual (-M number of mismatches allowed = 3) and then matched to a
catalogue of all loci (-n number of mismatches allowed between loci of individuals and
the catalog = 3) using denovo_map.pl. in Stacks. The populations script from Stacks was
run on the output of the de novo assembly, keeping only single-nucleotide polymorphisms
(SNPs) where the minor allele was observed at least three times in the metapopulation,
that were present in all four localities and in 90% of all samples, then exporting a single
SNP per locus for all the samples in variant call file (vcf) format. Genotype coverage
per sample was obtained from the log file gstacks.log.distribs and samples with an av-
erage locus coverage of ≥10 reads were kept for further SNP filtering and population
genetic analyses in the R software. Duplicates were compared to calculate error rates in the
SNP calling (13 out of 34 samples passed the coverage filter of average locus coverage of
≥10 reads for both) and the replicate with the best coverage was kept for further analyses for
32 samples (SAMA28346.1 and jm0107B did not pass the ≥ 10 reads average coverage
filter). GenBank accession numbers are presented in Table S1.

The SNP data and associated location information were read into a genlight object
(Ref. [34]; adegenet R package) to enable processing with dartR (ver. 2.0.4., [35]; see
https://www.rdocumentation.org/packages/dartR/versions/2.0.4, accessed on 7 May
2023). Missing data per sample were visualized using the gl.smearplot function and four
individuals with a large amount of missing data (>70%) were removed. Further filtering
was undertaken using gl.filter.callrate to remove any loci that were now monomorphic and
to provide a final dataset with a call rate of 100% (no missing data, threshold = 1.0). Low
sample sizes (n = 5 and 6 for CR and west) precluded any further filtering for departures
from Hardy–Weinberg equilibrium or linkage disequilibrium.

For analysis of the SNP data, we first used the principal coordinates analysis (PCoA)
ordination to identify genetic clusters based on a Euclidean distance matrix (gl.pcoa and
gl.pcoa.plot functions of dartR). A further investigation of genetic structuring was carried
out via a Discriminant Analysis of Principle Components (DAPC), implementing the
function dapc from the adegenet R package [36]. The number of clusters in the data was
first inferred using k-means clustering of principle components (find.clusters), with the
optimal number chosen based on the lowest associated Bayesian Information Criterion
(BIC). Then, the DAPC was run using the clusters defined by k-means as a prior. The
data were transformed via Principle Component Analysis (PCA), the number of principle
components to be retained were chosen, and then a Discriminant Analysis (DA) carried
out, which maximizes the separation between groups while minimizing variation within
groups. Each sample could then be assigned into a cluster and population assignment
before and after the DAPC was examined. For comparison with the analyses based on
principle components, the Bayesian clustering approach using STRUCTURE (Ref. [37],
ver. 2.3.4, see https://web.stanford.edu/group/pritchardlab/structure_software/release_
versions/v2.3.4/html/structure.html, accessed on 7 May 2023) was implemented in R
(gl.run.structure from the dartR package). The admixture ancestry model with correlated
allele frequencies was run to determine the optimal number of genetic clusters and to
assign individuals to groups. We used prior locality information to assess values of K from
1 to 8, and performed three independent runs with results based on a Markov Chain Monte
Carlo (MCMC) of 1,000,000 steps, of which the first 10,000 were discarded as burn-in. The
optimal value of K was determined using the change in the second order of likelihood, ∆K
method (Ref. [38]; gl.evanno) and each individual’s estimated membership coefficients

https://www.R-project.org/
https://www.rdocumentation.org/packages/dartR/versions/2.0.4
https://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/html/structure.html
https://web.stanford.edu/group/pritchardlab/structure_software/release_versions/v2.3.4/html/structure.html
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for each cluster were then plotted (gl.plot.structure). The eastern KI samples were subset
from the original genlight object (gl.keep.pop) and filtered to remove loci that were now
monomorphic. A separate STRUCTURE run was carried out on these samples as above.

We determined the amount of fixed allelic differences in loci between the clusters iden-
tified in the population genetic structure analyses presented above (gl.fixed.diff function in
dartR). Testing was for absolute fixed differences between populations, and p values were
calculated for the observed fixed differences by simulation (significance level, alpha = 0.05).
The results of the fixed difference analysis between populations were visualized as a
heatmap (gl.plot.heatmap).

The neighbor-joining method for reconstructing phylogenetic trees (Ref. [39]; Nei’s
genetic distance matrix) was carried out on the SNP dataset in the R package Ape. A
Maximum Likelihood (ML) analysis of the SNPs was undertaken in IQ-tree (ver. 1.6.12;
see http://www.iqtree.org/, accessed on 7 May 2023, [40]), using the ultrafast bootstrap
method (5000 pseudo-replicates, [41]) and the GTR [42] model of evolution with ascertain-
ment bias correction (+ASC) to account for the lack of constant sites in the alignment [43].

For sequence analyses, a partial fragment of the mitochondrial cytochrome c oxidase
subunit 1 (COI), and the ribosomal Internal Transcribed Spacer gene (ITS rRNA-including
ITS1, 5.8S rRNA, ITS2), were PCR-amplified for all the samples collected post 2019 to add
to the five samples from American River obtained from the 2013 dataset [13]. Primers used
were the universal COI primers LCO1490 (5′-GGTCAACAAATCATAAAGATATTG-3′)
and HC02198 (3′-TAAACTTCAGGGTGACCAAAAAATCA-5′) [44], and ITS primers G923
(5′-CGTAACAAGGTTTCCGTAGGTGA-3′) and G925 (5′AGAGAACTCGCGAATTCCACG
G-3′) [10]. COI PCRs were carried out in a 25 µL reaction volume consisting of nuclease-free
water, 1 X Immolase PCR buffer, 1.5 mM MgCl2, 0.8 mM dNTP mix, 0.05 mg/mL BSA, 0.24
µM primer, 0.5 u Immolase DNA polymerase (Bioline; NSW, Australia) and approximately
0.5–2 ng of extracted DNA. The cycling conditions for COI were;
95 ◦C for 5 min, (95 ◦C for 45 s/48 ◦C annealing for 45 s/72 ◦C for 60 s) × 39 cycles,
with a final extension at 72 ◦C for 10 min. Due to the presence of multiple products
in the COI amplicons, the PCRs were repeated with short species-specific primers de-
signed in Geneious (ver. 10.4.1; see https://www.geneious.com, accessed on 7 May 2023),
5′-CTTCATTAGTAGATGTAGGAGTGGG-3′ (M1764) and 5′-CCTCCTGCAGGGTCAAAA
A-3′ (M1765) as above, but with an annealing temperature of 50 ◦C. ITS PCR conditions
were 94 ◦C 9 min, (94 ◦C 45 s, 68 ◦C 45 s, 72 ◦C for 60 s) × 6 cycles with 1 ◦C negative
increments (94 ◦C 45 s, 62 ◦C 45 s, 72 ◦C for 60 s) × 35 cycles, 72 ◦C for 10 min using
the enzyme Amplitaq Gold (ThermoFisher Scientific). Product purification and Big Dye
Terminator sequencing were carried out at AGRF Adelaide. The resulting sequence files
were aligned in Geneious to produce a 287 bp COI and a 683 bp ITS alignment. GenBank
accession numbers for all sequences are presented in Table S1. Maximum likelihood trees
based on the COI and ITS alignments were generated in Geneious using RAxML (ver.
8.2.11, see https://github.com/stamatak/standard-RAxML, accessed on 7 May 2023; [45])
with rapid bootstrapping and the best-scoring tree was searched for under the GTR + G
model of evolution [46], with 1000 bootstrap replicates. Phylogenetic trees were visualised
in the R software (ggtree package [47]) and trees were rooted on the western clade to aid
the comparison between COI and ITS.

3. Results
3.1. SNP Data

The Moggridgea rainbowi RAD-seq dataset consisted of 539,976,913 reads (55 Gb of
data). After cleaning in Stacks, 5.5% were trimmed for adapter sequence; 0.1% of reads had
no barcode and were removed; 0.1% were low quality and were removed; and 0.8% were
dropped as the RAD cutsite was not found. This left 496,192,005 cleaned reads (91.9% of
the raw data), which were de-muliplexed into individual samples. The number of reads
per sample varied considerably over the dataset, from 25,872 to 23,702,407, with a mean of
6,361,436 reads per sample, potentially reflecting variability in the quality of the samples.

http://www.iqtree.org/
https://www.geneious.com
https://github.com/stamatak/standard-RAxML
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However, there was no evidence for the different locations having major differences in
sequencing success per sample, other than the region with the most samples (Pen) having
a lower average number of reads (Figure S1a). The proportion of reads remaining after
cleaning was plotted for each sample and most samples retained over 80% of their reads
(Figure S1b). Three replicates were removed from further analyses, as they had less than
20% reads remaining after the process_radtags step (Figure S1b). All three samples had a
duplicate sample remaining for the SNP calling.

Thirteen duplicate samples, which were technical replicates and had an average
read coverage of ≥10 reads, were compared for SNP calls, with genotyping error rates
measured as the proportion of SNP mismatches between replicate pairs. For the 26 samples,
81,856 binary SNPs were output from Stacks with 1.33% missing data. Further filtering in
dartR to leave no missing data retained 53,612 SNPs for comparing error rates. Genotyping
error rate ranged from 0.3% to 1.4%, with an average of 0.6%. A Neighbour-Joining tree
of these samples showed each duplicate grouping together, giving confidence in the SNP
calling parameters (M = 3, n = 3) used in the Stacks pipeline (Figure S2).

The best coverage samples from each replicate gave 25,999 binary SNPs when called in
Stacks (5.31% missing data); however, four samples were removed after an examination of
the amount of missing data in dartR smearplots (jm0099, jm0107C_2, jm0107D, jm0107E_2;
all from Penneshaw; Figure S3). The final data matrix consisted of 28 individuals genotyped
for 2495 loci and had no missing data (eight samples from Baudin CP and Penneshaw (Pen);
five from Chapman River (CR); six from Cape Forbin, Cape Cassini and Cape Torrens WPA
(west); and nine from American River (AR)).

3.2. Population Genetic Clustering

In the PCoA analysis (Figure 2), three major clusters were found that correspond to
samples from the west of the island, samples from the American River, and samples from
Baudin CP, Penneshaw and the Chapman River clustering together (Pen and CR). The
single sample from Cape Cassini (purple) is separated from the other western samples by
PCA Axis 1, which explains 44.5% of the variation in the data, and clearly separates the
western and eastern sides of the island, matching to longitude as illustrated on the map
insert. The second PCA Axis explains a further 23.7% of the variation, and separates the
American River samples from the other eastern KI samples.

Discriminate Analysis of Principle Components (DAPC) additionally returned three
clusters based on two linear discriminants, and the sequential k-means clustering also
estimated three distinct clusters as a prior for the DAPC (Figure S4). These clusters rep-
resent the same groupings as the PCoA; Cluster 1 contains the samples from Baudin CP,
Penneshaw and Chapman River; Cluster 2 has the American River samples and Cluster 3
contains the samples from west.

Analyses with STRUCTURE unambiguously chose three populations in the data
(Figure 3a,b). Plots of assignment to K = 3 (Figure 3b) showed the single sample from
Cape Cassini (jm0115, west) as admixed between the western and two eastern populations;
however, it may also be representative of a distinct population. Chapman River and
Penneshaw/Baudin CP samples clustered together in a single population, American River
samples remained distinct, and Cape Torrens WPA and Cape Forbin samples formed the
western cluster (Figure 3b).

Further hierarchical analyses examining the eastern KI samples as a separate group
(22 genotypes, 1475 polymorphic SNPs) identified four populations as the level of genetic
sub-structuring (Figure 3c). However, the STRUCTURE plot showed only three major
clusters (Figure 3d). American River samples were distinct and Chapman River sam-
ples showed evidence of admixture with genetic material from Penneshaw/Baudin CP
(Figure 3d). The gene flow appears to be largely from Penneshaw/Baudin CP into the
Chapman River population (Figure 3d). The fourth population, shown in light green, was
a very minor component of individuals from Chapman River/Penneshaw/Baudin CP and
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one individual from American River, and possibly represents a population that has not yet
been sampled in our study (Figure 3d).
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Figure 2. Principle coordinates analysis (PCoA) with Moggridgea rainbowi samples coloured by
location; east: Pen (Baudin CP and Penneshaw) in blue; CR (Chapman River) in green; and AR
(American River) in red; west: (Cape Forbin, Cape Cassini and Cape Torrens WPA) in purple. Dashed
line on map insert indicates the approximate location of the isthmus between the Dudley Peninsula
and the rest of KI.

3.3. Fixed Allelic Difference Analysis

All the population genetic structure analyses pointed to three distinct populations in
the data: west; American River; and Penneshaw/Baudin CP /Chapman River, all located
on the Dudley Peninsula (Figure 2). The presence of fixed allelic differences was examined
between these three groupings, which occurs when one population is homozygous for allele
1 and the second population is homozygous for an alternate allele, as there were no missing
data in the final dataset. There were 16% fixed differences between the west and American
River; 10% fixed differences between the west and Penneshaw/Baudin CP/Chapman
River; and 5% fixed differences between Penneshaw/Baudin CP/Chapman River and
American River (Figure 3e). All comparisons were significantly different by simulation,
which estimated the expected false-positive rate in pairwise comparisons (p < 0.001). If
Penneshaw/Baudin CP and Chapman River samples were separated and compared, no
fixed allelic differences were found, suggesting that gene flow likely occurred between
these two localities.
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Figure 3. (a) STRUCTURE clustering of the M. rainbowi samples; plot of the change in the second
order of likelihood, ∆K from the STRUCTURE results for each value of K (horizontal axis); (b) results
of the STRUCTURE analysis for K = 3; east: Pen (Baudin CP and Penneshaw); CR (Chapman River);
and AR (American River); west: Cape Forbin, Cape Cassini and Cape Torrens WPA. Each column
represents a single individual’s estimated membership coefficients for each cluster; (c) STRUCTURE
clustering of the eastern Kangaroo Island Moggridgea rainbowi samples; plot of the change in the
second order of likelihood, ∆K from the STRUCTURE results; (d) results of the STRUCTURE analysis
for K = 4; Pen (Baudin CP and Penneshaw); CR (Chapman River); and AR (American River). Each
column represents a single individual’s estimated membership coefficients for each cluster. Colors
represent distinct populations; (e) heatmap of allelic fixed differences between Moggridgea rainbowi
populations: Chapman River/Penneshaw/Baudin CP (CR/Pen), American River (AR), and west;
with IQ tree from the SNP data. Colors in the pairwise population comparisons reflect the number of
fixed allelic differences among the populations based on the color key in the top left hand corner.
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3.4. Phylogenetic Analyses of COI and ITS Sequences

Sequencing a short species-specific fragment of COI enabled a COI dataset (assumption
maternally inherited, non-recombining) to be produced for contrast with the bi-parentally
inherited nuclear data for representatives from all localities except Cape Forbin (west),
where the sequences were still from multiple mitochondrial PCR products. Maximi-
mum Likelihood analyses of the COI and ITS sequences gave differing phylogenetic trees
(Figures 4a and S5). The COI (287 bp) tree showed recriprocal monophyly for the four
different regions, although bootstrap support for the groups was low (Figure 4a). The
ITS tree showed separate eastern and western monophyletic groups (BS support 100%),
with the exception of the sample from Cape Cassini (jm0115), which showed a distinct ITS
haplotype that grouped with the eastern samples (Figure S5). A common ITS haplotype
was also found in several individuals from each of the three eastern locations.
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Figure 4. Comparison of phylogenetic trees. (a) Maximum likelihood tree from the mitochondrial
cytochrome c oxidase subunit 1 (COI) sequence dataset. Bootstrap proportions (>75%) for each
node are shown. (b) Maximum likelihood tree topology from the SNP dataset generated in IQ-tree.
Ultrafast Bootstrap proportions (>75%) for each node are shown. Sampling locations depicted as
coloured circles at the tips are east: Pen (Baudin CP and Penneshaw) in blue; CR (Chapman River) in
green; and AR (American River) in red; west: (Cape Forbin, Cape Cassini and Cape Torrens WPA) in
purple. Cape Cassini sample is labelled in bold.

Phylogenetic analysis of the SNP dataset grouped the samples according to the four
regions, giving a similar tree topology to the mitochondrial analysis with better support
values, except for the position of the Cape Cassini sample (Figures S5 and S6).
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4. Discussion

In this study, we provided evidence of strong population genetic structuring for the
endangered KI micro-trapdoor spider, M. rainbowi and delineated the distribution of ESUs
across KI. We found strong support from analyses of both nuclear and mitochondrial
markers for three distinct ESUs for M. rainbowi under genetic criteria proposed by Fraser
and Bernatchez [21] and Moritz [23]. The ESUs occurred at American River, the Dudley
Peninsula (both situated on eastern KI and separated by around 15 km, measured as a direct
line), and western KI. The single sample from Cape Cassini, which is located in the mid-
north of the island, ca. halfway between the western and the eastern populations, showed
genetic differentiation from both the western KI population and the eastern populations,
with Maximum Likelihood analyses of COI and SNP data grouping the Cape Cassini
sample with the western population (Figure 4). However, further research involving more
samples is needed to determine whether Cape Cassini represents an additional ESU.

In addition to the population differentiation, the presence of fixed allelic differences
between American River and Dudley Peninsula, between American River and Western
KI, and between Dudley Peninsula and Western KI populations indicate a level of genetic
isolation, most likely resulting from the long-standing geographic isolation between these
populations. We also cannot rule out the possibility that the populations are reproductively
isolated, although there is evidence of an ITS haplotype being shared by the two eastern
populations, which is likely a result of the incomplete lineage sorting for this marker.
Moggridgea rainbowi diverged from its closest known congener in South Africa, and likely
arrived on KI between 2.72 and 16.02 MYA [13]. It was possibly more widespread in the
region during wet periods on the Australian continent, such as in the early Pliocene, and
populations may have subsequently been restricted to wet creek systems following the
aridification of the Australian continent during the late Pliocene and Pleistocene [48,49].
Sea-level changes in the Quaternary (2.58 MYA to present) resulted in KI intermittently
being a part of the mainland during low sea stands in glacial periods, with the most recent
glacial maximum low stand occurring around 20,000 years ago [50,51]. KI currently occurs
as a single island and during high sea stands in interglacial periods [52] it has also existed
as two or more islands, with a potential point of separation being the isthmus connecting
the Dudley Peninsula with the rest of the island [53,54] (approximate location illustrated in
Figure 2). It is plausible that isolation events occurred during periods when the Dudley
Peninsula was divided from the rest of KI, separating this population from the remainder
of the island and the combination of low vagility and a typically sedentary nature restricted
gene flow during times that KI existed as one island. Separation among populations in
this region of KI is also evident in the grasshopper Vandiemenella viatica (Erichson, 1842),
which has chromosomally and genetically distinct populations in the Dudley Peninsula
and American River regions, respectively, with a hybrid zone at the boundary of the two
regions that led to restricted gene flow [55–57].

Our findings of isolated populations with a lack of gene flow between them, plus
strong population structuring, indicates that the dispersal of individuals is highly restricted,
matching what is known of other migid species in Australia and internationally [2,8]. The
high population structure for M. rainbowi supports the findings of Harrison et al. [13] and
is consistent with patterns detected in other migid genera, where population structure was
shown to be a result of cryptic species occupying geographically close, discrete, and highly
localized distributions [2,4,10]. For example, several species in the genus Bertmainius are
highly endemic within wet creek systems near the summit of mountains in the Stirling
Range in Western Australia, separated by dry valleys that restrict gene flow [2,10]. Such
populations are likely to be at high risk from stochastic or anthropogenic local extinction
events and there is substantial risk that post-threat recolonization or population recovery is
slower than the extirpation rate [58]. The interpretation of conservation risk and subsequent
conservation management strategies can vary depending on the level of biodiversity under
consideration. For example, strategies to protect biodiversity may be different when
targeted at the species level, rather than at the genetic level. This becomes especially
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important in the face of regional large-scale threat events, such as the 2019–2020 fires,
where disjunct populations may face distinct conservation challenges, requiring a tailored
approach to developing conservation strategies. In M. rainbowi, much of the distributional
extent of the western ESU was impacted by a high-severity fire in 2019–2020, causing
substantial population declines, and the ESU is now facing an imperiled future [9]. The
American River and Dudley Peninsula ESUs, whilst not fire-impacted, face ongoing threats,
including land clearance, the erosion of creek banks, changes in hydrology, fire, climate
change, and invasion of the exotic ground clumping Weed of National Significance Bridal
Creeper, Asparagus asparagoides [17]. Management of the individual populations needs to be
tailored accordingly and, as such, the findings from this study raise important conservation
considerations for M. rainbowi in relation to the resilience of the ESUs to threats, their ability
to recover, and the conservation strategies needed to protect them.

The accurate delineation of species or ESUs is critical for assessments of biodiversity
and subsequent conservation planning [26–28]; however, whether the ESUs identified
in this study represent one or more separate species, or whether they are a result of
structuring within M. rainbowi, requires further research. Currently, males are only known
from the American River ESU, and an integrative approach, combining a detailed analysis
of male morphology from each of the ESUs, plus ecological and molecular data, is required
to determine the taxonomic status of the populations. This case study illustrates how
the utilization of population genetic data allows for the identification of conservation-
significant biodiversity units, irrespective of taxonomic status. Taxonomy plays a vital
role in the delineation of species and their distribution [59,60]; however, two thirds of
Australia’s estimated 320,000 invertebrate species are undescribed [61], and the taxonomic
impediments, (the ‘Linnean shortfall’) caused by the large number of undescribed species
and a limited workforce [62,63] mean that taxonomic revisions can take substantial time.
While not replacing taxonomy, the evaluation of the genetic population structure of taxa that
are likely at risk (for example, short-range endemic taxa and those substantially impacted
by threat events) provides a mechanism for the rapid assessment of conservation risk for
biodiversity units that otherwise could not be assessed.

The use of an integrative approach to conservation planning, which includes the
consideration of population structure, is important to identify and preserve biodiversity
across multiple levels (gene, population, species) [29] and to tailor conservation planning
to the needs of distinct structural units. The occurrence of large-scale threat events, such as
the 2019–2020 Australian wildfires, plus predictions of increasing severity and frequency
of events due to climate change [64–66], highlights the need for a deeper consideration
of population genetic structure in the development of conservation strategies in order
to prevent an irreversible loss of genetic diversity. We demonstrate the application of
population genomic data to reveal cryptic diversity within a threatened species of spider,
identify relevant conservation units and inform conservation management.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15070827/s1. Table S1. Genbank accession numbers for Mog-
gridgea rainbowi sequences and RAD-seq tags (SNP). Mitochondrial cytochrome c oxidase subunit 1
(COI); ribosomal Internal Transcribed Spacer gene (ITS). Figure S1. Number of reads per sample after
cleaning in Stacks: (a) Spread of number of retained reads coloured by location; east: Pen (Baudin
Conservation Park and Penneshaw) in blue; CR (Chapman River) in green; and AR (American River)
in red; west: (Cape Forbin, Cape Cassini and Cape Torrens Wilderness Protection Area) in purple.
(b) Proportion of retained reads for each sample. The mean value for all the samples is shown as a red
dotted line. Figure S2. Unrooted Neighbour Joining tree of SNP data from the duplicate Moggridgea
rainbowi samples that passed the read coverage filter. Coloured circles at the tips represent sample
location: West (Cape Forbin, Cape Torrens Wilderness Protection Area) in purple, American River
in red; Pen (Baudin Conservation Park and Penneshaw) in blue; and Chapman River in green. The
number 2 after the sample name denotes the duplicate. Figure S3. Smearplot of the genotypes of
the Moggridgea rainbowi samples coded as 0 (homozygous reference state 1), 1 (heterozygous) and
2 (homozygous for the alternate state). Missing data are coloured white. Figure S4. Discriminate
Analysis of Principle Components (DAPC) for Moggridgea rainbowi samples (a) Value of Bayesian
Information Criterion (BIC) vs number of clusters from the k-means clustering; (b) Plot of population
membership before and after DAPC; colors represent membership probabilities (red = 1, white = 0)
and blue crosses represent the prior cluster. Figure S5. Maximum likelihood tree from the ribosomal
Internal Transcribed Spacer gene (ITS) sequence dataset. Bootstrap proportions (>75%) for each node
are shown. Figure S6. Unrooted Neighbour Joining tree of the Moggridgea rainbowi SNP dataset.
Coloured circles at the tips represent sample location; West (Cape Forbin, Cape Torrens Wilderness
Protection Area, Cape Cassini) in purple, American River in red; Pen (Baudin Conservation Park and
Penneshaw) in blue; and Chapman River in green.
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