'-) Check for updates

Received: 5 September 2025 | Accepted: 18 January 2026

DOI: 10.1111/jpy.70140

RESEARCH ARTICLE

A
Y)Y, Phycological
G, Soliety s
¢

Contrasting patterns of population structure in two
habitat-forming kelp species in southeastern Australia

Finn J. Ryder?

1Department of Marine Science,
University of Otago, Dunedin, New
Zealand

2Ryan Institute, School of Natural
Sciences, University of Galway, Galway,
Ireland

3School of Biological Sciences, University
of Auckland, Auckland, New Zealand

4Institute for Marine and Antarctic Studies,

University of Tasmania, Hobart, Australia

5Te Aka Matuatua/School of Science,
University of Waikato, Hamilton, New
Zealand

8School of Life and Environmental
Sciences, Deakin Marine Research and
Innovation Centre, Deakin University,
Warrnambool, Victoria, Australia

Correspondence

Finn J. Ryder, Ryan Institute, School of
Natural Sciences, University of Galway,
Galway, Ireland.

Email: f_ryder@outlook.com, finn.ryder@
universityofgalway.ie

Funding information

Royal Society Te Aparangi, Grant/Award
Number: RDF-UOO1803; Marsden Fund,
Grant/Award Number: MFP-20-UOO-173

Editor: C. Pfister

| William S. Pearman'?®
Craig Johnson* | Alecia Bellgrove®

| Cayne Layton*® | Elahe Parvizi®°® |

| Ceridwen I. Fraser'

Abstract

The distribution and connectivity of species around the globe are changing
at a rapid pace. Increasing sea temperatures are a driving factor of changes
in temperate macroalgal distributions. Southeast Australia is considered a
global ocean-warming hotspot, where macroalgal populations are predicted
to decline significantly by 2100. We used genotyping by sequencing and
Lagrangian particle modeling to compare the genetic population structure
and connectivity of two habitat-forming macroalgae, Macrocystis pyrifera
and Durvillaea potatorum, in southeastern Australia. Both species showed
regional population structures, although this was greatest in D. potatorum, as
which populations showed greater dissimilarity than in M. pyrifera. Particle
modeling suggested that self-recruitment and connectivity among populations
were highest in northeast Tasmania for both species, with particles often
stranding along the nearby coast. Intriguingly, the southernmost M. pyrifera
population in Tasmania shared more recent ancestry with a mainland
Australia population. Although uncommon, simulations indicated that it is
possible for rafts of M. pyrifera from mainland Australia to reach far-southern
Tasmania. Hindcast simulations indicated those rafts are likely to come from
mainland Australia via the Zeehan Current and along the western Tasmanian
coast; unsampled western Tasmanian populations might therefore also share
close ancestry with western mainland populations. With genetically distinct
populations and low connectivity among areas, southeastern Australian kelp
populations are vulnerable to losses of genetic diversity. This study provides
insights into contemporary population structure and connectivity processes in
two kelp species that form important habitats for biodiversity and fisheries on
the Great Southern Reef and which are both undergoing range contractions
with rapid environmental change.
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INTRODUCTION

Climate changeisdrivingchanges in species distributions
around the globe, altering ecosystem function and
impacting human well-being (Pecl et al., 2017; Zarnetske
et al., 2012). As the environment changes, species must
adapt and move, or they will become extinct (Berg
et al., 2010; Roman-Palacios & Wiens, 2020). At the
leading edges of species distributions, populations are
advancinginto new areas and could face new challenges;
similarly, populations at the retreating edges, where
species ranges are contracting, face deteriorating habitat
suitability (Hampe & Petit, 2005). Range changes can
have significant genetic and evolutionary consequences
for populations, such as reduced genetic diversity and
stronger population differentiation (Arenas et al., 2012).
Species at the retreating edge are often occupying
environmental conditions near their tolerance limits, and
therefore, changes in environmental conditions are more
likely to result in a loss of individuals (Araujo et al., 2013;
Britton et al., 2024; Clark et al., 2020). For dominant
autogenic ecosystem-engineers, that is, species that
alter the environment and resources creating habitat for
other species (Jones et al., 1996, 1997), range shifts can
have cascading effects on associated species. These
range shifts can cause profound ecosystem changes
such as an ecosystem shift from kelp forest to coralline
turf or to smaller canopy species (Airoldi et al., 2008;
Montie & Thomsen, 2023). Moreover, this can result
in the loss of genetic diversity as lineages near the
retreating edges are lost (Nicastro et al., 2013). High-
resolution information on genetic population structure
and connectivity are key for understanding changes in
species ranges (Peluso et al., 2018; Ramos et al., 2018)
and for focusing conservation management (Forbes
et al., 2024; Layton & Johnson, 2021).

Southeast Australia is an ocean-warming hotspot,
warming faster than 90% of the global ocean (Hobday
& Pecl, 2014). Sea surface temperature is one of the
dominant predictors for habitat-forming, temper-
ate macroalgal distributions in southern Australia
(Martinez et al., 2018). Giant kelp (Macrocystis pyrif-
era; Laminariales) and southern bull kelp (Durvillaeca
spp.; Fucales) are large brown macroalgae that form
extensive kelp forests in the mid and shallow subtidal
(respectively) on Australia's Great Southern Reef (GSR,;
Bennett et al., 2015). Macrocystis pyrifera is a widely
distributed species that also occurs in New Zealand,
North and South America, South Africa, and the sub-
Antarctic. However, within Australia, it is restricted to the
cool temperate waters in the southeast and has also un-
dergone severe declines due to climate change (Butler
et al., 2020; Johnson et al., 2011). Durvillaea potatorum
is one of two species of endemic Durvillaca spp. in
Australia, the other being D. amatheiae. Both D. potato-
rum and D. amatheiae are restricted to the cool temper-
ate waters of southeast Australia (Velasquez et al., 2020;

Weber et al., 2017). Macrocystis pyrifera and D. pota-
torum are important autogenic ecosystem-engineers
(Miller et al., 2018; Perry, 2023; Teagle et al., 2017), con-
tributing to the ecological, recreational and commercial
value of the GSR (Bennett et al., 2015; Eger et al., 2023;
Forbes et al., 2024; Thomsen & South, 2019).

As cold-water species, these kelps are highly suscep-
tible to increasing water temperatures (Le et al., 2022;
Tait et al., 2021; Velasquez et al., 2020). Even under a
conservative climate change scenario with low emissions
and strong mitigation predictions (RCP 2.6, Van Vuuren
et al.,, 2011), Durvillaea potatorum and Macrocystis pyr-
ifera have both been predicted to experience extremely
severe, southerly range contractions by 2100 (Martinez
et al., 2018). Although globally, M. pyrifera has a more
southern distribution than that in Australia, Tasmania
has the southernmost distribution of D. potatorum (Hurd
et al., 2023). Given there is minimal suitable habitat be-
tween the GSR and sub-Antarctic Islands and Antarctica,
a southern range expansion is unlikely (Jayathilake &
Costello, 2020). Furthermore, D. potatorum is also non-
buoyant, so presumably has more limited dispersal po-
tential via floating rafts than M. pyrifera (Kelly et al., 2021).
Long distance dispersal for D. potatorum may be depen-
dent on anthropogenic transport or, perhaps, entangle-
ment/conjoining with more buoyant species such as M.
pyrifera (Kelly et al., 2021; Macaya et al., 2016).

To understand patterns of genetic diversity and con-
nectivity in populations of these declining autogenic
ecosystem-engineers on the GSR, high-resolution ge-
nomic analyses from populations of both Macrocystis
pyrifera and Durvillaea potatorum throughout their
contracting ranges in southeastern Australia were
conducted. These results were then combined with
oceanographic particle dispersal models to assess con-
nectivity potential. Non-buoyant Durvillaea spp. were
shown by mitochondrial and nuclear genetic markers
(Weber et al., 2017) to have been affected by past sep-
aration of Australian populations by Pleistocene sea
regressions, leading to divergence and speciation. We
therefore hypothesized that D. potatorum would show
strong population structure throughout its range, indi-
cating limited population connectivity. In contrast, we
hypothesized that the buoyant M. pyrifera would show
lower population structure with more similarity among
populations, indicating high levels of connectivity. This
hypothesis aligns with previous research that describes
low spatial diversity for M. pyrifera using mitochondrial
and chloroplast markers (Durrant et al., 2015).

MATERIALS AND METHODS
Field samples

Between 15 and 49 tissue samples from the blades of
Durvillaea potatorum and Macrocystis pyrifera were
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Map of sampling sites and a subsample of tracks from the connectivity analysis for (a) Macrocystis pyrifera (red circles)

and (b) Durvillaea potatorum (blue diamonds) in southeast Australia. Sites in the Victoria region: The Passage (P), Breakwater Reef (BR),
Keyhole (K), and Skenes Creek (SC). Sites in northeast Tasmania (inset c): St Helens (SH), Shelly Point (SP), Four Mile Creek (FC), and
Bicheno (B). Sites in southeast Tasmania (inset d): Charlottes Cove (CC), Surveyors Bay (SB), Roaring Bay (RB), Lady Bay (LB), and
Fishers Point (FP). Subsample of particle tracks is limited to 2000 particles from each species respective reproductive season in 2017.
Yellow square in (b) indicates where Durvillaea amatheiae samples were collected and where D. potatorum does not occur.

collected from 15 sites between July 7 and August 31,
2018 (Figure 1, Table S1). To avoid sampling closely re-
lated individuals, replicates were taken at least a 20-m
separation. Immediately after being collected, samples
were dried with paper towel and stored in 96% ethanol.
Following fixation, samples were transferred to silica for
desiccation and were stored dry until DNA extraction.

DNA extraction and sequencing

Genomic DNA was extracted from dried specimens
using the Qiagen DNeasy PowerPlant Pro kit with
minor modifications as previously applied to Durvillaea
spp. (Peters et al., 2020). Approximately 1 cm? of tissue

was soaked in lysis buffer at 65°C for 24 h. Following
soaking, 100 pL of isopropanol was added, and samples
were incubated at 65°C for 30min, vortexing every
10 min. Subsequent steps followed the kit protocol, with
the final elution of DNA in 100pL elution buffer while
incubating samples at room temperature for 10—15min
to maximize DNA yield. The extracted DNA was purified
using the Qiagen DNeasy PowerClean Pro Cleanup
Kit, following the kit protocol, except for adding an extra
wash step using 100% ethanol and eluting the DNA in
100 puL of elution buffer.

A standard single digest genotyping by sequencing
(GBS) library preparation protocol (Elshire et al., 2011)
was followed with modifications previously used for
Durvillaea spp. (Peters et al., 2020). DNA aliquots were

85UB017 SUOLULIOD 9AITE.1D) 9{cfedt|dde Uy A peusenob aie sefoie YO ‘8sn JO Sa|nJ 1oy AId 1T 8UIIUQ AB]1M UO (SUONIPUOD-PUE-SWUIBIW0D A8 |1 ARe.q 1 puljuo//:SdNyY) SUONIPUOD pue sWLe | 8y 8es *[9202/c0/60] Uo ArIqiTauluo A|IM ' AYM YD ANV T13d1 40 ALISHIAINN TYNOILYN Aq 0pTOL AdITTTT 0T/I0p/uoo 8| im Ale.q1jpul|uoy/sdiy Wwoly pepeojumoq ‘0 2 T88625T



il

RYDER ET AL.

loaded into GBS adapter plates, which included 2.25ng
of uniquely barcoded Pstl adapter stock per well, and
dried using a vacuum centrifuge at 45°C. Digestion
was carried out using Pstl-HF and 10x NEB Cut Smart
Buffer, incubating samples at 37°C for 2h. Adapter liga-
tion was then carried out using T4 DNA Ligase in 10x
ligase buffer under following conditions: two cycles of
16°C for 30 min and 37°C for 2 min, followed by 1°C for
30min, and finally 80°C for 30 min. A Qiagen MinElute
96-well polymerase chain reaction (PCR) purification kit
was then used to purify post-ligation DNA, with modifi-
cations that included adding one wash step using 30 uL
of dH,0 prior to the final elution of DNA using 23 uL of
1xTE. Ten microliters of the purified product were then
added to 40uL of PCR master mix containing Bioline
2x Taq Master Mix, GBS PCR Primer 1 and GBS PCR
Primer 2. The PCR protocol followed: 72°C for 5 min,
95°C for 60s, 28cycles of 95°C for 30s, 65°C for 30s,
72°C for 30s, followed by a final extension step of 75°C
for 5min. PCR products were first visualised using a
1% agarose gel, and subsequently pooled into librar-
ies based on digested DNA molecular weight distribu-
tion (aiming for a consistent smear of lower molecular
weight DNA), fluorescence intensity, and consistency.
Prior to sequencing, pooled libraries were size selected
for molecules of between 300 and 600 base pairs (bp).
Paired-end sequencing was carried out on three lanes
of a mid-output flowcell in an lllumina NextSeq 500 sys-
tem (75bp paired-end).

Genotypic analysis

The GBS sequence library was first filtered using cut-
adapt v. 4.4 (Martin, 2011) to remove homopolymers,
with an overlap setting of five. These data were sub-
sequently demultiplexed using the process_radtags
function in STACKS 2.65 (Rochette et al., 2019), trim-
ming to 68bp, with the -r, -c, and -q flags included.
Reference-based single nucleotide polymorphism
(SNP) calling was used to maximize the number and
quality of loci to ensure sufficient data for robust filter-
ing (Shafer et al., 2017; Vaux et al., 2023). Reads were
first aligned to reference genomes Macrocystis pyrif-
era (Diesel et al., 2023) or Durvillaea antarctica (Fraser
et al., 2022) using BWA v. 2.2.1 (Li, 2013). Alignments
were then assembled into loci using the ref_map (with
the -r flag) and populations (with —p=1) modules of
STACKS. The resultant VCF library was then filtered for
each species using SNPFILTR (DeRaad, 2022), with a
minimum depth of 5x, maximum depth of 100x, and
genotype qualities of 27. A missingness filter of 0.7 was
then applied to SNPs such that SNPs missing >70% of
data across individuals were removed, a minor allele
count of two was applied, and then individuals miss-
ing >50% of data were then removed. To this data set,

principal component analysis (PCA) was applied using
adegenet (Jombart & Ahmed, 2011).

Durvillaea potatorum samples were genetically dis-
tinguished from potentially co-sampled D. amatheiae
through PCA, with samples clustering with known D.
amatheiae samples (sourced from Turingal and Tathra;
Figure 1b, yellow square) being removed (Figure S1).
The SNPs were subsequently recalled for the D. pota-
torum samples.

ADMIXTURE analysis was conducted for Macro-
cystis pyrifera and Durvillaea potatorum by first
filtering data using PLINK2 to filter for linkage (flags
--indep-pairwise 50100.8). Subsequently, ADMIXTURE
analysis (Alexander et al., 2009) was conducted for
each value of K from 2 to 20, and the lowest value
that minimized the cross validation error was chosen
(Figure S2). This resulted in values of K of 3 and 5 for
M. pyrifera and D. potatorum, respectively. Genotypic
analysis was visualized in R (version 4.4.3, R Core
Team, 2024) using ggplot2 3.5.1 (Wickham, 2016) and
mapmixture 1.1.4 (Jenkins, 2024).

Pairwise Fq; was calculated using the pairwise.fst.
dosage function in hierfstat (v. 0.5—11), developed by
Goudet and Weir (2023). Significance of the Fq; results
was calculated by permutation, randomly shuffling the
population labels and recalculating Fq; for a total of
1,000 permutations. p-values were then calculated as
the proportion of Fq; values greater than or equal to
the observed Fg;. Individual-level heterozygosity was
calculated using the gl.report.heterozygosity function in
dartR 2.9.7 (Gruber et al., 2018).

Particle modeling

Connectivity among sampling locations was determined
using Lagrangian drift particle modeling using OpenDrrift
(v1.11.12, https://opendrift.github.io). Models were run
using surface seawater velocity from the Global Ocean
Reanalysis (GLORYS12; 10.48670/moi-00021) and wind
vector data from the Global Ocean Hourly Reprocessed
Sea Wind and Stress Model (10.48670/moi-00185).
Three thousand particles were randomly seeded daily
within 1.5km of each sampling location and advected
at hourly timepoints for 6 months or until particles were
stranded. Three different particle types (1000 particles
each) that were the most comparable to a rafting piece
of kelp (PIW-1, PIW-5, and PIW-6, defined in the Leeway
model https://opendrift.github.io) were used to cover a
range of different raft geometries (Pearman et al., 2024).
The same variety of particles were used for both spe-
cies, as macroalgal species can become entangled and
form one rafting mass (Fraser et al., 2011). Horizontal
diffusion was setto 0.1m- s™', and vertical diffusion was
setat 0.0m-s™. A particle was considered to reach a
sampling site if it had stranded or was within 3km of
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the site at the end of the simulation. Sites within 10km
of each other were combined for analysis. Connectivity
between each site was calculated as the mean percent
of particles that reached each site from January 1, 2008,
to December 31, 2017.

Probable source location was determined using the
same methods but by hindcasting particles instead of
forecasting them. From January 1, 2017, to January 1,
2018, 3000 particles were randomly seeded daily within
3km of sampling locations and advected backward at
hourly timepoints for 6months or until particles were
stranded. Stranded particles were then used to deter-
mine source locations on a 0.2° resolution. Source
locations with <1% probability were removed before vi-
sualization using ggplot2 (Wickham, 2016). Least-cost
distance between each population was calculated in R
using marmap 1.0.12 (Pante & Simon-Bouhet, 2013) with
a minimum depth of 0 and the costDistance function in
the gdistance v.1.6.4 package (Van Etten, 2017). Isolation
by distance analyses were conducted using multiple re-
gression of distance matrices, as implemented in the
ecodist R package (v.2.1.3) with 1000 permutations
(Goslee & Urban, 2007; Legendre & Fortin, 1989).

(a) (b)

RESULTS
Species and SNP identification

Species identification analysis of the Durvillaea spp.
data indicated 27 samples collected from multiple
sites across Tasmania were not D. potatorum, clus-
tering with known D. amatheiae samples (Figure S1).
Furthermore, PC1 clearly delineated D. potatorum and
D. amatheiae and explained 41% of the genetic varia-
tion within the data.

Following SNP calling, there were a total of 7161
SNPs for Macrocystis pyrifera and 2375 SNPs for
Durvillaea potatorum. Following stringent filtering, 5544
and 1410 SNPs were retained for M. pyrifera (n=97)
and D. potatorum (n=159), respectively.

Population genetics
For both Macrocystis pyrifera and Durvillaea

potatorum, regional population structure was observed,
with mainland, northeast Tasmania, and southeast
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Tasmania samples tending to cluster together
(Figures 2 and 3). Durvillaea potatorum exhibited
much stronger population structure, with both higher
values of K (D. potatorum, K=5; M. pyrifera, K=3) and
populations delineated as genetically distinct based
on ADMIXTURE and PCA (Figure 3). Conversely,
connectivity between M. pyrifera populations was
notably higher, with more proximal populations tending
to cluster together (Figure 2). For both species, site-
specific ancestry tended to be dominated by one cluster,
rather than representing highly admixed populations
(ancestry proportion=0.67-0.99, Tables S2 and S3).
Pairwise Fq; analysis and permutation significance
testing (1000 permutations) showed similar patterns
to the PCA and ADMIXTURE analysis, with stronger
regional separation for D. potatorum than for M. pyrifera
(Figure 4). Overall, D. potatorum tended to have higher
Fgr values than M. pyrifera (Figure 4).

Interestingly, for Macrocystis pyrifera, the southern-
most Tasmanian population, Fishers Point, clustered
most closely with southwest Victorian samples from
Keyhole (Figure 2). This unusual clustering was not
observed in Durvillaea potatorum, which formed three

distinct clusters based on region (Figure 3). Although
the northeast Tasmania D. potatorum populations clus-
tered together within the PCA, the ADMIXTURE analy-
sis revealed that D. potatorum at St Helens appeared to
be genetically distinct (Figure 3). Mainland populations
of D. potatorum showed almost no genetic differentia-
tion with very low Fg; values (Fgr< 0.06, permutation
test, 1000 permutations, p>0.1). Mainland populations
of D. potatorum also showed more genetic similarity to
southeastern Tasmanian populations (Fg; 0.41-0.63)
than northeastern Tasmania populations (Fg; 0.77-
0.83). However, all Tasmanian populations were sig-
nificantly diverged from mainland populations based
on Fg; (permutation test, 1000 permutations, p <0.05).
Macrocystis pyrifera populations showed more similar
allele frequencies among sampling regions with a max
F4r of 0.46. The only two populations for which no sig-
nificant differences in Fq; were observed for M. pyrif-
era were in northeastern Tasmania, between Four Mile
Creek and Shelly Point (permutation test, 1000 permu-
tations, p=0.06). Analysis of observed heterozygosity
across all populations and both species revealed that
M. pyrifera tended to have higher heterozygosity than
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D. potatorum (Figure 5a). An exception was D. pota-
torum from the mainland population at Skenes Creek,
which had a much greater range of heterozygosity val-
ues than all sites (Figure 5a).

Population connectivity

Modeled oceanographic connectivity was highest
among the northeast Tasmanian populations and lowest
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Mainl North T i h T i TABLE 1 Macrocystis pyrifera
ainland ortheast Tasmania Southeast Tasmania connectivity matrix. The mean percent of
K SH SP FC CC+SB FP particles to reach target sites. Simulations
were run daily from January 1, 2008, for
K 31.81 <0.01 <0.01 <0.01 <0.01 <0.01 10years, resulting in the release of ~11
SH 27.91 0.29 0.65 <0.01 <0.01 million particles per site. Rows are source
’ ’ sites; columns are target sites.

SP 2.92 28.47 3.06 <0.01 <0.01

FC 2.440 4.011 32.49 <0.01 <0.01

CC+SB <0.01 <0.01 <0.01 42.31 <0.01

FP <0.01 <0.01 <0.01 0.07 17.23

Note: Bold values indicate local retention of particles.

TABLE 2 Durvillaea potatorum

Mainland Northeast Tasmania Southeast Tasmania connectivity matrix. The mean percent of
P K+BR SC SH FC B RB LB FP particles to reach target sites. Simulations
were run daily from January 1, 2008, for
P 34.20 8.80 0.03  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 10years, resulting in the release of ~11
K+BR 306 36.29 002 <001 <001 <001 <001 <001 <0.01 million particles per site. Rows are source
sites; columns are target sites.
SC <0.01 <0.01 33.80 <0.01 <0.01  <0.01 <0.01 <0.01
SH 48.67 0.36 0.08 <0.01 <0.01 <0.01
FC 3.23 39.03 0.16 <0.01  <0.01 <0.01
B <0.01 0.92 0.63 31.04 <0.01 <0.01 <0.01
RB <0.01 <0.01 <0.01 24.43 0.26 0.01
LB <0.01 <0.01 <0.01 0.56 28.73 0.05
FP <0.01 <0.01 <0.01 0.049 0.69 16.17

Note: Bold values indicate local retention of particles.

in the southeast Tasmania populations (Tables 1 and 2).
No population was completely isolated for either species
(Tables 1 and 2). For Durvillaea potatorum, St Helens
in northeast Tasmania had the highest self-recruitment
(48.7%), whereas the southernmost sampled site,
Fishers Point, had the lowest self-recruitment (16.2%).
Fishers Point also had the lowest self-recruitment for
Macrocystis pyrifera (17.2%); however, the combined
sites of Charlotte Cove and Surveyors Bay in southeast
Tasmania had the highest self-recruitment (42.3%).
The one M. pyrifera population sampled on mainland
Australia was still connected to all populations sampled
in Tasmania. However, the connectivity was as low as
0.00001 particles. Connectivity among the northeast
Tasmanian M. pyrifera populations was the highest
among areas. The mainland site of Skenes Creek
was the least connected population in this study for
D. potatorum (<0.03%); however, particles reached
from as far south as Bicheno in northeast Tasmania
(Table 2).

The majority of hindcast particles stranded within
50km of target sites (Figures 6—8). Northeast Tasmania
had the largest probable source area, with particles ar-
riving from >100km away (Figure 7), whereas south-
east Tasmania sites had much closer sources, with
particles rarely arriving from >50km away (Figure 6). Of
the mainland Victorian populations, Skenes Creek had

the most localized probable source area, being around
three times smaller than other sites (Figure 8).

Combined analysis

Both Durvillaeca potatorum and Macrocystis pyrifera
tended to exhibit strong isolation-by-distance patterns,
evidenced by strong relationships among Fg; and
both least-cost distance and particle connectivity
(Figure 5). F4; tended to increase with increasing least-
cost distance and decrease with increasing particle
connectivity (Figure 5). These patterns were more
evident in M. pyrifera (R*=0.80) than D. potatorum
(R*=0.39; Table 3). The relationships between least-
cost distance and particle connectivity were strongly
correlated for both species (Figure S3).

DISCUSSION

Southeastern Australia is an ocean warming hotspot
(Hobday & Pecl, 2014), and our findings provide impor-
tant insights into contemporary population structure of
declining autogenic ecosystem-engineers on the Great
Southern Reef (GSR). Here, we have discussed our
findings in the context of dispersal and connectivity.
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FIGURE 6 Probability of source location for hindcast particle modeling from southeast Tasmanian sites (a) Roaring Bay (Durvillaea
potatorum), (b) Lady Bay (D. potatorum), (c) Charlotte Cove and Surveyors Bay (Macrocystis pyrifera), and (d) Fishers Point (D. potatorum

and M. pyrifera).

Dispersal capability

Both Durvillaea potatorum and Macrocystis pyrifera
exhibited strong regional population structure; however,
as hypothesized, population structure was stronger for
D. potatorum than M. pyrifera. This result is in line with
previous research using lower resolution, single-gene
markers (Bussolini & Waters, 2015; Fraser et al., 2009;
Le et al,, 2024; Macaya & Zuccarello, 2010). These
results fit with the dispersal capability and life-history
traits of these two species. Because of the buoyant
nature of M. pyrifera (vs. non-buoyant D. potatorum),
there is enhanced potential for long-distance dispersal
and gene flow (Layton et al., 2022; Thiel & Gutow, 2004).
Furthermore, M. pyrifera can reproduce year round
(Buschmann et al., 2004), unlike D. potatorum, which
is limited to reproduction during the austral winter and
spring from June to October (Clayton et al., 1987). The
seasonal variability in strength of the East Australian
Current (EAC) means that M. pyrifera has the potential
to disperse in a variety of oceanographic conditions
(Layton et al., 2022), whereas D. potatorum dispersal
is largely shaped by the prevailing east—-west winter
currents. Climate change may affect dispersal in the
future as the EAC has been predicted to strengthen
its southward flow (Oliver & Holbrook, 2014). More
southward flow may increase the connectivity between
the northeast and southeast Tasmanian populations.
The connectivity modeling is limited, however, by
our fine-scale understanding of kelp raft dynamics.

Furthering our understanding of specific kelp-raft
parameters such as buoyancy and drag would increase
the accuracy of connectivity modeling in the future.

Differences in population structure may also be due
to the amount of intervening suitable habitat between
populations (Durrant et al., 2018). Macrocystis pyrif-
era has a large depth range, typically down to ~30m
(Graham et al., 2007), whereas Durvillaea potatorum is
limited to rocky reefs with high wave exposure and shal-
lower depths, <12m (Fraser et al., 2020). As such, there
may be more continuously suitable habitat spread along
the GSR coastline for M. pyrifera, further facilitating a
greater connection of populations. Given southeastern
Australia is a warming hotspot (Hobday & Pecl, 2014),
the distinct population structuring and lack of connectiv-
ity among populations increase the vulnerability of these
species to local extinctions resulting in the loss of eco-
system services provided by these habitat-forming kelp
species.

Genetic relatedness

Macrocystis pyrifera sampled at the southernmost
sampled site, Fishers Point, were most closely related
to the mainland samples collected from southwestern
Victoria. Our oceanographic connectivity analyses
indicate that it is possible, albeit rare, for M. pyrifera
from Victoria to disperse to Fishers Point. This dispersal
might represent a past founder event, with rafts
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Bicheno (D. potatorum).

colonizing Fishers Point following an environmental
disturbance, with subsequent offspring reaching high
densities and blocking gene flow from later migrants
(Fraser et al., 2018; Waters et al., 2013). However, it is
surprising that there is such high genetic divergence
between Fishers Point and the other southeast
Tasmanian populations for M. pyrifera, given the
relatively small geographic distances between them.
The hindcast simulations indicated that rafts are
most likely to come from the west. Previous work on
macroalgal genetics in southeast Australia has shown
strong east—west structuring but weaker north—south
population structure (Durrant et al.,, 2015; Fraser
et al.,, 2009; Hurd et al., 2023; Mueller et al., 2018).
Populations in western Tasmania are often more
similar to southwestern Victoria than either are to
eastern Tasmania (Fraser et al.,, 2009). This east—
west difference has been inferred to result from
population segregation during sea level regressions
in Pleistocene ice ages, during which Tasmania was
connected to mainland Australia (Fraser et al., 2009).
As such, we hypothesize that Fishers Point, close
to the very southern tip of Tasmania, may be the

southernmost extent of this “western” genetic identity
and oceanographic influence. Further sampling of M.
pyrifera on the west coast of Tasmania and southwest
Victoria could provide support for this model. Indeed,
this southern point of Tasmania is where the poleward-
flowing Zeehan Current of western Tasmania meets
the poleward-flowing EAC of eastern Tasmania
(Marchesiello & Middleton, 2000). Simulations also
indicated that rafts arriving at Charlotte Cove and
Surveyors Bay are unlikely to move northward from
Fishers Point, raising the possibility that the transition
from the western to eastern identities for M. pyrifera lies
between these areas. The different species likely have
different transition points because of their contrasting
dispersal potential.

Durvillaea potatorum from St Helens appeared to
be genetically distinct, with minimal admixture with
nearby populations. St Helens also had the highest self-
recruitment (~50%) based on the particle modeling and
a higher probability of rafts originating from the north in
the hindcast analysis (~20% from northeast populations).
There could be more closely related populations to the
north which were not sampled, limiting the conclusions
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potatorum), (b) Keyhole and Breakwater Reef (Macrocystis pyrifera
and D. potatorum), and (c) Skenes Creek (D. potatorum).

that can be made from this study. The modeled poten-
tial connectivity of D. potatorum between southwestern
Victoria and Tasmania was very low, and the simulations
revealed the capacity for north—south dispersal but not
vice versa. The isolation of D. potatorum at St Helens
from the other sampling locations is logical given rela-
tively limited east—west flow through Bass Strait and the
behavior of the dominant poleward flowing Zeehan and
East Australian Currents (Weber et al., 2017).

TABLE 3 Results of multiple regression of distance matrices
for Durvillaea potatorum and Macrocystis pyrifera.

Species Predictor Coefficient p-value
Durvillaea Intercept 0.3712 0.879
potatorum
Least cost distance 0.0005 0.019
Particle connectivity -0.0013 0.031
R2=0.394, F=10.73, p=0.019
Macrocystis  Intercept 0.2623 0.028
pyrifera
Least cost distance 0.0002 0.031
Particle connectivity -0.0013 0.028

R?=0.803, F=24.39, p=0.007

Population genetics and connectivity

Both Durvillaeca potatorum and Macrocystis pyrifera
exhibited evidence for isolation-by-distance; however,
these patterns were much stronger in M. pyrifera than
in D. potatorum. We suggest that this pattern is the
result of greater predictability in admixture of M. pyrifera
populations. As D. potatorum is less dispersal-capable,
localized geographic factors and historic contingencies
are more likely to shape this the population structure
of this species (Fraser et al., 2020), leading to greater
departures from isolation-by-distance patterns. In
contrast, M. pyrifera is a highly dispersive species
and, thus, is expected to align better with isolation-
by-distance patterns (Alberto et al., 2011). Notably,
M. pyrifera Fg; was strongly associated with particle
connectivity, whereas this relationship was weaker
in D. potatorum. Although this could be the result of
localized influences on D. potatorum coupled with
reduced dispersal ability, it could also be explained
by the particle characteristics used in our modeling
better aligning with those of a buoyant kelp species.
Nevertheless, given that D. potatorum is expected to
disperse via entanglement with buoyant rafts (Kelly
et al., 2021), it is difficult to be sure which explanation is
more likely. Interestingly, D. potatorum tended to have
much lower observed heterozygosity than M. pyrifera.
This phenomenon is likely explained by reduced
population connectivity leading to reduced genetic
diversity in D. potatorum relative to M. pyrifera. Similar
findings of low heterozygosity were observed for D.
amatheiae in southeast Australia (New South Wales
and Victoria; Nimbs et al., 2025).

CONCLUSIONS

Our results revealed intriguing population structure and
connectivity patterns in large habitat-forming kelp taxa
in southern Australia, and future analyses should aim to
include more sampling sites to determine the locations
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of barriers and pathways for gene flow across this area.
The unique genetic structuring of Durvillaea potatorum
and the low connectivity among populations has
emphasized the potentially concerning vulnerability of
this species to climate change and local stressors such
as marine heat waves. The potential vulnerability of D.
potatorum is even more alarming given its endemism,
more limited-dispersal capacity, and probable range
reductions and the absence of poleward habitat for this
species to move toward. Therefore, it is important to
identify species that rely on D. potatorum for habitat
and to develop strategies to reduce the potential
impacts for these species if range retractions continue.
The loss of these habitat-forming autogenic ecosystem
engineers will affect ecosystem functioning of the GSR
and, consequently, affect the human livelihood derived
from that functioning.

AUTHOR CONTRIBUTIONS

Finn J. Ryder: Conceptualization (equal); formal
analysis (lead); investigation (equal); methodology
(equal); visualization (equal); writing — original draft
(lead); writing — review and editing (equal). William
S. Pearman: Conceptualization (equal); formal
analysis (lead); investigation (equal); methodology
(equal); visualization (equal); writing — original
draft (lead); writing — review and editing (equal).
Cayne Layton: Conceptualization (equal); data
curation (equal); investigation (equal); methodology
(equal); writing — review and editing (equal). Elahe
Parvizi: Conceptualization (equal); investigation
(equal); methodology (equal); writing — original draft
(supporting); writing — review and editing (equal). Craig
Johnson: Conceptualization (equal); supervision
(supporting); writing — review and editing (equal). Alecia
Bellgrove: Conceptualization (equal); data curation
(equal); investigation (equal); methodology (equal);
writing — review and editing (equal). Ceridwen I.
Fraser: Conceptualization (equal); funding acquisition
(lead); project administration (lead); resources (equal);
supervision (lead); writing — review and editing (equal).

ACKNOWLEDGMENTS

This study has been conducted using E.U. Copernicus
Marine Service Information; 10.48670/moi-00185, and
10.48670/moi-00021. Analyses were funded by grants
from the Royal Society of New Zealand: a Rutherford
Discovery Fellowship (RDF-UOO1803) and a Marsden
grant (MFP-20-UOO-173) to CIF; postdoctoral fellow
FJR was also supported by the latter. We thank Rachel
Rathjen, Amanda Padovan, and Leighton Thomas
for assistance in the laboratory. We thank the two
anonymous reviewers for their comments that greatly
improved this manuscript. The authors acknowledge
the use of New Zealand eScience Infrastructure (NeSl)
high performance computing facilities, consulting
support and/or training services as part of this research.

New Zealand's national facilities are provided by NeSI
and funded jointly by NeSl's collaborator institutions
and through the Ministry of Business, Innovation &
Employment's Research Infrastructure programme.
URL https://www.nesi.org.nz.

ORCID

Finn J. Ryder © https://orcid.
org/0000-0001-6512-0175
William S. Pearman © https://orcid.
org/0000-0002-7265-8499
Cayne Layton © https://orcid.
org/0000-0002-3390-6437
Elahe Parvizi (© https://orcid.
org/0000-0002-1695-8817
Alecia Bellgrove © https://orcid.
org/0000-0002-0499-3439

REFERENCES

Airoldi, L., Balata, D., & Beck, M. W. (2008). The gray zone:
Relationships between habitat loss and marine diversity and
their applications in conservation. Journal of Experimental
Marine Biology and Ecology, 366(1-2), 8—15.

Alberto, F., Raimondi, P. T., Reed, D. C., Watson, J. R., Siegel, D.
A., Mitarai, S., Coelho, N., & Serrao, E. A. (2011). Isolation
by oceanographic distance explains genetic structure for
Macrocystis pyrifera in the Santa Barbara Channel. Molecular
Ecology, 20(12), 2543-2554.

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-
based estimation of ancestry in unrelated individuals. Genome
Research, 19(9), 1655—-1664.

Aradjo, M. B., Ferri-Yanez, F., Bozinovic, F., Marquet, P. A,
Valladares, F., & Chown, S. L. (2013). Heat freezes niche evo-
lution. Ecology Letters, 16(9), 1206—1219.

Arenas, M., Ray, N., Currat, M., & Excoffier, L. (2012). Consequences
of range contractions and range shifts on molecular diversity.
Molecular Biology and Evolution, 29(1), 207-218.

Bennett, S., Wernberg, T., Connell, S. D., Hobday, A. J., Johnson,
C. R., & Poloczanska, E. S. (2015). The ‘great southern
reef”: Social, ecological and economic value of Australia's
neglected kelp forests. Marine and Freshwater Research,
67(1), 47-56.

Berg, M. P., Kiers, E. T., Driessen, G., Kooi, B. W., Kuenen, F,,
Liefting, M., Verhoef, H. A., & Ellers, J. (2010). Adapt or
disperse: Understanding species persistence in a changing
world. Global Change Biology, 16(2), 587-598.

Britton, D., Layton, C., Mundy, C. N., Brewer, E. A., Gaitan-Espitia,
J. D., Beardall, J., Raven, J. A., & Hurd, C. L. (2024). Cool-edge
populations of the kelp Ecklonia radiata under global ocean
change scenarios: Strong sensitivity to ocean warming but little
effect of ocean acidification. Proceedings of the Royal Society
B, 291(2015), 20232253.

Buschmann, A., Vasquez, J., Osorio, P., Reyes, E., Filun, L.,
Hernandez-Gonzalez, M., & Vega, A. (2004). The effect of
water movement, temperature and salinity on abundance and
reproductive patterns of Macrocystis spp. (Phaeophyta) at dif-
ferent latitudes in Chile. Marine Biology, 145, 849—-862.

Bussolini, L. T., & Waters, J. M. (2015). Genetic analyses of rafted
macroalgae reveal regional oceanographic connectivity pat-
terns. Journal of Biogeography, 42(7), 1319—1326.

Butler, C. L., Lucieer, V. L., Wotherspoon, S. J., & Johnson, C. R.
(2020). Multi-decadal decline in cover of giant kelp Macrocystis
pyrifera at the southern limit of its Australian range. Marine
Ecology Progress Series, 653, 1-18.

8518017 SUOWIWOD 3AIeR1D) 8|deol|dde au Aq peusenob a1e Sapile YO ‘8sn J0 S9N 10 ARiq1T BUIIUO A8|IM L0 (SUORIPUOO-PUE-SUBYWIOD A8 |IM AR iq U UO//SARU) SUORIPUOD PUe SWwi | 38U} 88S *[9202/20/60] U0 A%IqIT8UIUO ABIM ‘AVMTVD ANV T3YI 40 ALISHIAINA TYNOILYN Ad 0vTOL AdTTTT 0T/10pW00 A8 1M Aseiq U UO//SdRY W1y papeojumod ‘0 2T88625T


https://doi.org/10.48670/moi-00185
https://doi.org/10.48670/moi-00021
https://www.nesi.org.nz
https://orcid.org/0000-0001-6512-0175
https://orcid.org/0000-0001-6512-0175
https://orcid.org/0000-0001-6512-0175
https://orcid.org/0000-0002-7265-8499
https://orcid.org/0000-0002-7265-8499
https://orcid.org/0000-0002-7265-8499
https://orcid.org/0000-0002-3390-6437
https://orcid.org/0000-0002-3390-6437
https://orcid.org/0000-0002-3390-6437
https://orcid.org/0000-0002-1695-8817
https://orcid.org/0000-0002-1695-8817
https://orcid.org/0000-0002-1695-8817
https://orcid.org/0000-0002-0499-3439
https://orcid.org/0000-0002-0499-3439
https://orcid.org/0000-0002-0499-3439

KELP POPULATION STRUCTURE: SE AUSTRALIA

13

Clark, J. S., Poore, A. G., Coleman, M. A., & Doblin, M. A. (2020).
Local scale thermal environment and limited gene flow indi-
cates vulnerability of warm edge populations in a habitat form-
ing macroalga. Frontiers in Marine Science, 7, 711.

Clayton, M., Hallam, N., & Shankly, C. (1987). The seasonal pat-
tern of conceptacle development and gamete maturation in
Durvillaea potatorum (Durvillaeales, Phaeophyta). Phycologia,
26(1), 35—45.

DeRaad, D. A. (2022). SNPfiltR: An R package for interactive and re-
producible SNP filtering. Molecular Ecology Resources, 22(6),
2443-2453.

Diesel, J., Molano, G., Montecinos, G. J., DeWeese, K., Calhoun, S.,
Kuo, A., Lipzen, A., Salamov, A., Grigoriev, |. V., Reed, D. C,,
Miller, R. J., Nuzhdin, S. V., & Alberto, F. (2023). A scaffolded
and annotated reference genome of giant kelp (Macrocystis
pyrifera). BMC Genomics, 24(1), 543. https://doi.org/10.1186/
512864-023-09658-x

Durrant, H. M., Barrett, N. S., Edgar, G. J., Coleman, M. A., &
Burridge, C. P. (2015). Shallow phylogeographic histories of key
species in a biodiversity hotspot. Phycologia, 54(6), 556—565.

Durrant, H. M., Barrett, N. S., Edgar, G. J., Coleman, M. A., &
Burridge, C. P. (2018). Seascape habitat patchiness and hy-
drodynamics explain genetic structuring of kelp populations.
Marine Ecology Progress Series, 587, 81-92.

Eger, A. M., Marzinelli, E. M., Beas-Luna, R., Blain, C. O., Blamey, L.
K., Byrnes, J. E., Carnell, P. E., Choi, C. G., Hessing-Lewis, M.,
& Kim, K. Y. (2023). The value of ecosystem services in global
marine kelp forests. Nature Communications, 14(1), 1894.

Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto,
K., Buckler, E. S., & Mitchell, S. E. (2011). A robust, simple
genotyping-by-sequencing (GBS) approach for high diversity
species. PLoS One, 6(5), e19379. https://doi.org/10.1371/journ
al.pone.0019379

Forbes, H., Strain, E. M., Bennett, S., Ling, S. D., & Layton, C.
(2024). Endangered giant kelp forests support similar fish and
macroinvertebrate communities to sympatric stipitate kelp for-
ests. Biodiversity and Conservation, 33(8), 2503-2525.

Fraser, C. |, Davies, I. D., Bryant, D., & Waters, J. M. (2018). How
disturbance and dispersal influence intraspecific structure.
Journal of Ecology, 106(3), 1298—1306.

Fraser, C. I., Dutoit, L., Morrison, A. K., Pardo, L. M., Smith, S. D. A.,
Pearman, W. S., Parvizi, E., Waters, J., & Macaya, E. C. (2022).
Southern Hemisphere coasts are biologically connected by
frequent, long-distance rafting events. Current Biology, 32(14),
3154-3160. https://doi.org/10.1016/j.cub.2022.05.035

Fraser, C. I, Nikula, R., & Waters, J. M. (2011). Oceanic rafting by
a coastal community. Proceedings of the Royal Society B:
Biological Sciences, 278(1706), 649—655.

Fraser, C. ., Spencer, H. G., & Waters, J. M. (2009). Glacial ocean-
ographic contrasts explain phylogeography of Australian bull
kelp. Molecular Ecology, 18(10), 2287-2296.

Fraser, C. I., Velasquez, M., Nelson, W. A., Macaya, E. C., & Hay,
C. H. (2020). The biogeographic importance of buoyancy in
macroalgae: A case study of the southern bull-kelp genus
Durvillaea (Phaeophyceae), including descriptions of two new
Species. Journal of Phycology, 56(1), 23—-36.

Goslee, S. C., & Urban, D. L. (2007). The ecodist package for
dissimilarity-based analysis of ecological data. Journal of
Statistical Software, 22, 1-19.

Goudet, J., & Weir, B. S. (2023). An allele-sharing, moment-based
estimator of global, population-specific and population-pair Fg;
under a general model of population structure. PLoS Genetics,
19(11), e1010871.

Graham, M. H., Vasquez, J. A., & Buschmann, A. H. (2007). Global
ecology of the giant kelp Macrocystis: From ecotypes to eco-
systems. Oceanography and Marine Biology, 45, 39.

Gruber, B., Unmack, P. J., Berry, O. F.,, & Georges, A. (2018). DARTR:
An R package to facilitate analysis of SNP data generated

from reduced representation genome sequencing. Molecular
Ecology Resources, 18(3), 691-699.

Hampe, A., & Petit, R. J. (2005). Conserving biodiversity under cli-
mate change: The rear edge matters. Ecology Letters, 8(5),
461-467.

Hobday, A. J., & Pecl, G. T. (2014). Identification of global marine
hotspots: Sentinels for change and vanguards for adaptation
action. Reviews in Fish Biology and Fisheries, 24, 415-425.

Hurd, C. L., Wright, J. T., Layton, C., Strain, E. M., Britton, D., Visch,
W., Barrett, N., Bennett, S., Chang, K. J. L., & Edgar, G. (2023).
From Tasmania to the world: Long and strong traditions in sea-
weed use, research, and development. Botanica Marina, 66(1),
1-36.

Jayathilake, D. R., & Costello, M. J. (2020). A modelled global distri-
bution of the kelp biome. Biological Conservation, 252, 108815.

Jenkins, T. L. (2024). Mapmixture: An R package and web app for
spatial visualisation of admixture and population structure.
Molecular Ecology Resources, 24(4), e13943.

Johnson, C. R,, Banks, S. C., Barrett, N. S., Cazassus, F., Dunstan,
P. K., Edgar, G. J., Frusher, S. D., Gardner, C., Haddon, M.,
& Helidoniotis, F. (2011). Climate change cascades: Shifts in
oceanography, species' ranges and subtidal marine commu-
nity dynamics in eastern Tasmania. Journal of Experimental
Marine Biology and Ecology, 400(1-2), 17-32.

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: New tools for the
analysis of genome-wide SNP data. Bioinformatics, 27(21),
3070-3071.

Jones, C. G., Lawton, J. H., & Shachak, M. (1996). Organisms as
ecosystem engineers. In F. B. Samson & F. L. Knopf (Eds.),
Ecosystem management: Selected readings (pp. 130-147).
Springer.

Jones, C. G,, Lawton, J. H., & Shachak, M. (1997). Positive and neg-
ative effects of organisms as physical ecosystem engineers.
Ecology, 78(7), 1946—1957.

Kelly, E., Cowley, G., & Fraser, C. I. (2021). Holdfast coalescence
between buoyant and non-buoyant seaweeds. Marine and
Freshwater Research, 72(12), 1838—1843.

Layton, C., & Johnson, C. R. (2021). Assessing the feasibil-
ity of restoring giant kelp forests in Tasmania (Report to the
National Environmental Science Program, Marine Biodiversity
Hub). Institute for Marine and Antarctic Studies, University of
Tasmania.

Layton, C., Vermont, H., Beggs, H., Brassington, G. B., Burke, A. D.,
Hepburn, L., Holbrook, N., Marshall-Grey, W., Mesaglio, T., &
Parvizi, E. (2022). Giant kelp rafts wash ashore 450 km from
the nearest populations and against the dominant ocean cur-
rent. Ecology, 103(10), e3795.

Le, D. M., Desmond, M. J., Knapp, M., Kardailsky, O., Nelson, W. A,
Zuccarello, G. C., & Hepburn, C. D. (2024). Population genetic
structure of the giant kelp Macrocystis pyrifera in Aotearoa/
New Zealand. Marine Biology, 171(4), 80.

Le, D. M., Desmond, M. J., Pritchard, D. W., & Hepburn, C. D. (2022).
Effect of temperature on sporulation and spore development of
giant kelp (Macrocystis pyrifera). PLoS ONE, 17(12), e0278268.

Legendre, P., & Fortin, M. J. (1989). Spatial pattern and ecological
analysis. Vegetatio, 80(2), 107-138.

Li, H. (2013). Aligning sequence reads, clone sequences and as-
sembly contigs with BWA-MEM (Version 2). arXiv. https://doi.
org/10.48550/ARXIV.1303.3997

Macaya, E. C., Lépez, B., Tala, F., Tellier, F., & Thiel, M. (2016). Float
and raft: Role of buoyant seaweeds in the phylogeography and
genetic structure of non-buoyant associated flora. In Z.-M. Hu
& C Fraser (Eds.), Seaweed phylogeography: Adaptation and
evolution of seaweeds under environmental change (pp. 97—
130). Springer.

Macaya, E., & Zuccarello, G. (2010). Genetic structure of the giant
kelp Macrocystis pyrifera along the southeastern Pacific.
Marine Ecology Progress Series, 420, 103—112.

8518017 SUOWIWOD 3AIeR1D) 8|deol|dde au Aq peusenob a1e Sapile YO ‘8sn J0 S9N 10 ARiq1T BUIIUO A8|IM L0 (SUORIPUOO-PUE-SUBYWIOD A8 |IM AR iq U UO//SARU) SUORIPUOD PUe SWwi | 38U} 88S *[9202/20/60] U0 A%IqIT8UIUO ABIM ‘AVMTVD ANV T3YI 40 ALISHIAINA TYNOILYN Ad 0vTOL AdTTTT 0T/10pW00 A8 1M Aseiq U UO//SdRY W1y papeojumod ‘0 2T88625T


https://doi.org/10.1186/s12864-023-09658-x
https://doi.org/10.1186/s12864-023-09658-x
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1016/j.cub.2022.05.035
https://doi.org/10.48550/ARXIV.1303.3997
https://doi.org/10.48550/ARXIV.1303.3997

14

RYDER ET AL.

Marchesiello, P., & Middleton, J. H. (2000). Modeling the east
Australian current in the Western Tasman Sea. Journal of
Physical Oceanography, 30(11), 2956—2971.

Martin, M. (2011). Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet. Journal, 17(1), 10—12.
https://doi.org/10.14806/ej.17.1.200

Martinez, B., Radford, B., Thomsen, M. S., Connell, S. D., Carrefio,
F., Bradshaw, C. J., Fordham, D. A., Russell, B. D., Gurgel,
C. F. D., & Wernberg, T. (2018). Distribution models predict
large contractions of habitat-forming seaweeds in response
to ocean warming. Diversity and Distributions, 24(10),
1350-1366.

Miller, R. J., Lafferty, K. D., Lamy, T., Kui, L., Rassweiler, A., & Reed,
D. C. (2018). Giant kelp, Macrocystis pyrifera, increases fau-
nal diversity through physical engineering. Proceedings of the
Royal Society B: Biological Sciences, 285(1874), 20172571.

Montie, S., & Thomsen, M. S. (2023). Long-term community shifts
driven by local extinction of an iconic foundation species fol-
lowing an extreme marine heatwave. Ecology and Evolution,
13(6), e10235.

Mueller, R., Wright, J. T., & Bolch, C. J. (2018). Historical demog-
raphy and colonization pathways of the widespread intertidal
seaweed Hormosira banksii (Phaeophyceae) in southeastern
Australia. Journal of Phycology, 54(1), 56—65.

Nicastro, K. R., Zardi, G. |., Teixeira, S., Neiva, J., Serrao, E. A., &
Pearson, G. A. (2013). Shift happens: Trailing edge contraction
associated with recent warming trends threatens a distinct ge-
netic lineage in the marine macroalga Fucus vesiculosus. BMC
Biology, 11, 1-13.

Nimbs, M. J., Davis, T. R., & Coleman, M. A. (2025). Bull kelp
(Durvillaea amatheiae) in southeastern Australia has compro-
mised adaptive capacity to future ocean warming. Journal of
Phycology, 61(5), 1092-1105.

Oliver, E., & Holbrook, N. (2014). Extending our understanding of
South Pacific gyre “spin-up”. Modeling the east Australian
current in a future climate. Journal of Geophysical Research:
Oceans, 119(5), 2788—-2805.

Pante, E., & Simon-Bouhet, B. (2013). Marmap: A package for im-
porting, plotting and analyzing bathymetric and topographic
data in R. PLoS ONE, 8(9), e73051.

Pearman, W. S., Duffy, G. A., Smith, R. O., Currie, K. I., Gemmell,
N. J., Morales, S. E., & Fraser, C. |. (2024). Host dispersal re-
laxes selective pressures in rafting microbiomes and triggers
successional changes. Nature Communications, 15(1), 10759.

Pecl, G. T., Aratjo, M. B., Bell, J. D., Blanchard, J., Bonebrake,
T. C., Chen, |.-C,, Clark, T. D., Colwell, R. K., Danielsen, F.,
& Evengard, B. (2017). Biodiversity redistribution under cli-
mate change: Impacts on ecosystems and human well-being.
Science, 355(6332), eaai9214.

Peluso, L., Tascheri, V., Nunes, F., Castro, C., Pires, D., & Zilberberg,
C. (2018). Contemporary and historical oceanographic pro-
cesses explain genetic connectivity in a southwestern Atlantic
coral. Scientific Reports, 8(1), 2684.

Perry, F. (2023). Microclimates in the holdfasts of bull kelp
(Durvillaea spp.) and the thermal physiology of the associated
invertebrates [Master's thesis, University of Otago]. https://hdl.
handle.net/10523/15405

Peters, J. C., Waters, J. M., Dutoit, L., & Fraser, C. |. (2020). SNP anal-
yses reveal a diverse pool of potential colonists to earthquake-
uplifted coastlines. Molecular Ecology, 29(1), 149—159.

R Core Team. (2024). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https:/
www.R-project.org/

Ramos, J. E., Pecl, G. T., Moltschaniwskyj, N. A., Semmens, J. M.,
Souza, C. A., & Strugnell, J. M. (2018). Population genetic sig-
natures of a climate change driven marine range extension.
Scientific Reports, 8(1), 9558.

Rochette, N. C., Rivera-Colén, A. G., & Catchen, J. M. (2019). Stacks
2: Analytical methods for paired-end sequencing improve
RADseqg-based population genomics. Molecular Ecology,
28(21), 4737-4754.

Roman-Palacios, C., & Wiens, J. J. (2020). Recent responses to cli-
mate change reveal the drivers of species extinction and sur-
vival. Proceedings of the National Academy of Sciences of the
United States of America, 117(8), 4211-4217.

Shafer, A. B., Peart, C. R., Tusso, S., Maayan, |., Brelsford, A.,
Wheat, C. W., & Wolf, J. B. (2017). Bioinformatic processing
of RAD-seq data dramatically impacts downstream population
genetic inference. Methods in Ecology and Evolution, 8(8),
907-917.

Tait, L. W., Thoral, F., Pinkerton, M. H., Thomsen, M. S., & Schiel,
D. R. (2021). Loss of giant kelp, Macrocystis pyrifera, driven
by marine heatwaves and exacerbated by poor water clarity in
New Zealand. Frontiers in Marine Science, 8, 721087.

Teagle, H., Hawkins, S. J., Moore, P. J., & Smale, D. A. (2017). The
role of kelp species as biogenic habitat formers in coastal ma-
rine ecosystems. Journal of Experimental Marine Biology and
Ecology, 492, 81-98.

Thiel, M., & Gutow, L. (2004). The ecology of rafting in the marine
environment. |. The floating substrata. Oceanography and
Marine Biology, 42, 181-264.

Thomsen, M. S., & South, P. M. (2019). Communities and attach-
ment networks associated with primary, secondary and alter-
native foundation species; a case study of stressed and dis-
turbed stands of southern bull kelp. Diversity, 11(4), 56.

Van Etten, J. (2017). R package gdistance: Distances and
routes on geographical grids. Journal of Statistical Software,
76, 1-21.

Van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson,
A., Hibbard, K., Hurtt, G. C., Kram, T., Krey, V., & Lamarque,
J.-F. (2011). The representative concentration pathways: An
overview. Climatic Change, 109(1), 5.

Vaux, F., Dutoit, L., Fraser, C. |., & Waters, J. M. (2023). Genotyping-
by-sequencing for biogeography. Journal of Biogeography,
50(2), 262—281.

Velasquez, M., Fraser, C. |., Nelson, W. A, Tala, F., & Macaya, E. C.
(2020). Concise review of the genus Durvillaea Bory de saint-
Vincent, 1825. Journal of Applied Phycology, 32, 3—-21.

Waters, J. M., Fraser, C. |., & Hewitt, G. M. (2013). Founder takes all:
Density-dependent processes structure biodiversity. Trends in
Ecology & Evolution, 28(2), 78—-85.

Weber, X. A., Edgar, G. J., Banks, S. C., Waters, J. M., & Fraser, C.
I. (2017). A morphological and phylogenetic investigation into
divergence among sympatric Australian southern bull kelps
(Durvillaea potatorum and D. amatheiae sp. nov.). Molecular
Phylogenetics and Evolution, 107, 630—643.

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis.
Springer-Verlag. https:/ggplot2.tidyverse.org

Zarnetske, P. L., Skelly, D. K., & Urban, M. C. (2012). Biotic multipli-
ers of climate change. Science, 336(6088), 1516—1518.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. Principal component analysis of Durvillaea
sequencing data. The left most cluster was discarded
from primary analyses as these samples belonged to
D. amatheiae.

Figure S2. Admixture cross validation error for
Macrocystis pyrifera and Durvillaea potatorum.
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Figure S3. Least-cost distance and number of particles
reaching each site (log scale) for Durvillaea potatorum
(blue) and Macrocystis pyrifera (red).

Table S1. Details of sampling sites and replication.
Table S2. Proportion of samples clustering with each
ADMIXTURE group for Macrocystis pyrifera. K=3.
Table S3. Proportion of samples clustering
with each ADMIXTURE group for Durvillaea potatorum.
K=5.
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