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Theory suggests that catastrophic earth-history events can drive rapid
biological evolution, but empirical evidence for such processes is scarce.
Destructive geological events such as earthquakes can represent large-scale
natural experiments for inferring such evolutionary processes. We capitalized
on a major prehistoric (800 yr BP) geological uplift event affecting a southern
New Zealand coastline to test for the lasting genomic impacts of disturbance.
Genome-wide analyses of three co-distributed keystone kelp taxa revealed
that post-earthquake recolonization drove the evolution of novel, large-scale
intertidal spatial genetic ‘sectors’ which are tightly linked to geological
fault boundaries. Demographic simulations confirmed that, following wide-
spread extirpation, parallel expansions into newly vacant habitats rapidly
restructured genome-wide diversity. Interspecific differences in recolonization
mode and tempo reflect differing ecological constraints relating to habitat
choice and dispersal capacity among taxa. This study highlights the rapid
and enduring evolutionary effects of catastrophic ecosystem disturbance and
reveals the key role of range expansion in reshaping spatial genetic patterns.

1. Introduction
Major environmental disturbances can drive widespread biological range shifts
[1,2], and in the face of rapid contemporary environmental change, understanding
how species-range dynamics shape biodiversity patterns is increasingly important
[3]. In theory, such range shifts could dramatically restructure spatial biodiversity
[4–7], even in the absence of selective processes and barriers to gene flow [4,5,8].
Although natural selection often plays a key role in structuring biodiversity (e.g.
[9]), recent modelling studies suggest neutral processes [10] can also influence
such patterns [4,8,11,12]. In particular, theoretical and laboratory experimental
data suggest colonizationprocesses such as priority effects often underpin the distri-
bution of diversity,with first-arriving lineages having an advantage over latecomers
[13–16].Major disturbances are thought to generate broad-scale structuring of biodi-
versity over deep time scales [1], but compelling evidence of this phenomenon from
natural populations over ecologically relevant time frames remains elusive.

To date, few studies have assessed the impacts of disruptive geological pro-
cesses such as earthquakes, tsunamis and volcanic eruptions on biodiversity
patterns [17–19]. Sudden coastal uplift [19–21] provides an unparalleled opportu-
nity to elucidate the role of disturbance in structuring biodiversity. Intertidal
habitats present elegant, essentially linear systems with which to test for impacts
of earthquake-driven upheaval. Recent catastrophic earthquakes in New Zealand
andChile, for instance, raised extensive stretches of seabed by several metres, elim-
inating intertidal species and potentially creating widespread vacant intertidal
habitats for colonization [21–24]. Evaluating the biological impacts of such events
can enhance our understanding of the role of disturbance in shaping biodiversity.

Here, we focus on the biological effects of a prehistoric uplift event affecting
Southern Ocean coastlines. The South Island of New Zealand is tectonically
active with occasional large earthquakes affecting the eastern coast (figure 1a), as
at Christchurch in 2011 and Kaikoura in 2016 (figure 1b). A large prehistoric earth-
quake approximately 800 years ago raised a substantial stretch of southern
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Figure 1. Major earthquake uplift events on Southern Ocean coastlines have extirpated intertidal biota. (a) Regional tectonic setting in South Island, New Zealand
(b) A recent example of the effect of coastal uplift on intertidal kelps, in which habitat-forming Durvillaea kelp populations suffered widespread extirpation. Photos:
J.M.W., Ward Beach (Kaikoura region; November 2016 and April 2017). (c) Topography of the Akatore coastal block uplifted by an earthquake approximately 800
years ago. (d ) Colour-contoured LIDAR topography of a portion of uplifted coastline, showing uplifted intertidal zone in shades of yellow. Numbers on LIDAR map
represent radiocarbon dates on uplifted shells in caves at palaeo-high tide. (Online version in colour.)
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coastline by 2–3 metres [25–27] (figure 1c,d). The whole stretch
of coast was affected by an approximately 800 yr BP event [26]
dated by radiocarbon methods at the fault line itself [27]
(figure 1c). Radiocarbon dating of shells at the palaeo-high-
tide level (figure 1d) overlap the younger end of this radio-
carbon date range and confirm the direct relationship between
earthquake and coastal uplift.

Weanalysedsinglenucleotidepolymorphism(SNP)datadis-
tributed across the genome of three sympatric bull-kelp species
inhabiting rocky shores of southern New Zealand to test for last-
ing genomic signatures of this prehistoric coastal uplift. The three
species differ in their dispersal capacities and tidal ranges [28]
and thus in their vulnerabilities to extirpation by uplift. Specifi-
cally, Durvillaea willana is a non-buoyant shallow subtidal (to
approximately 6 m) taxon, whereas Durvillaea antarctica is buoy-
ant and dominates the low-intertidal, and Durvillaea poha is
similarly buoyant but occupying more wave-sheltered habitats
of the low-mid intertidal [28]. Our study reveals that environ-
mental disturbance and colonization processes can rapidly
reshape intraspecific spatial genetic patterns.
2. Results
(a) Earthquake-driven genetic structure
De novo assembly of loci yielded a total of 9526 SNPs in 113
individuals of D. poha, 9710 SNPs in 128 D. antarctica and
7384 SNPs in 73D. willana. Phylogeographic analyses revealed
distinctive spatial genomic sectors in both buoyant intertidal
species (D. antarctica andD. poha), tightly linked to earthquake
uplift boundaries. By contrast, no uplift-associated structure
was detected in the less-dispersive, subtidal species, D. willana
(figure 2).

For both intertidal species, principal component analysis
(PCA), STRUCTURE and BAPS clustering methods all detected
abrupt shifts in genotype compositions associated with the
uplift zone, tightly constrained by tectonic fault boundaries
(figure 2; electronic supplementary material, figures S1, S6, S7
and S9). Although Bayesian clustering methods detected
admixture between populations at the fringe of the uplifted
region, such admixture did not penetrate the core of the uplifted
block. In contrastwith the distinctive ‘uplift’ sectors detected for
intertidal species, no such anomalies were detected for the co-
distributed subtidal species,D. willana (figure 2; electronic sup-
plementarymaterial, figures S8 and S9). BAYESCAN tests detected
only one uplift-associated outlier locus (FST = 0.55) inD. antarc-
tica and none inD. poha. Population comparisons ofD. antarctica
within the uplift zone were characterized by particularly low
FST values relative to most other pairwise comparisons (elec-
tronic supplementary material, figure S2).

Phylogenetic clustering of intertidal species using
maximum likelihood (ML) and neighbour-joining confirmed
the presence of shallow, yet unique evolutionary units confined
to the uplifted zone for both species (figure 2; electronic
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Figure 2. Evolution of distinctive genomic sectors (red) following recolonization of the uplifted Akatore coast. STRUCTURE plots of D. poha and D. antarctica reveal
unique genotypic clusters tightly linked to the zone of coastal uplift. Neighbour-joining trees show the ‘uplift’ populations as separately evolving lineages (arrows) in
both species. The co-distributed subtidal kelp, D. willana, does not show genomic evidence of response to the uplift disturbance presumably owing to its habitat
choice. Pie charts represent admixture proportions per site. The uplifted Akatore coastal zone is indicated by dashed lines. Location codes are given in the electronic
supplementary material, table S1. Kelp illustrations were retrieved from [28]. (Online version in colour.)
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supplementary material, figure S1). By contrast, subtidal
D. willana exhibited little phylogenetic differentiation among
populations.Minor topological differences produced by differ-
ent tree reconstruction methods, (figure 2 versus electronic
supplementary material, figure S1) probably reflect the effects
of genetic admixture at the edges of the uplift. Detailed descrip-
tions of SNP-based population genomic statistics, population
structure and phylogenetic results for each taxon are presented
in the electronic supplementary material.

(b) Post-earthquake recolonization routes in
intertidal kelps

Coalescent analyses of uplifted versus non-uplifted popu-
lations of D. antarctica and D. poha using DIYABC support
the hypothesis that the uplift genomic ‘sectors’ evolved
approximately 800 years ago at the time of the earthquake
(figure 3). For D. poha, the demographic scenario with the
highest posterior probability (median = 0.9969; 95% confidence
interval (CI): 0.9961–0.9978) supported colonization of uplifted
shores via admixture between northern and southern source
populations. By contrast, D. antarctica is inferred to have rein-
vaded the uplifted zone from the north (median = 0.9626;
95% CI: 0.9542–0.971). In D. poha, colonization is estimated to
have started 806 years ago (95% CI: 448–990), with expansion
taking approximately 80 years (95% CI: 19.1–134.4), whereas
in D. antarctica colonization probably started later (median =
876 year ago; 95% CI: 480–996), with expansion occurring
within a few decades (median = 35.2 years; 95% CI: 8.2–105).
The goodness of fit of the chosen scenario parameter-posterior
combination was confirmed by checking the position of the
observed dataset in the space of summary statistics (electronic
supplementarymaterial, figure S11). Posterior predictive errors
using the direct approach implemented in DIYABC were 0.29
and 0.16 for D. poha and D. antarctica, respectively.
3. Discussion
(a) Tectonically generated biodiversity
Recent molecular studies have illustrated the importance of
ancient geological processes in driving biological diversifica-
tion over deep time scales [17,29,30]. Our study, by contrast,
reveals the phylogeographic impacts of earthquake activity in
driving spatial genomic shifts over ecologically relevant time-
frames (e.g. within decades). Specifically, our finding that
intertidal species with strong dispersal capacities show genetic
discontinuities precisely matching earthquake uplift bound-
aries provides evidence of the potentially lasting genetic
impacts of major geological disturbance.
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SNP analyses indicate that rapid range expansion, coupled
with apparent exclusion of late-dispersing genotypes, have
interacted to facilitate parallel genotypic ‘sweeps’ into the
uplifted zone for the two intertidal species (figure 2). Although
the strong genetic distinction between uplifted and non-
uplifted regions has been slightly ‘blurred’ at the margins via
localized secondary admixture, the failure of such admixed
genes to penetrate the centre of the uplift zone apparently high-
lights the ‘founder takes all’ (high-density blocking) dynamics
[14,15] underpinning these rapid recolonization processes.

In contrast with clear genomic signatures of disruption in
intertidal species, the absence of a population genomic signa-
ture of disruption in D. willana almost certainly reflects
the subtidal (to 6 m) distribution of this species, which
presumably allowed it to persist through the uplift event,
as recently documented elsewhere in New Zealand [31].
Although the species probably suffered the considerable
loss of abundance from the disturbance, with shallower indi-
viduals uplifted out of the water, even small refugial patches
in the affected area could inhibit genomic turnover [16].
Additionally, the lack of buoyancy of this species makes it
relatively unlikely to undergo long-distance dispersal via raft-
ing and hence unlikely to evolve major genetic anomalies in
response to such extirpation [13,16].

Although many studies assume that major genetic disjunc-
tions within species reflect the action of natural selection and/
or barriers to dispersal [32–34], our study highlights that the
propagation of particular genotypes during range expansion
canpromote the evolutionof large-scale spatial genetic structure
over ecological time scales. Accordingly, recent demographic
history can play a key role in explaining the distribution of
spatial biodiversityand evolution inhighlydynamic landscapes
such as seismically active coastal areas [22,23,35].
(b) Rapid recolonization dynamics
Our demographic modelling supports the geologically derived
hypothesis [26] that the Akatore Fault rupture event around
800 years ago caused widespread extirpation of intertidal kelps
from the area (electronic supplementary material, table S8), con-
sistent with direct observations of recent uplift events elsewhere
[23,36]. Durvillaea kelps are habitat-forming species, hosting
diverse epibiotic taxa, and thus their re-establishment can
play an important role in post-disturbance recovery of southern
rocky intertidal ecosystems [36]. Demographic modelling
suggests thatD. poha started to colonize the uplifted habitats ear-
lier thanD. antarctica, but took longer to expand its range thanD.
antarctica (figure 3; electronic supplementary material, table S8).
The congeneric species investigated here have largely distinct
habitat preferences (figure 2), and thus their recolonization
dynamics are probably unaffected by one another. Minor differ-
ences in recolonization timing among these taxa might instead
reflect the relatively fragmented distribution of sheltered D.
poha habitats across the region, in contrast with continuous
exposedD. antarcticahabitatswhichprobablypromoted continu-
ous and swift colonization of the latter species. The different
temporal responsesmayalsohavebeen influencedbycontrasting
predation pressures experienced at early stages of recolonization
[37] and the higher vulnerability ofD. poha to heat stress [38].

The favoured demographic scenarios for both D. antarctica
and D. poha indicate southward post-earthquake recolonization
events, contrary to the prevailing northward oceanographic flow
in this coastal region [39]. Such counter-current dispersals can be
driven by strong storms and surface waves [40], which can over-
ride the effects of prevailing oceanographic features [40,41].
These findings also concur with those of a previousmtDNAphy-
logeographic analysis which similarly supported southward
expansionofD. antarctica into thisuplifted region [26].Recoloniza-
tion ofD. pohaprobably involved adegree of admixture fromboth
northern and southern source populations, perhaps facilitated by
the relatively slow recolonization process inferred for populations
of this ecologically relatively fragmented species.

(c) Genomic impacts of disturbance
Overall, our coastal uplift study highlights the potential impacts
of ecosystem disturbance on the generation and distribution of
intraspecific genetic diversity. These data reveal that disrup-
tive earth-history events can simultaneously represent both
destructive and creative forces for biological evolution [42].
Furthermore, disturbance outcomes can vary substantially
among taxa, depending heavily on the habitat requirements
and dispersal ability of focal species, aswell the extent of habitat
loss and mortality. This discovery of earthquake-generated,
spatial genomic diversity on New Zealand shores has broader
implications for the understanding and detection of major dis-
turbance impacts in similarly dynamic landscapes worldwide
(e.g. [22,43,44]). Moreover, as the scale of anthropogenic ecosys-
tem disturbance events continues to accelerate [45,46], future
multispecies genomic studies may be useful for detecting,
understanding and mitigating the impacts of such upheaval.
4. Material and methods
(a) Sampling
The active Akatore Fault (figure 1c,d) is located in the southeast
coast of New Zealand’s South Island. Radiocarbon dating has
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constrained the most recent fault rupture event to 600–900 years
ago which has resulted in the uplift of 23 km of the coast by
2–4 m above the high-tide zone [25,26]. We applied a fine-scale
sampling design (sampling every 2–6 km; taking into account
non-habitable sandy shores. See the electronic supplementary
material, table S1 for details), encompassing approximately
100 km of coastline, incorporating both the uplifted Akatore
coast together with its flanking non-uplifted coastal regions.
We collected samples of two intertidal kelp species, D. poha and
D. antarctica. Vertical distribution and subsequent survival of
these species depend on their exposure to surf [38]. Accordingly,
and based on observations from the 2016 New Zealand Kaikoura
earthquake [23], we hypothesized that uplifts higher than 2 m
are enough to totally extirpate the intertidal populations.
In addition, we considered a shallow subtidal species, D. willana,
to control for the effect of the uplift on species with different
vertical ranges. Collections were made during low tide in 2009,
2018 and 2019. Tissue samples were preserved in absolute
ethanol in the field and further desiccated over silica gel beads at
room temperature.

(b) Single nucleotide polymorphism analysis
DNA was extracted from desiccated samples using a PowerPlant
Pro Kit and purified using a DNeasy PowerClean Pro Cleanup
Kit (QIAGEN) with minor modifications as previously applied
to bull kelps [24]. We used standard genotyping-by-sequencing
(GBS) protocols [47] using the restriction enzyme PstI-HF (New
England Biolabs). GBS libraries were created following the proto-
cols previously used for Durvillaea [24]. Sequencing of the
libraries in the 300–600 bp range was carried out on two lanes of
a midoutput flowcell in an Illumina NextSeq 500 system (75 bp
paired-end). We filtered out raw reads with an uncalled base
and low-quality scores (PHRED score < 30) and demultiplexed
combinatorial barcoded read pairs using the process_radtags algor-
ithm implemented in STACKS 2 [48]. We truncated the final reads to
68 bp and used them to assemble loci de novo using STACKS.
We optimized STACKS parameters for each species separately
using guidelines described in [49] (electronic supplementary
material, table S2). We only retained biallelic loci that were present
in at least 50% of the sampling sites and 80% of individuals from
each sampling site. We removed potential paralogous loci by
increasing the maximum observed heterozygosity cut-off to 0.7.
In order to understand how population genomic inferences
might be affected by the maximum observed heterozygosity
threshold and highly correlated loci, we generated three more
SNP datasets for population structure analysis. Details on the com-
parison of these datasets with our main SNP dataset are presented
in the electronic supplementary material.

(c) Statistical approach
We used STACKS to calculate population genomic statistics includ-
ing FIS (inbreeding coefficent), π (overall population genetic
diversity index), observed and expected heterozygosity and
homozygosity. We used the R package STAMPP 1.5.1 [50] to calcu-
late pairwise FST using 100 bootstraps.

To assess population structure, we ran a PCA [51,52],
STRUCTURE 2.3.4 [53] and BAPS 6.0 [54] on all sampling sites of
each species. For all STRUCTURE analyses we used default parameter
settings, 500 000 iterations, 50 000 burn-in steps and 10 replicates
for each potential K. For all BAPS analyses, we first ran individual
level mixture analysis with 10 replicates for each K and then used
the mixture results to infer admixture coefficients with 1000 iter-
ations. For both Bayesian clustering methods, we only used the
first SNP per locus to remove correlated SNPs within each locus,
excluded sampling site information and analysed K = 2–10
clusters. To choose the optimal K for STRUCTURE analyses, we
used the delta K method [55]. All plots were visualized using
pophelper [56]. To infer phylogenetic relationships between differ-
ent populations, we constructed unrooted ML and neighbour-
joining trees using IQTREE 1.6.12 [57] and VCF-KIT 0.1.6 [58],
respectively. For all population tree constructions of D. antarctica
and D. poha, we randomly chose three samples from each studied
population and included published sequences from elsewhere in
the New Zealand region [24] to determine broad-scale phylogeo-
graphic structure (electronic supplementary material, table S4).
ML analyses were performed using 5000 ultrafast bootstrap repli-
cates and the MODELFINDER algorithm implemented in IQTREE.

To test the presence of outlier loci, we used BAYESCAN 2.1 [59].
We carried out the test on uplifted versus non-uplifted categories
based on STRUCTURE and BAPS results. We used default chain par-
ameters and 100 prior odds for the neutral model to minimize
false-positive rates.

To evaluate the best post-earthquake recolonization routes in
intertidal species, we used an approximate Bayesian computation
approach in DIYABC 2.1.0 [60].We grouped samples based on the
clustering results (electronic supplementary material, table S5)
and restricted the maximum number of missing data in the
DIYABC input SNP dataset to 14 for D. antarctica and 12 in
D. poha. With this approach, we minimized the missing data
while maintaining the population structure patterns similar to
their corresponding full datasets. We formulated four demo-
graphic scenarios for D. antarctica and three demographic
scenarios for D. poha to identify the most probable recolonization
route into the uplifted coasts (see the electronic supplementary
material, Appendix for details). All scenarios were characterized
by a bottleneck period starting at the time of the earthquake (see
the electronic supplementary material, table S6 for the details of
priors used). We simulated one million summary statistics (SuSt;
electronic supplementary material, table S7) per scenario and
initially evaluated potential misspecifications in our scenarios
and prior distributions of parameters using a PCA. We then
used the logistic approach on 1% of the closest simulated SuSt to
the observed SuSt to calculate the posterior probability of the scen-
arios. The goodness-of-fit of models with the highest posterior
probabilities was evaluated using the model checking option in
DIYABC. We also calculated posterior based error by simulating
1000 pseudo-observed datasets under each competing scenario
and computing scenarios probabilities by choosing the direct
estimate based on 500 datasets closest to the observed datasets.
After choosing the most probable scenario, we used the 1% closest
simulated data to estimate the parameters of the model (electronic
supplementary material, table S8).

Data accessibility. Raw demultiplexed reads are available on the NCBI
Sequence Read Archive under project ID. PRJNA635712. SNP data,
metadata, ABC input and scenario files are available at Dryad Digital
repository: https://dx.doi.org/10.5061/dryad.pg4f4qrkm [61].
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