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1  | INTRODUC TION

The shallow parts of the ocean constitute only 9% of the ocean sur-
face (Harris et al., 2014) but harbour a disproportionately rich biodi-
versity (Costello & Chaudhary, 2017). Much of the continental shelf, 
the belt of shallow (100–200 m depth) and gradually sloping seabed 
that surrounds continents, has only become marine habitat since the 
last ice age (Hewitt, 2000; Provan & Bennett, 2008). Just 21,000–
19,000 years ago during the Last Glacial Maximum (LGM), sea levels 

were 120–130  m lower than today (Lambeck & Chappell,  2001; 
Yokoyama et al., 2000). The lowered shore was moved to the outer 
continental shelf or onto the steep continental slope, which reduced 
shallow habitat by up to 92% (Ludt & Rocha,  2015) and often re-
stricted coastal populations to small and isolated refugia (Bowen 
et al., 2016; Dolby et al., 2016; Maggs et al., 2008). After the LGM, 
sea level rose rapidly (Hanebuth et  al.,  2000) and populations ex-
panded out of refugia and mixed on the newly inundated shelf 
(Crandall et al., 2012; Dolby et al., 2016, 2018; Jenkins et al., 2018). 
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Abstract
During the Last Glacial Maximum (LGM), global sea levels were 120–130 m lower 
than today, resulting in the emergence of most continental shelves and extirpation of 
subtidal organisms from these areas. During the interglacial periods, rapid inundation 
of shelf regions created a dynamic environment for coastal organisms, such as the 
charismatic leafy seadragon (Phycodurus eques, Syngnathidae), a brooder with low 
dispersal ability inhabiting kelp beds in temperate Australia. Reconstructions of the 
palaeoshoreline revealed that the increase of shallow areas since the LGM was not 
uniform across the species' range and we investigated the effects of these asym-
metries on genetic diversity and structuring. Using targeted capture of 857 variable 
ultraconserved elements (UCEs, 2,845 single nucleotide polymorphisms) in 68 in-
dividuals, we found that the regionally different shelf topographies were paralleled 
by contrasting population genetic patterns. In the west, populations may not have 
persisted through sea-level lows because shallow seabed was very limited. Shallow 
genetic structure, weak expansion signals and a westward cline in genetic diversity 
indicate a postglacial recolonization of the western part of the range from a more 
eastern location following sea-level rise. In the east, shallow seabed persisted during 
the LGM and increased considerably after the flooding of large bays, which resulted 
in strong demographic expansions, deeper genetic structure and higher genetic di-
versity. This study suggests that postglacial flooding with rising sea levels produced 
locally variable signatures in colonizing populations.
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Continental shelf populations have therefore experienced signifi-
cant changes to their environment since the LGM.

Shallow shelf areas did not increase consistently after the 
LGM but trajectories of increase differed between coasts (Dolby 
et al., 2020; Holland, 2012). The topography of the continental shelf 
played a particular role here. Narrow shelves sustained only small 
habitable areas, at both sea-level lows and highs, while wide mar-
gins often experienced strong gains in shallow areas after the LGM 
(Dolby et al., 2018, 2020). The finding that narrow shelves have a 
higher diversity of fish species than wide margins (Dolby et al., 2020) 
implies that different evolutionary forces impacted populations de-
pending on the topography of the coastal segment they inhabit.

When investigating the potential impacts of sea-level change 
and shelf topography on marine communities, other structuring fac-
tors have to be considered. Water temperature is one of the main 
factors impacting organismal distributions (Bowen et al., 2016) and 
temperature gradients are often steep along north–south-facing 
coasts. Temperature may be less significantly structuring the south-
ern Australian coast, the world's longest east–west-facing coastline 
spanning ~35° of longitude. Particularly, the western and central re-
gions of the south coast have similar mean sea surface temperatures 
of 16–18°C (http://www.bom.gov.au/cgi-bin/clima​te/chang​e/avera​
gemaps.cgi?map=sst&seaso​n=0112), which are fed by the west-
to-east flowing Leeuwin Current. Given this relative temperature 
stability, putative signatures caused by sea-level change in different 
coastal segments could be detected more easily than in other parts 
of the world.

The continental shelves of the western and central regions of 
Australia's south coast differ in their topography, which impacts 
the amount of available shallow seabed today and the magnitude of 
environmental change since the LGM (Figure 1). The central region 
encompasses South Australia's three large shallow bays: Spencer 
Gulf (20,000 km2), Gulf St Vincent (6,800 km2) and Lacepede Shelf 
(30,000 km2) (Murray-Wallace, 2014). These bays were dry during 
the LGM and the shoreline was up to 450  km offshore (Roberts 
et al., 2020; Williams et al., 2018). West of the central bays lies the 
Great Australian Bight (GAB), also with a broad continental shelf. 
These wide shelves differ from the narrow continental shelf of the 
western part of the south coast, which descends quickly onto the 
steep continental slope (Heap & Harris, 2008). In the western areas, 
the coastline moved only a few kilometers inland when sea level 
rose (Williams et al., 2018). These different trajectories of postgla-
cial flooding on the wide central and the narrow western shelves 
may have impacted connectivity and demography of the many 
species inhabiting these shallow areas. The temperate Australian 
coast supports an extensive shallow-water system of kelp beds, the 
Great Southern Reef (Bennett et al., 2016), with an unusually rich 
seaweed community (Bolton, 1994; Kerswell, 2006) and high ende-
micity of the associated species (Shepherd & Edgar,  2013). These 
species probably traced their preferred shallow sunlit bottoms when 
sea levels rose after the LGM and experienced different postglacial 
histories depending on their location on the coast. On the narrow 
western margin, populations are expected to be more differentiated 

due to greater patchiness of habitat (Dolby et  al.,  2020) than on 
wide margins such as the central bays. On the other hand, because 
the extent of habitat remained relatively stable on narrow shelves 
(Dolby et al., 2020), demographic changes may be less pronounced 
compared to populations on wide margins, which have gained large 
amounts of habitat.

Here, we investigate population structuring and demographic 
changes in an iconic endemic fish in relation to regional changes in 
shallow seabed availability since the LGM. Leafy seadragons—Phy-
codurus eques (Günther, 1865), Syngnathidae—are adapted to hide 
and hunt in shallow-water kelp with camouflaging dermal outgrowths 
(Kuiter,  2000). Leafy seadragons range from Cape Leeuwin in the 
southwestern region of the Great Southern Reef, over the largely 
inaccessible GAB, to Goolwa in South Australia (https://www.inatu​
ralist.org/taxa/49105​-Phyco​durus​-eques), although the distribution 
may have been historically wider (Figure  2a) (Baker,  2002, 2005, 
2009). Because leafy seadragons are brooders, are slow swim-
mers and have high site fidelity (Connolly et  al.,  2002; Connolly 
et  al.,  2002), signals of isolation and expansion can be expected 
to persist for longer in their genomes than in dispersive species in 
which historical signatures are more readily homogenized by gene 
flow and introgression (Epps & Keyghobadi, 2015). Consistent with 
the presumed low dispersal of leafy seadragons, a previous study 
using microsatellites and mitochondrial DNA found strong differen-
tiation across the range (Stiller et al., 2017). That study also found 
evidence of demographic expansion in the central bays, which is in 
line with the postglacial recolonization of these bays, but the rel-
atively low resolution of the seven microsatellites prevented more 
fine-scale investigations in this part of the coast (Stiller et al., 2017). 
In the western part of the range, population genetic patterns are 
largely unknown because previous sampling included only a few 
individuals.

In this study, we extended sampling and collected genomic 
data using targeted enrichment of ultraconserved elements (UCEs; 
Faircloth et al., 2012, 2013; Smith et al., 2014). To understand the 
geological setting in which leafy seadragon populations occur, we 
first characterize the shelf topography in the central and western 
part of the Great Southern Reef and reconstruct the increase in shal-
low seabed since the LGM. We find that the local differences in shelf 
topography are paralleled by opposite patterns of genetic diversity 
and population structuring, suggesting that sea-level change may 
have produced different population genetic responses in the west-
ern and central parts of the coast.

2  | MATERIAL S AND METHODS

2.1 | Current bathymetry and palaeobathymetry

To compare the distribution of shallow seabed available today and 
during the LGM across the leafy seadragon's range, we used func-
tions of the R package marmap (Pante & Simon-Bouhet, 2013). We 
used the function getBathy to obtain a contemporary bathymetric 

http://www.bom.gov.au/cgi-bin/climate/change/averagemaps.cgi?map=sst&season=0112
http://www.bom.gov.au/cgi-bin/climate/change/averagemaps.cgi?map=sst&season=0112
https://www.inaturalist.org/taxa/49105-Phycodurus-eques
https://www.inaturalist.org/taxa/49105-Phycodurus-eques
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map at a 1-min resolution from the ETOPO1 database on the NOAA 
server (Amante & Eakins, 2009). The area of shallow seabed that lies 
between 0 and −50 m in the study region (116–140°W, Figure 2a) 
was calculated with the getArea function. The lower depth bound 
was motivated by the local maximum depth of the habitat-forming 
kelp Ecklonia radiata (Marzinelli et al., 2015). Leafy seadragons often 

inhabit this kelp but usually at shallower depths (<40 m; Baker, 2009; 
Kuiter,  2000), making  −50  m a conservative depth boundary. The 
area estimate is not an attempt to quantify seadragon habitat, for 
which we are missing sufficient information on the distribution of 
habitat-forming vegetation, wave exposure and sediment type. The 
estimate for the shallow areas during the LGM was obtained by 

F I G U R E  1   Comparison of the southern Australian coast today and during the Last Glacial Maximum (LGM, ~21,000–19,000 years ago). 
(a) The current shoreline of southern Australia. Within the range of leafy seadragons (P. eques), areas of the seafloor that are <50 m deep are 
highlighted in colours for each 2° longitude. (b) Reconstruction of the shore at the LGM when sea levels were 120 m lower. Subdivision of 
the coast as in (a). Much of the continental shelf was exposed, reducing the amount of shallow areas. (c–e) Area of available shallow water 
with varying sea levels from today (0 m) to the LGM (−120 m). Colouring as in (a) for each 2° longitude in: (c) the western part of the south 
coast, (d) the Great Australian Bight (GAB) and (e) the large bays of the central coast. (f) Cross-section through an area of narrow continental 
shelf in the western part (transect A) and through an area of a wide continental shelf in one of the central bays (transect B). The locations 
of the transects are indicated in (a) and (b). Transects are drawn from the shore to the continental slope, with current sea levels in light blue 
and LGM sea levels in dark blue. The transects have the same scale, showing the greater extent of shallow areas in the central bays
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lowering the sea level to −120 m (Lewis et al., 2013) and calculat-
ing bottom area over 50 m depth from the adjusted sea level (i.e., 
−120 to −170 m below today). To reconstruct the trajectory of area 
increase with sea-level rise for different coastal segments, we di-
vided the study region into blocks of 2° of longitude (~180  km, 
Figure 1a,b). In each block, we increased sea level from −120 to 0 m 
in increments of 1 m and calculated the shallow bottom area over 
50 m depth from the adjusted sea level. Using vertical increments of 
10 m gave similar trajectories (Figure S1). To gain estimates of con-
temporary and LGM shallow bottom area specifically around sam-
pling sites, we performed the same calculations for blocks of 2° of 
longitude centred around sampling sites (Figure S2). To visualize the 
different shelf topography of the western part and the central bays, 
transects from representative sampling sites (Bremer Bay, Spencer 
Gulf) were drawn from shore out to −600 m on the continental slope 
using marmap's get.transect and plotProfile functions.

2.2 | Sampling and permits

Tissue samples from 68 leafy seadragons were sourced from wild or 
museum specimens (Figure 2a; Table S1). Sampling included 39 of 71 
individuals previously sequenced for mitochondrial DNA and micro-
satellites (Stiller et  al., 2017), which had DNA concentrations suit-
able for library preparation. Ethics approval and collection permits 
for those tissue samples are given in Stiller et al., (2017). Newly ob-
tained samples came from a total of 29 individuals. New tissue clips 
were collected from 21 individuals in Western Australia under ex-
emption from the Fish Resources Management Act 1994, Exemption 
Number 2,726, Department of Fisheries, Western Australia. One 
sample was obtained from a mortality at the Aquarium of the Pacific, 
Long Beach, which was the offspring of a brooding male wild-caught 
in Hellfire Bay, Western Australia. Additional tissues were sourced 
from the Western Australian Museum, Perth (N = 5) and the South 
Australian Museum, Adelaide (N = 2).

We refer to a locality as a sampled geographical site, and to a 
population as a group of individuals that were sampled near the same 
locality and were distinguishable by differing allele frequencies (FST). 
Localities with only a single individual were grouped with adjacent 
sites after initial analyses and considering previous findings (Stiller 
et  al.,  2017). Populations were subsequently defined as Peaceful 

Bay/Albany (N = 3), Bremer Bay (N = 21), Hopetoun (N = 3), Cape Le 
Grand (Lucky Bay, Hellfire Bay, N = 12), Spencer Gulf west (Coffin 
Bay, Tumby Bay, Reevesby Island, N = 3), Spencer Gulf east (stations 
BC28, WD6, N = 4), Wool Bay in the western Gulf St Vincent (N = 8), 
Gulf St Vincent east (Marino Rocks, Carrickalinga, Rapid Bay, N = 8) 
and Encounter Bay on the Lacepede Shelf (N = 6) (Figure 2a).

2.3 | DNA extraction, library preparation and 
targeted capture of UCEs

DNA was extracted from dermal or muscle tissue (dried or stored in 
ethanol) using the DNeasy Blood & Tissue kit (Qiagen). We quanti-
fied DNA using a Qubit fluorometer (Life Technologies). DNA was 
sheared by sonication with a Bioruptor Standard (Diagenode) into 
fragments of an average size of 400–700 bp. Genomic DNA libraries 
were prepared using a commercial kit following the manufacturer's 
instructions (KAPA Biosystems LTP Library Preparation Kit or KAPA 
Hyper Prep Kit) with an input of 60–1,200 ng DNA. We used an SPRI 
beads substitute (Rohland & Reich, 2012) for clean-up steps. Each in-
dividual was "barcoded" with single (Faircloth & Glenn, 2012) or dual 
sequence tags (Glenn et  al.,  2019). Following adapter ligation, we 
amplified libraries using the manufacturer's recommended thermal 
profile and 8–16 PCR (polymerase chain reaction) cycles depending 
on the input concentration. Reactions were cleaned with SPRI beads 
and reconstituted in 33 µl double-distilled H2O (ddH2O). Individual 
libraries were quantified using Qubit, and libraries from eight indi-
vidually barcoded samples were pooled at equimolar ratios (62.5 ng 
each) for target enrichment (500 ng total).

To collect orthologous, putatively unlinked, conserved loci across 
the nuclear genomes of leafy seadragons, we performed target en-
richment of 1,314 UCEs (Alfaro et al., 2018; Faircloth et al., 2013). 
Although some UCEs can be found in coding regions (White & 
Braun, 2019), the majority are intergenic and noncoding (Faircloth 
et al., 2012; McCormack et al., 2012), and the design of enrichment 
baits (Alfaro et al., 2018) attempts to ensure loci are also indepen-
dent. To enrich UCEs, we used a commercially synthesized RNA tar-
get capture array (UCE Acanthomorph 1Kv1, MyBaits, MYcroarray, 
Inc.) and followed the manufacturer's target enrichment protocol 
(versions 2 and 3). For hybridization to the synthetic RNA probes, 
genomic DNA was incubated with blocking agents as supplied 

F I G U R E  2   Sampling and population structure of leafy seadragons (P. eques). (a) Map of Australia showing the species' range in purple, 
lighter coloured areas representing the range based on historical records. Insets show sampling localities and sample sizes in the western 
part of the range in Western Australia and the central bays in South Australia. Between the western and eastern sample sites lies a largely 
inaccessible coast. The dotted line across Yorke Peninsula indicates the location of a marine strait at Peesey Swamp that opened during 
sea-level highstands. (b) Principal component analysis (PCA) based on the 100% complete data set (224 SNPs) showing the first two PCs. 
Individuals are represented as dots, coloured by geographical origin but locality information was not used in the analysis. (c, d) Discriminant 
analysis of principal components (DAPC) based on the 100% complete data set (224 SNPs) for (c) K = 4 and (d) K = 5 clusters. Individuals 
are represented by dots, colored by membership to inferred clusters. (e) Individual genetic assignment as inferred by structure for K = 2 to 
K = 4 and lineage tree from svdquartets, based on 2,845 SNPs. In the tree, only nodes with >50% bootstrap support are annotated. In the 
structure plots, individuals are represented by bars, which are partitioned into K coloured segments showing individual ancestry coefficients. 
The outermost ring annotates sampling localities. The tree and structure admixture proportions were plotted using Anvi'o (Eren et al., 2015)
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by MYcroarray and with a custom block against the barcodes. 
Hybridization was performed in a thermocycler for 24 hr at 65°C. 
For post-hybridization washes, we followed MYcroarray's protocol 
but included a size selection using 1× SPRI beads to remove small 
fragments. The enriched DNA was eluted in 30 µl of nuclease-free 
H2O and amplified using KAPA HiFi HotStart Ready Mix following 
the recommended thermal profile and 16–18 PCR cycles. Reactions 
were cleaned using SPRI beads, reconstituted in 22 µl ddH2O, and 
quantified using Qubit prior to pooling for sequencing.

Samples were sequenced on the MiSeq (Illumina) platform, using 
one run with 500 cycle ( = 250 bp paired end [PE]) version 2 chemis-
try and four runs with 600 cycle ( = 300 bp PE) version 3 chemistry 
at the UCSD Stem Cell Genomics Core. We also used two partial 
lanes of the HiSeq2500 (Illumina) in Rapid Run mode generating 
100  bp PE data, and one partial lane of the HiSeq4000 (Illumina) 
generating 100 bp PE data at the UCSD IGM Genomics Center.

2.4 | Bioinformatic processing

Raw reads were cleaned from adapter contamination and low-qual-
ity bases with trimmomatic version 0.39 (Bolger et  al.,  2014) using 
illumiprocessor version 2.0.2 (Faircloth, 2013). We produced a refer-
ence assembly of UCE loci and their flanking regions for one indi-
vidual (WAM P.33854–001) using scripts implemented in phyluce 
version 1.5 (Faircloth, 2016). We assembled contigs with velvet ver-
sion 1.2.10 (Zerbino & Birney, 2008) with k-mers ranging from 25 to 
75 in increments of 10. Among these contigs, we selected the long-
est contig for each UCE locus as the reference. Sequence reads of 
each sample were mapped against the reference with bwa version 
0.7.17 mem (Li & Durbin, 2009) and processed with samtools version 
1.9 (Li et al., 2009). The following steps were performed with tools 
implemented in gatk version 4.1.4.0 (DePristo et al., 2011; McKenna 
et al., 2010). MarkDuplicates was used to filter PCR duplicates, read 
groups were added with AddOrReplaceReadGroups and BAM files 
from individuals that were sequenced on multiple sequence runs 
were combined with MergeSamFiles. Sequencing, mapping and dedu-
plication statistics for runs and samples are given in Tables S2 and S3. 
Single nucleotide polymorphisms (SNPs) for each sample were called 
with HaplotypeCaller in GVCF mode. Individual GVCF files were 
combined with combinegvcfs and genotyped using GenotypeGVCFs. 
Variants were filtered for quality using VariantFiltration (parameters 
in Supporting Information) and only biallelic SNPs were retained. 
vcftools version 0.1.17 (Danecek et al., 2011) was used to only include 
genotypes with ≥10× depth of coverage in each individual and with a 
minor allele frequency of ≥0.05, resulting in 2,845 SNPs. We also cre-
ated a data set without missing data with 224 SNPs.

2.5 | Assignment of individuals to genetic clusters

To investigate genetic affinities of individuals, we used principal 
component analysis (PCA) and discriminant analysis of principal 

components (DAPC) on the data set without missing data. PCA was 
run with the R package ade4 (Dray et al., 2007) and plotted using the 
first two PCs to summarize the overall variability among individuals. 
DAPC assigns individuals to a predefined number of K groups using 
all PCs and k-means clustering, maximizing differences between 
groups while ignoring variation within groups (Jombart et al., 2010). 
DAPC was performed with the R package adegenet (Jombart, 2008) 
in 100 replicates from K = 1 to K = 8. We then investigated the clus-
tering solutions with the lowest Bayesian Information Criterion (BIC), 
keeping the PCs that captured >80% of the cumulative variance.

To quantify admixture proportions of individuals, we used the 
Bayesian clustering method structure version 2.3.4 (Pritchard 
et al., 2000) using parallelstructure (Besnier & Glover, 2013) on the 
CIPRES ScienceGateway (Miller et al., 2010). Using the 2,845 SNPs 
data set, we tested K = 1 to K = 8 in five replicates using 500,000 
Markov chain Monte Carlo (MCMC) iterations, of which 100,000 
were discarded as burnin. Consensus clustering across replicate 
runs was generated on the clumpak server (Kopelman et al. 2015). 
Clustering solutions of all tested K were investigated, and we also re-
port the K chosen with the ΔK method (Evanno et al., 2005) and the 
plateau of the log likelihood (Pritchard et al., 2000) as determined 
using the StructureHarvester server (Earl & vonHoldt, 2012).

To estimate relationships among leafy seadragon individuals in a 
coalescent tree-based framework, a tree of all individuals was built 
with svdquartets (Chifman & Kubatko, 2014) in paup* version 4.0a166 
(Swafford, 2002). We used 2,845 SNPs to generate a lineage tree 
using 200,000 random quartets and 100 bootstrap replicates.

2.6 | Population genetic differentiation and 
spatial patterns

After delineation of populations through clustering and tree-based 
analyses, we investigated genetic differentiation using 2,845 SNPs 
to calculate FST and F′ST between populations. F′ST is standardized 
to the maximum possible value given the amount of diversity within 
the population to allow for better comparability between differ-
ent markers and organisms (Hedrick,  2005). We assessed statisti-
cal significance with 1,000 permutations in genodive version 3.01 
(Meirmans, 2020).

To investigate possible isolation by distance (IBD), pairwise FST 
between populations was correlated with geographical distances 
using a Mantel test. Because hierarchical population structure has 
been previously identified at least in the eastern part of the range 
(Stiller et  al.,  2017), we also employed a stratified Mantel test 
(Meirmans,  2012) permuting populations within the eastern and 
western clusters. Mantel tests were run in genodive with 1,000 per-
mutations to assess statistical significance. Geographical distances 
between sites were calculated as least-cost distances. By incorpo-
rating the additional distance a coastal organism has to travel around 
land and around uninhabitable deep water, least-cost distances give a 
more realistic representation of traversal distances than straight-line 
distances (Etherington, 2016). Pairwise distances were calculated on 
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the bathymetric grid with marmap's trans.mat and lc.cost functions, 
while restricting the path to depths between 0 m (avoiding land) and 
−50 m (avoiding deep waters, while allowing traversal 10 m below 
the maximum recorded depth of leafy seadragons). For populations 
with multiple localities, we selected one sampled site to represent 
the population (Table S4).

Because methods that explicitly incorporate geographical origins 
of individuals can sometimes discern more subtle population struc-
ture (Peter et al., 2019), we used eems (Petkova et al., 2016) to visu-
alize the spatial patterns of genetic structure. eems finds deviations 
from IBD and estimates local rates of effective migration and genetic 
diversity on a geographical grid. The grid was given as a polygon of 
the range of leafy seadragons outlined to the edge of the continental 
shelf (drawn with https://www.keene.edu/campu​s/maps/tool/). The 
polygon was split into 700 demes, which allowed sampling localities 
to reside in separate demes. We used 2,845 SNPs in two runs from 
different starting seeds, 5 million MCMC iterations, 1 million burnin 
and 9,999 thinning iterations. The runs were checked for conver-
gence and analyzed together with the R package reemsplots (Petkova 
et al., 2016).

2.7 | Characterization of genetic diversity

We calculated individual-level heterozygosity across the 2,845 SNPs 
using vcftools and divided the number of observed heterozygous 
sites by the number of genotyped SNPs. We calculated the observed 
(HO) and expected heterozygosity (HE) for each population in geno-
dive. To test whether geographical regions differed significantly in 
their genetic diversity, we compared HE and HO between the west-
ern and central bay groups with the OSx test statistic (Goudet, 1995) 
using 1,000 randomizations of the populations between groups. We 
tested for correlation of population-level HO with the increase in 
area of local shallow seabed since the LGM by fitting a linear model 
in R.

To investigate signals of expansion, we calculated Tajima's 
D using the R library pegas (Paradis,  2010). The 2,845 SNPs were 
placed onto the UCE reference assembly using bcftools version 1.9 
(Li, 2011), encoding missing genotypes as N and heterozygous sites 
as IUPAC ambiguity codes. We calculated Tajima's D for populations 
with more than three individuals, for all individuals of the eastern 
and the western clade, and across the entire data set.

2.8 | Tests of phylogeographical scenarios

To determine which historical scenarios were most compatible with 
observed genetic structuring, we used approximate Bayesian com-
putation in diyabc version 2.1.0 (Cornuet et al., 2014). We tested sim-
ple scenarios separately for the western and the central group with 
a focus on distinguishing between population splitting scenarios 
for which we had empirical or theoretical evidence. In the western 
group, we excluded two populations because of their low sample 

size (N = 3). For the better sampled Cape Le Grand and Bremer Bay 
populations, we tested a colonization from east to west (supported 
by the svdquartets tree), against colonization from west to east (the 
direction of the Leeuwin Current), against the same two models 
but with a reduced effective population size in the newly colonized 
population (supported by a cline in heterozygosity). In the central 
bays, we grouped samples from Spencer Gulf (N  =  9), which had 
relatively low genetic differentiation and were a clade in the lineage 
tree. We were specifically interested in inferring the directionality 
of the colonization of eastern Gulf St Vincent. We tested a stepwise 
colonization strictly from west to east (supported by the svdquartets 
tree), against a scenario where Encounter Bay gave rise to the more 
western Gulf St Vincent east (the opposite route for this population 
pair), against a model of instantaneous divergence.

For phylogeographical modeling, we selected one SNP from each 
of the 857 variable UCE loci that was genotyped across the highest 
number of samples. According to diyabc's requirements, we further 
excluded SNPs that were missing in all individuals of one of the pop-
ulations or that were monomorphic across the western or eastern 
cluster, resulting in 258 and 350 SNPs respectively (Table S5). After 
initial runs, summary statistics that were identified as unfitting by 
diyabc's model checking procedure (Cornuet et  al.,  2010) were re-
moved (Table S5). We used broad uniform priors on effective pop-
ulation sizes (10–500,000; 10–100,000 for bottlenecks) and on 
event timing, with an upper bound at the LGM (10–19,000  years; 
Table S6). Little is known about the life history of leafy seadragons; 
we assumed a generation time of 1 year, borrowing from estimates 
of the related common seadragon (11–16 months; Sanchez-Camara 
et  al.,  2005) and other syngnathids (Braga Goncalves et  al.,  2017; 
Curtis & Vincent, 2006). A total of 200,000 data sets were simulated 
for each scenario. Posterior probabilities of scenarios were calcu-
lated by logistic regression on the 1% of the simulations that were 
closest to the observed values and the posterior distribution of pa-
rameters was estimated for the best-supported scenario.

3  | RESULTS

3.1 | Availability of shallow seabed today and during 
the LGM

At current sea levels, the total area of shallow seabed within the 
upper 50  m along the southern coast of Australia (116–140°W) 
was estimated at 179,070  km2 (Figure  1a). During the LGM, 
when sea level was at −120 m, there was 85% less area with bot-
tom depths potentially suitable to establish seadragon habitat 
(26,643  km2, Figure  1b). The trajectories of flooding of shallow 
areas since the LGM was uneven in different parts of the southern 
coast (Figure 1c–e). We discuss neighbouring coastal sections of 
2° longitude in three groups based on similar trajectories, namely 
the west (116–122°W with four sections), GAB (124–132°W with 
five sections) and central bays (134–138°W with three sections). 
In the western sections, the trajectory of increase in shallow 

https://www.keene.edu/campus/maps/tool/
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seabed since the LGM was relatively flat (Figure 1c). During the 
LGM, shallow areas were very limited (229–1,154 km2 in each sec-
tion, total 2,027  km2), particularly in the westernmost sections 
(229–361 km2) while the area bordering the GAB retained more 
shallow seabed during the LGM (1,154 km2). This corresponds to 
a 90% reduction of shallow areas in the western region during the 
LGM compared to today (3,010–6,960 km2 in each section, total 
19,626 km2). In the GAB, gains in shallow seabed followed steeper 
trajectories (Figure 1d). During the LGM, large shallow stretches 
remained (1,603–6,204  km2 in each section, total 16,268  km2) 
and the extent of shallow seabed increased consistently until 
today (11,153–22,037  km2 in each section, total 79,561  km2).  
In the central part of the coast, shallow areas increased steeply 
after sea level rose past −50 m marking the flooding of the central 
bays (Figure 1e). Relatively large areas of shallow seabed existed 
during the LGM (2,251–3,682 km2, total 8,578 km2), but this was 
still 89% less than the shallow areas in existence today in the cen-
tral bays (19,639–36,539 km2, total 81,250 km2).

The relative change in shallow seabed area since the LGM 
was therefore similar across the coast but the absolute amount 
of habitat gained was much larger in the central parts and the 
GAB compared to the western regions. With respect to our leafy 
seadragon sampling, which does not cover the GAB, there is today 
about 314% more shallow seabed in the central coast compared 
to the west. This is despite the fact that the central coast, as de-
lineated here, spans 2° of longitude less than the western coast. 
The reasons for these regional differences lie in the topography 
of the coastal segments (Figure 1f). The narrow continental shelf 
of the western coast quickly tapers onto the continental slope, 
which limits the current area of shallow seabed. During the LGM, 
shallow areas were even more restricted because the shore was 
located on the steep continental slope. This stands in contrast to 
the central coast, where today's continental shelf is expansive due 
to its gradual slope. During the LGM, the shore was still located on 
the continental shelf, albeit with shallow areas being smaller than 
today (Figure 1f).

3.2 | Population genetic sequencing of UCEs

After quality and adapter trimming, each sample had on average 
2,705,473 reads (range 605,596–8,572,702; Table S3). A total of 
1,186 UCE loci were assembled for the reference with an aver-
age length of 928 bp (range 102–2,421 bp) and a total length of 
1,100,217 bp. On average, 48% of reads of each sample mapped 
to the reference loci (range 23%–73%). After SNP calling and 
variant filtration, a total of 2,845 SNPs were identified (mean 
coverage 32×), of which each sample had on average 48% of the 
SNPs genotyped (range 24%–92%; Table S3). In the data set with 
one SNP on each of the 857 variable UCEs (mean coverage 44×), 
each sample had on average 67% of the SNPs genotyped (range 
32%–96%).

3.3 | Assignment of leafy seadragon individuals to 
genetic clusters

PCA grouped the samples into three clusters (Figure 2b). The first 
two PCs explained 44% of the genetic variation and the remaining 
PCs accounted for <6% (Figure S3). The first PC separated samples 
from the western part of the range from samples of the central bays. 
The second PC separated samples within the central bays into a 
cluster of Wool Bay + Spencer Gulf and a cluster of Gulf St Vincent 
east + Encounter Bay. All individuals from localities in the western 
part of the range clustered tightly and separation of a particular geo-
graphical site was not possible.

DAPC indicated K = 4 groups (BIC = 208.46) but K = 5 produced 
a similar value (BIC  =  208.75; Figure  S4). We consider both solu-
tions here. At K = 4, two clusters were found in the west, compris-
ing Peaceful Bay/Albany  +  Bremer Bay and Hopetoun  +  Cape Le 
Grand, and two clusters in the central part of the coast, namely 
Wool Bay + Spencer Gulf and Gulf St Vincent east + Encounter Bay 
(Figure  2c). At K  =  5, additional structure emerged in the central 
bays, with Spencer Gulf and Wool Bay separating into different clus-
ters (Figure 2d).

Individual-based clustering with structure supported an optimal 
number of clusters at K = 2 with the ΔK method and at K = 4 where 
the log likelihood plateaued (Figure S5). We show the clustering solu-
tions in that range (Figure 2e, K = 5–8 in Figure S6). A single cluster 
K = 1 can be excluded because of a considerably worse log likelihood 
than for higher values. At K = 2, the samples separated between the 
western and the central coast (Figure 2e). Some individuals of the 
easternmost population of the western group (Cape Le Grand) and 
of the westernmost populations of the central coast (Spencer Gulf 
east and west) showed small proportions of admixture. At K = 3, ad-
ditional substructure was detected among the central bays, splitting 
into an eastern (Spencer Gulf + Wool Bay) and a western group (Gulf 
St Vincent east + Encounter Bay). At K = 4, further substructure was 
identified in the western group with an ancestry component added 
for samples from Cape Le Grand and Hopetoun. Some samples from 
Bremer Bay and Peaceful Bay/Albany also showed low proportions 
of this ancestry component.

The lineage tree from svdquartets was rooted on the split be-
tween the western and central coast groups, which was identified 
as the deepest genetic divergence by PCA, DAPC and structure. 
Bootstrap support of individual relationships from nearby local-
ities was low (<50%), as expected for individuals in genetic ex-
change, but populations in the central bays were mostly supported 
as clades with moderate bootstrap support (Figure  2e; branch 
lengths in Figure S7). In the central bays, individuals from Spencer 
Gulf formed a clade. Different from the clustering-based analyses, 
samples from the eastern and western part of Spencer Gulf were 
separated (bootstrap support = 66). Wool Bay individuals formed 
a clade as the sister group to samples from further east. Most 
samples from the eastern Gulf St Vincent formed a clade with the 
exception of the individual from Carrickalinga (code e033), which 
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was the sister group to a well-supported clade (bootstrap sup-
port = 100) of the remaining eastern Gulf St Vincent east samples 
and those from Encounter Bay. In contrast to this relatively strong 
structure in the central bays, most populations from the western 
coast were not supported as clades, with the Cape Le Grand pop-
ulation containing all other populations from further west, the 
individuals from Hopetoun interspersed among Cape Le Grand 
individuals, and the Bremer Bay group including Peaceful Bay and 
Albany individuals.

3.4 | Spatial genetic structure

Allele frequency differences were high and statistically significant 
between most populations (Table  1). Differentiation was highest 
between populations of the western and the central coast (maxi-
mum FST = 0.588, F′ST = 0.702, p < .001). In the western group, the 
geographically proximate populations of Peaceful Bay/Albany and 
Bremer Bay showed weak differentiation (FST = 0.040, F′ST = 0.036, 
p < .01), as did Hopetoun and Cape Le Grand (FST = 0.056, p < .01, 
F′ST = 0.051, p < .05). Peaceful Bay/Albany and Hopetoun were mod-
erately differentiated (FST = 0.141, F′ST = 0.157) but the comparisons 
were not significantly different, probably due to the low sample size 
(N = 3 each). In the central bays, samples from the western and the 
eastern part of Spencer Gulf had low differentiation (FST = 0.046, 
p < .05, F′ST = 0.054, not significant). Both populations were signifi-
cantly differentiated from Wool Bay in the western Gulf St Vincent, 
with samples from the eastern Spencer Gulf being less differenti-
ated (FST = 0.091, p <  .001, F′ST = 0.124, p <  .01) than those from 
the western Spencer Gulf (FST = 0.103, F′ST = 0.125, p < .01). Wool 
Bay was strongly differentiated from the neighbouring population 

in Gulf St Vincent east (FST = 0.192, F′ST = 0.255, p < .001) and the 
easternmost site Encounter Bay (FST = 0.166, p < .001, F′ST = 0.218, 
p <  .01). Gulf St Vincent east and Encounter Bay were moderately 
but significantly differentiated (FST = 0.085, F′ST = 0.104, p < .001).

There was a significant correlation between geographical least-
cost distances (Figure S8) and FST using both a standard Mantel test 
(Mantel's r = 0.966, p < .001) and a stratified Mantel test (Mantel's 
r  =  0.966, p  <  .05). Nonetheless, the spatial patterns differed be-
tween the two groups (Figure  3a). Differentiation was weaker in 
the western part of the range than in the central bays (maximum 
FST = 0.178 vs. 0.232), even though the sites on the western coast 
spanned a greater geographical distance than the eastern sites (max-
imum least-cost distance 476 vs. 298 km). A few populations stood 
out where differentiation did not strictly follow IBD (Figure  3a). 
In particular, Wool Bay in the western Gulf St Vincent and sites in 
the eastern Gulf St Vincent had unexpectedly high differences in 
allele frequencies (FST = 0.192) despite being only 69 km apart. In 
fact, their differentiation was on the order of sites that are at least 
240 km apart (Figure 3a). In comparison, sites at similar geographical 
distance (Gulf St Vincent east vs. Encounter Bay, 73 km; eastern vs. 
western Spencer Gulf, 117 km) were less differentiated (FST = 0.085 
and 0.046; Figure  3a) than the sites on opposite legs of Gulf St 
Vincent.

This deviation from the expectation of IBD was also detected by 
eems, which inferred the lowest effective migration rates between 
individuals from Wool Bay and Gulf St Vincent east (Figure 3b). In 
the western part of the coast, effective migration rates were gener-
ally higher, with the exception of lowered rates between Hopetoun 
and Bremer Bay (Figure 3b). Effective diversity rates were also not 
evenly distributed, being generally lower in the west (except for 
Albany) than in the central bays (Figure 3c).

TA B L E  1   Population differentiation among leafy seadragons (P. eques) from 2,845 SNPs; comparisons are pairwise FST values (above the 
diagonal) and standardized F′ST (below diagonal) with significance levels indicated by asterisks

F′ST/FST

Peaceful 
Bay/Albany

Bremer 
Bay Hopetoun

Cape Le 
Grand

Spencer 
Gulf west

Spencer 
Gulf east

Wool 
Bay

Gulf St 
Vincent east

Encounter 
Bay

Peaceful Bay/
Albany

— 0.040** 0.141 0.173** 0.568 0.509* 0.492** 0.520** 0.526*

Bremer Bay 0.036** — 0.148*** 0.171*** 0.568*** 0.469*** 0.543*** 0.588*** 0.577***

Hopetoun 0.157 0.157*** — 0.056** 0.497 0.462* 0.481** 0.502** 0.509**

Cape Le Grand 0.210** 0.192*** 0.051* — 0.491** 0.418** 0.476*** 0.526*** 0.521***

Spencer Gulf 
west

0.623 0.641*** 0.558 0.554** — 0.046* 0.103** 0.234* 0.223**

Spencer Gulf 
east

0.592* 0.571** 0.553* 0.523** 0.054 — 0.091*** 0.164** 0.163**

Wool Bay 0.607** 0.658*** 0.580** 0.578*** 0.125** 0.124** — 0.192*** 0.166***

Gulf St Vincent 
east

0.632** 0.702*** 0.613** 0.636*** 0.292** 0.225** 0.255*** — 0.085***

Encounter Bay 0.639* 0.701*** 0.613* 0.630*** 0.265** 0.218** 0.218** 0.104*** —

Note: Significance levels: *p < .05, **p < .01, ***p < .001.
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3.5 | Genetic diversity

Heterozygosities were significantly lower in the western group than 
in the central bays both at the individual level (Wilcoxon rank sum 
test, p < 2.2e−16) and the population level (OSx HO = 0.095, p < .01, 
OSx HE = 0.083, p < .01; Table 2). In the western cluster, there was 

a decline in heterozygosity westward, while heterozygosity varied 
between sites in the central bays (Figure 4). We found that the in-
crease of shallow seabed area since the LGM calculated around sam-
pling localities closely traced the population-level HO (R2  =  0.809, 

F I G U R E  3   Spatial patterns in genetic similarity among leafy 
seadragons (P. eques). (a) Relationship of least-cost distances 
between sampling localities and genetic differentiation (FST). 
Note the greater geographical extent of western sites but their 
lower differentiation. Numbers denote two population pairs with 
lower than average effective migration rate inferred by eems. 
Abbreviations: SpG, Spencer Gulf; GSV, Gulf St Vincent. (b, c) 
Smoothed contour maps showing the average posterior mean of 
(b) effective migration rates (m), which quantify how fast similarity 
between two individuals decays across geographical space, and 
(c) effective diversity rates (q), which express how dissimilar two 
individuals from the same location are expected to be. Black dots 
are sampling sites. Rates are on a log10 scale relative to overall 
mean rates with positive values denoting rates above average and 
negative values indicating rates below average
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TA B L E  2   Genetic diversity of leafy seadragon (P. eques) 
populations across 2,845 SNPs

Population N HO HE

Tajima's 
D

Western group 39 0.178 0.159 −3.746***

Peaceful Bay/Albany 3 0.182 0.140 —

Bremer Bay 21 0.167 0.143 −4.108***

Hopetoun 3 0.207 0.174 —

Cape Le Grand 12 0.216 0.177 −4.684***

Central bays 29 0.275 0.268 −4.111***

Spencer Gulf west 3 0.251 0.220 —

Spencer Gulf east 4 0.306 0.224 −9.925***

Wool Bay 8 0.290 0.247 −5.382***

Gulf St Vincent east 8 0.240 0.213 −5.481***

Encounter Bay 6 0.267 0.232 −6.327***

Total 68 0.235 0.201 −3.513***

Note: Tajima's D could only be calculated for populations with more than 
three individuals.
Abbreviations: HE, expected heterozygosity; HO: observed 
heterozygosity; N, number of samples.
***Significance levels: p < .001. 

F I G U R E  4   The gain of shallow seabed since the LGM correlates 
with heterozygosity of leafy seadragons (P. eques). Dots show 
individual-level observed heterozygosity (HO) for 68 individuals 
and bars indicate population-level HO. Populations are arranged 
from west to east. The line graph shows the increase in shallow 
seabed area (<50 m) since the LGM (Figure S2). For populations 
with multiple sampling localities, one locality was chosen (Table S4)
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p <  .001; Figure 4). Tajima's D was negative across all populations 
(Table 2) with stronger signals of expansion in eastern populations 
(D  =  −5.383 to  −  9.925) than in western populations (D  =  −4.108 
and − 4.677).

3.6 | Scenario testing

Model testing with diyabc for the western group supported an 
east-to-west expansion with a reduced population size in the 
newly founded Bremer Bay population (Figure 5; Figures S9 and 
S10). A scenario of colonization following the direction of the 
Leeuwin Current (west to east) was not supported. The split of 
Bremer Bay from the ancestor of the Cape Le Grand population 
was dated to a median of 15,500  years ago (2.5%–97.5% quar-
tile: 6,240–18,800) and the recovery from the bottleneck was 
dated to a median of 5,400  years ago (2.5%–97.5% quartile: 
419–14,100  years ago; Table  S7). In the east, the favoured sce-
nario was an eastward splitting but with a west-to-east coloni-
zation of eastern Gulf St Vincent from Encounter Bay (Figure  5; 
Figure S9). This indicates that Gulf St Vincent was colonized twice, 

once from the west around 6,930 years ago (median, 2.5%–97.5% 
quartile: 2,350–13,700 years ago) and a second time from the east 
(Encounter Bay) around 2,280  years ago (median, 2.5%–97.5% 
quartile: 296–7,090 years ago; Table S7).

4  | DISCUSSION

4.1 | The change of the shore in temperate Australia 
since the LGM

This study suggests that regionally different trajectories of increase 
in shallow shelf area since the LGM caused contrasting responses 
in populations of a marine fish. Across the leafy seadragon's range, 
we estimated that the amount of shallow shelf area (0–50 m depth) 
was 85% smaller during the LGM than today because in many areas 
the shore fell below the shelf break onto the steep continental slope 
(Figure 1f). These estimates align with reductions of global estuaries 
by 82% during the LGM (Dolby et al., 2020), by 75%–92% in shallow 
tropical regions (calculated over 0–60 m; Ludt & Rocha, 2015) and 
by 92% in very shallow areas on the Sunda Shelf (0–10 m; Crandall 

F I G U R E  5   Scenarios tested in diyabc for (a) the western group and (b) the central bays. The time scale on the right indicates priors for 
population events (Table S7). The chosen scenario is highlighted in bold and posterior estimates for population divergence times (median, 
2.5% and 97.5% quartile) are annotated for this scenario. Colours correspond to population codes in Figure 1a
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et al., 2012). In addition to this general gain in habitable area since 
the LGM, there were marked regional differences between the cen-
tral and the western parts of the Great Southern Reef with respect 
to the amount of shallow seabed available during the LGM, the tra-
jectory of increase, and the area available today (Figure 1c–e).

The amount of shallow seabed that was gained with sea-level 
rise since the LGM decreased from east to west across the seadrag-
on's range (Figure 4). On the narrow western shelf, shallow seabed 
was particularly restricted during the LGM (229–1,154 km2 over 2° 
of longitude) and modestly increased once sea level rose (Figure 1c). 
In the eastern part of the seadragon's range, more substantial shal-
low water areas remained during the LGM that could have served 
as refugia (2,251–3,682  km2). The trajectory of the marine trans-
gression into the central bays was steep (Figure 1e) once the three 
bays started to flood about 12,000–11,000  years ago (Roberts 
et al., 2020), after which present-day sea level was reached quickly 
8,000–7,500 years ago (Belperio et al., 2002). Today, there is over 
four times as much shallow seabed in the central bays compared 
to the western coast (81,250 vs. 19,626 km2). Depending on their 
location on the Great Southern Reef, populations experienced dif-
ferent magnitudes of environmental change when sea levels rose 
that may have manifested themselves in distinct population genetic 
responses.

4.2 | Contrasting patterns of genetic 
differentiation and diversity between the 
western and the central coast

We found opposite genetic patterns in leafy seadragon populations 
across their range that could be linked to the regional sea-level his-
tories. Samples fell into two strongly differentiated clusters corre-
sponding to the western and the central part of the coast, separated 
by the inaccessible and hence unsampled GAB (Figure 2). This broad-
est split of leafy seadragons has already been shown with micro-
satellites and mitochondrial DNA (Stiller et  al.,  2017) but adding 
individuals from Hopetoun and Lucky Bay narrowed the gap across 
the GAB from the west by ~250  km. Although genetic differen-
tiation between the two clusters was large (minimum FST = 0.491, 
F′ST  =  0.554), small admixture proportions were shared between 
the closest localities across the GAB (Cape Le Grand in the west, 
Spencer Gulf in the east) indicating genetic connectivity. This con-
clusion is also supported by low divergence in mitochondrial DNA 
across the GAB (0.11%, Stiller et al., 2017). Our shelf reconstructions 
showed that the GAB maintained some of the largest shallow areas 
during the LGM (Figure 1d), which could have served as refugia for 
populations during sea-level lowstands.

The two main groups differed in genetic diversity, population 
structure and strength of expansion. Populations in the central bays 
sustained significantly higher genetic diversity than those in the 
western group (Figure 4; Table 2). This confirms the previously re-
ported low heterozygosity in microsatellites among individuals sam-
pled from Bremer Bay (Stiller et al., 2017) and suggests low genetic 

diversity as a general pattern across the western part of the range. 
Both groups contained substructure but the degree of population 
differentiation was more gradual and less pronounced across wider 
geographical distances in the west than in the east (Figures 2 and 
3a). In agreement with the expectation that coastal populations 
must have expanded following the LGM as in other parts of the 
world (Crandall et al., 2012; Jenkins et al., 2018), we detected signals 
of expansion in both the eastern and the western populations, but 
again with stronger signals in the east (Table 2). These patterns may 
be explained by different recolonization histories in relation to the 
postglacial flooding of the western and eastern areas.

4.3 | Spatial genetic structure in the western 
part of the Australian coast

Our extended sampling uncovered previously unknown genetic 
structure and a diversity cline in the western part of the leafy sead-
ragon's range. The study by Stiller et al., (2017) was limited to a sin-
gle population (Bremer Bay, N  =  10), two individuals from Albany 
and four samples of unknown origin in Western Australia (Larson 
et al., 2014) and did not detect any substructure. Here, we found two 
main groups. In the far west, Peaceful Bay/Albany and Bremer Bay 
samples grouped together in DAPC and the lineage tree (Figure 2) 
and showed only weak allele frequency differences (Table 1). Further 
east, samples from Hopetoun and Cape Le Grand grouped together 
in DAPC and shared similar proportions of the two ancestry com-
ponents in the region (Figure 2). A barrier between Hopetoun and 
Bremer Bay was also inferred by eems analysis showing a low effec-
tive migration rate (Figure 3b).

In contrast to the expectation that narrow shelves cause greater 
population genetic differentiation than wide shelves because habi-
tat is less continuous (Dolby et al., 2018, 2020), we found shallower 
population structure on the narrow western margin than in the wide 
central bays. Notwithstanding the greater geographical distance 
spanned in the west (476 km least-cost distance), genetic differenti-
ation did not reach the degree of differentiation between sites in the 
central bays that were just 251–298 km apart (Figure 3a). The shal-
low genetic structure among western sites was seen as dense clus-
tering of samples in PCA, relatively uniform ancestry composition 
(Figure 2) and above average effective migration rates (Figure 3b). 
One explanation is that the western margin retained so little habi-
tat during the LGM lowstand that populations were extirpated and 
subsequently recolonized from more eastern localities after sea level 
rose. Such a scenario was supported by a cline in genetic diversity 
and our phylogeographical modelling.

Genetic diversity (HO) decreased in the western group from the 
easternmost locality (Cape Le Grand) towards the west (Peaceful 
Bay/Albany) and mirrored the amount of seabed gained since the 
LGM (Figure 4). This cline is consistent with a stepwise recoloniza-
tion from a more eastern source in a series of founder events going 
westward (Excoffier et  al.,  2009; Slatkin & Excoffier,  2012). The 
topology of the svdquartets lineage tree also indicated a westward 
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splitting, with more eastern localities in the western group giving 
rise to individuals from further west (Figure 2e). Scenario testing, 
albeit only including two of four populations due to low sample 
sizes, also favoured the easternmost location Cape Le Grand giving 
rise to Bremer Bay, accompanied by a reduction of effective pop-
ulation size after colonization (Figure  5; Table  S7). Interestingly, 
the inferred direction of the expansion is opposite to the flow 
of the Leeuwin Current, which indicates that dispersal with cur-
rents may not be the main factor structuring populations of leafy 
seadragons, in contrast to their kelp habitat (Coleman et al., 2011). 
Although the inferred age estimates have large uncertainties, the 
split of the western group was inferred to be relatively old (me-
dian 15,500 years; Table S7). This suggests that recolonization in 
the west may have begun shortly after sea levels started to rise 
after the LGM. The shallow population structure in the western 
regions suggests that narrow margins do not always display deep 
population structure (Dolby et al., 2020) if they were recolonized 
in a stepwise fashion by populations that persisted throughout the 
LGM on broader margins.

4.4 | Spatial genetic structure in the central 
part of the Australian coast

Substantial substructure was detected in the eastern part of the 
leafy seadragon's range. Genetically distinguishable groups were 
present in the western and the eastern Spencer Gulf, the western 
coast of Gulf St Vincent (Wool Bay), the eastern coast of Gulf St 
Vincent and Encounter Bay (Figure  2). This improves on an ear-
lier analysis in which microsatellite allele frequency differences 
suggested substructure but structure analyses failed to corrobo-
rate these observations (Stiller et al., 2017). The genetic structure 
in the bays of South Australia could reflect colonization of the 
large shallow areas following the LGM and subsequent reduction 
in gene flow among the bays. This scenario was supported by a 
pronounced expansion signal in all populations and differentia-
tion between most populations (Tables 1 and 2). Once inside the 
bay after postglacial flooding, the distances to the next bay be-
came longer, contributing to growing genetic differentiation of 
the weakly dispersive leafy seadragons. Life history is probably 
an important factor in maintaining the signal of postglacial isola-
tion. This was also suggested for the California killifish, which at-
taches its eggs to vegetation, and showed greater differentiation 
compared to other estuarine fish species that were strongly ad-
mixed in postglacially formed habitats (Dolby et al., 2016, 2018). 
The proposed postglacial isolation in the central bays of Australia 
could be further studied with the remarkable diversity of 30 spe-
cies of syngnathids in this area (Reef Watch, 2014), which are all 
brooders and presumably low dispersers and would thus be suit-
able models to extend studies of population structure in this com-
plex part of the coast.

A puzzling finding was the relatively high differentiation 
across Gulf St Vincent. Populations on each side of the bay are 

just 69 km apart (least-cost path between 0 and 50 m depth), yet 
showed higher genetic differentiation than expected given the 
geographical proximity (Figure 3a) and were separated by a band 
of lower effective migration rates (Figure  3b). The two sides of 
Gulf St Vincent grouped more strongly with the next bay than 
with each other in PCA, in DAPC and in admixture components 
(Figure 2b–e) and mitochondrial haplotypes were shared between 
adjacent bays but not across Gulf St Vincent (Stiller et al., 2017). 
The differentiation across Gulf St Vincent may be explained by 
limited cross-bay dispersal. Connecting habitat may be missing 
from the deeper central areas of Gulf St Vincent (Edyvane, 2008). 
This differs from Spencer Gulf where vegetation is found in rel-
atively central regions and where seadragons have been trawled 
from 15 to 26 m depth (Currie et al., 2009; Sorokin et al., 2009). If 
suitable habitat in Gulf St Vincent was indeed restricted to shal-
lower coastal areas, the distance to cross the bay would increase 
to 220 km (least-cost path between 0 and 20 m depth; Figure S8). 
This distance makes the observed genetic differentiation between 
the sides of the gulf more consistent with the expectation of IBD 
(Figure  3a). Nonetheless, geography-agnostic approaches (PCA, 
DAPC, structure) still supported stronger affinities of western 
Gulf St Vincent (Wool Bay) + Spencer Gulf and of eastern Gulf 
St Vincent + Encounter Bay, rather than an across-bay grouping. 
This suggests that genetic differentiation in the central bays is not 
solely explained by IBD.

Phylogeographical modeling supported that Gulf St Vincent 
was colonized twice, once from the west into Wool Bay around 
6,930 years ago and a second time from the east (Encounter Bay) into 
eastern Gulf St Vincent around 2,280 years ago (Figure 5; Table S7). 
The exchange between Encounter Bay and Gulf St Vincent became 
possible after sea levels reached 30 m below today, ~10,000 years 
ago, when Kangaroo Island separated from the mainland (Roberts 
et  al.,  2020). Samples of leafy seadragons from Kangaroo Island 
would be particularly interesting to further investigate this second 
colonization of Gulf St Vincent. Our findings suggest that the dif-
ferentiation across Gulf St Vincent stems from the colonization by 
two lineages and may have been maintained by the contemporary 
distribution of habitat in the Gulf.

Another possibility, yet speculative, is that western Gulf St 
Vincent received a recent pulse of gene flow with Spencer Gulf. 
When sea level was higher than today, an 8-km-wide marine strait 
formed across the southern portion of Yorke Peninsula at Peesey 
swamp (Figure 1a; Bourman et al., 2016; Pan et al., 2018). Deposits 
of marine life are present from the Last Interglacial Maximum, 
128,000–116,000 years ago, when sea levels were 3–5 m higher than 
today (Pan et al., 2018). The strait may have also been open during 
the last highstand around 6,400 years ago (Bourman et al., 2016), 
when sea levels were 1–3 m above today (Belperio et al., 2002) but 
it is unknown if the passage supported suitable habitat to connect 
marine populations during this last opening. The possibility of a tran-
sient connectivity across Yorke Peninsula could be investigated by 
integrating more fine-scale reconstructions of historical coastal evo-
lution and denser genetic sampling close to the former strait.
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4.5 | Implications for global coastal phylogeography

In understanding which processes have shaped the biodiversity 
of the continental shelf, sea-level rise since the last glaciation is 
a prime factor because it has entirely overturned most shallow 
marine habitats. Our study suggests that contrasting population 
genetic responses may relate to the local topography of the shelf 
as it impacted the flooding trajectory after the LGM. The con-
trasting topologies of the continental shelf of the Great Southern 
Reef in Australia are not an isolated occurrence. In fact, several 
coastal systems have been identified where differences in habit-
able area throughout the glacial cycles were even stronger (Dolby 
et  al.,  2020; Holland,  2012). These could be studied in a frame-
work integrating genetic assessment with historical coastline re-
constructions as has been done in the northeast Pacific (Dolby 
et al., 2016, 2018) and here for southern Australia. In many regions, 
the impact of latitudinal temperature changes and glacial cover-
age of marine areas have to be taken into account as additional 
structuring factors (Hewitt,  2000; Jenkins et  al.,  2018; Maggs 
et  al.,  2008), which are less relevant along the east–west-facing 
Great Southern Reef with its large longitudinal extent and distance 
to glaciers. Suitable taxa to unveil patterns of sea-level impacts 
have limited dispersal, so that historical imprints are maintained 
for longer in the genome (Epps & Keyghobadi, 2015). Syngnathids 
are good models in this respect because they are brooders and 
often have reduced fins (Mobley et al., 2011; Wilson & Orr, 2011). 
Several seahorse and pipefish species show responses consistent 
with postglacial recolonization (Lourie et al., 2005; Wilson, 2006; 
Wilson & Eigenmann Veraguth, 2010), which could be further in-
tegrated with sea-level reconstructions to help understand the 
global significance of the interplay between shelf topography, sea-
level rise and phylogeography of coastal populations.
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