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EXECUTIVE SUMMARY

Holland, L.P.; Rowden A.A.; Hamilton, J.Z.; Clark, M.R.; Chiswell, S.M.; Gardner,
J.P.A. (2020). Genetic connectivity of deep-sea corals in the New Zealand region.

New Zealand Aquatic Environment and Biodiversity Report No. 245. 88 p.

Deep-sea corals are diverse and abundant in the New Zealand region, where they represent indicator
taxa for Vulnerable Marine Ecosystems (VMES). VMEs, such as coral reefs, are at risk from fishing
activity due to physical or functional vulnerability of their component habitats, communities or
populations, and as such may require conservation and management measures.

In this project we assessed the connectivity of populations of two stony and two black coral species,
which are VME indicator taxa in the New Zealand region. Desmophyllum dianthus is a cup coral, and
Enallopsammia. rostrata is a matrix forming stony coral species, whereas Bathypathes. patula and
Leiopathes spp. are black corals. Quantifying connectivity (i.e., gene flow) can contribute to an
understanding of the interdependence and vulnerability of deep-sea coral populations, which can inform
their management and protection. This study adds to research conducted under a wider study of VMEs
in the South Pacific Ocean.

To assess connectivity and understand observed genetic patterns, we: 1) measured population structure
and connectivity using genetic methods, 2) applied seascape genetics, and 3) used models of larval
dispersal to test our estimates of genetic connectivity. We partitioned our samples into a geospatial
analysis framework consistent with biogeographic provinces, regions and geomorphic features (e.g.,
seamounts) to assess connectivity at spatial scales commensurate with environmental drivers, and also
relevant for management.

For D. dianthus, population differences did not occur at the geomorphic feature scales, but we did find
genetic structure at the regional scale, with high connectivity between the Kermadec Ridge region and
the Louisville Seamount Chain. Populations on the Chatham Rise showed little connectivity with those
in other areas, and Chatham Rise may harbour unique genetic diversity. Overall, genetic diversity was
highest in the Kermadec Ridge region. For the other three study species, population structuring was less
pronounced and distant populations were genetically indistinguishable, except for Antarctic B. patula
which had distinct populations north and south of the Antarctic Circumpolar Current.

Seascape genetics analyses indicated that population structure was related to certain environmental
variables. For D. dianthus, indices of benthic topology (such as Benthic Position Index, aspects of slope)
correlated with genetic data, suggesting that physical seafloor habitat characteristics are important
delimiters of genetic boundaries for this species. Primary productivity, as well as topological
characteristics, potentially influence the genetic structure of E. rostrata populations. These observations
suggest that the patterns of genetic connectivity in each coral species may be explained by different
environmental variables which may require species-specific consideration.

Overall, patterns of genetic connectivity were generally consistent with directional predictions of where
larvae with different pelagic larval durations could be carried by ocean currents. However, dispersal
models did not always predict the extent of connectivity between distant sites, and the models suggest
that connectivity between distant sites was more likely to occur via shallow than deep water currents.
Prevailing currents that converge on the Chatham Rise from both north and south are likely to explain
the unique genetic diversity found there, and the relative isolation of stony coral populations on this
feature. In the absence of genetic connectivity data, simulated larval dispersal could in some cases be a
useful proxy to infer likely regional connectivity patterns of coral populations.
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Preliminary exploration of spatial management options suggests that the current deep-sea spatial
closures in the New Zealand region could be improved to better encompass the extent of the genetic
diversity present in some deep-sea corals, and potentially sustain the extent of genetic connectivity

among regions.
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1. INTRODUCTION

1.1 The importance of connectivity and genetic diversity

Assessing population connectivity is one way to understand the extent of movement between
geographically separated populations. For sessile species such as corals, this occurs primarily through
the dispersal and recruitment of planktonic larvae (and not through adult movement). The concept of
genetic connectivity describes the extent of the exchange of genes between populations (Palumbi 2003).
The basic premise is that high levels of connectivity lead to genetically uniform populations across a
species’ range, and low levels of connectivity lead to genetically differentiated populations (which can
also be described as weak versus strong genetic structure, respectively).

Because connectivity influences the exchange of genetic material, it also underpins biodiversity, which
is governed by underlying genetic variation. High levels of biodiversity are important to facilitate
adaptation to a changing environment and to maintain ecosystem function and resilience after
disturbance (Hughes et al. 2008, Sgro et al. 2011, Underwood et al. 2009), whereas low genetic diversity
is detrimental to the long-term survival likelihood of a population or species. This negative effect is
because low diversity can be associated with a reduction in survival and growth rates, an increased
extinction risk, and increased inbreeding allowing for the expression of deleterious mutations that would
otherwise not be expressed (Reed & Frankham 2003, Bradshaw & Holzapfel 2008, Wright et al. 2008).

Maintaining high genetic diversity through connectivity can be especially important for vulnerable (“at
risk™) species. Such species (or populations) must be maintained at numbers sufficient to preserve
current levels of genetic diversity whilst minimising extinction risks and mitigating threats to prevent
further loss (Reed & Frankham 2003). Furthermore, a reduction of genetic diversity at local and regional
scales may occur within a metapopulation (i.e., all populations of a species that exchange genes) if only
a single sub-population is lost (Feral 2002). Therefore, determining the extent of genetic variation
amongst populations and assessing genetic connectivity is important for predicting how they will fare
in a changing environment, and to assist in developing management plans (e.g., Johannesson & Andre
2006, Zeng et al. 2017, 2019).

1.2 Assessing genetic connectivity and diversity

Genetic diversity can be quantified in several ways depending on the marker type in question. For DNA
sequence data, this may include measuring the number of different haplotypes, or the number of
different variable sites (DNA bases) within a DNA sequence. For co-dominant marker types such as
microsatellites, this may include comparing the average number of genetic variants (alleles, that vary
by DNA base pair composition and/or length) at a particular genetic location (locus; plural loci),
measuring the total number of genotypes within a population (allelic and genotypic richness,
respectively), or measuring the average proportion of loci that have two different alleles at a single locus
within an individual (Hughes et al. 2008). The greater the number of haplotypes or alleles, the greater
the genetic diversity. In summary, genetic diversity measurements offer a snapshot of population health
and may identify populations that are vulnerable to stress as they may not have the genetic diversity
necessary to cope with anthropogenic disturbances such as fishing-induced mortality or rapid climate
change, or with natural (longer term) environmental change.

1.3 Inferring connectivity

The exchange of genetic material between many coral populations is mediated via the dispersal and
subsequent recruitment of planktonic larvae. The extent of dispersal relates to species-specific
reproductive traits such as the timing of reproduction, mode of larval production (e.g., internal vs.
external fertilisation and development) and larval attributes (e.g., behaviour, feeding method) that
determine how long larvae are in the water column. Reproductive traits are sometimes used as a proxy
for connectivity, with the simple premise that the longer a larva’s pelagic larval duration (PLD), the
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further it may disperse from its natal population in local currents and the more likely it is that distant
populations will be connected. As a generalisation across different phyla and different environments,
this concept is helpful (Ross et al. 2009, Weersing & Toonen 2009, Gardner et al. 2010, Faurby &
Barber 2012), but it is important to realise that the relationship between PLD and actual dispersal is
both species-specific and location-specific, for reasons discussed below.

Generally, it is assumed that internally-fertilised directly-developing (brooded) and/or yolk-feeding
larvae have shorter PLDs and limited dispersal, whereas gametes released from adults (broadcast
spawners) that undergo external fertilisation and develop into plankton-feeding larvae have longer
PLDs and greater dispersal. However, this assumption is over simplistic and has been repeatedly
guestioned; in reality, many factors determine the scale of larval dispersal in addition to, or instead of
PLD (reviewed by Kinlan & Gaines 2003, Bradbury et al. 2008, Cowen & Sponaugle 2009). Isolation-
by-distance (IBD) slopes (i.e., the correlation between geographic and genetic distances) can be useful
in cases where dispersal occurs in a stepping-stone fashion and where ocean currents have uniform flow
between sites (Selkoe & Toonen 2011), although correlations between PLD and gene flow may be
confounded by inaccurate gene flow calculations (Faurby & Barber 2012) and/or by poor sampling
design (Selkoe & Toonen 2011).

In the absence of genetic data, or when sampling is patchy, coupling reproductive attributes with
physical variables in a hydrodynamic modelling (biophysical or larval dispersal modelling) or seascape
genetics approach may also identify barriers to gene flow and infer the likely extent and routes of
connectivity. This use of larval dispersal models, when linked to population genetic data provides a
powerful approach to identifying connectivity routes (e.g., Crandall et al. 2012, Silva et al. 2019). In
conjunction with other approaches, such as seascape genetics, larval dispersal models may make it
possible to further refine and to better understand which factors contribute to the observed gene
exchange between populations within or between regions. Seascape genetics as a discipline is
reasonably young (Selkoe et al. 2008, 2016, Liggins et al. 2013, Riginos & Liggins 2013, Wei et al.
2013b) and is being increasingly applied to marine, mostly coastal, systems. Seascape genetics seeks to
explain spatially explicit population genetic variation in terms of co-occurring spatially explicit
variation in, for example, geomorphological features such as headlands or ridges or rises, or factors
such as depth, or physico-chemical variation such as temperature, salinity, dissolved oxygen, pH,
CaCOs saturation state, etc. Given the complexity of collecting spatially explicit environmental data for
the deep sea, it is not surprising that deep-sea seascape genetics is very much still in its infancy (Zeng
et al. 2020). However, this approach provides great promise for generating new insights into how and
why genetic connectivity is reduced or enhanced in the deep sea.

1.4 Corals and Vulnerable Marine Ecosystems in the New Zealand region

Vulnerable Marine Ecosystems (VMES) include groups of species, communities, or habitats that are
vulnerable to damage caused by bottom fishing activity in areas beyond national jurisdiction (UNGA
Resolutions 59/25 and 61/105). Coral reefs are one of the VMEs highlighted in the UNGA resolutions,
and FAO report International Guidelines for the Management of Deep-sea Fisheries in the High Seas
(FAO, 2009). VMEs are identified by the following criteria: the presence of unigue or rare species, the
functional significance of the habitat, the fragility of species or habitats, the life-history traits of species
that impede recovery, and the structural complexity of the habitat (FAO 2009). Although VME is not a
legally recognised term inside the New Zealand EEZ, the attributes that contribute to coral vulnerability
apply equally across the EEZ boundary. Hence the VME terminology is used in this report.

VME indicator taxa possess characteristics that conform to the above listed criteria and are used to
indicate the presence of a VME if caught as bycatch in fishing trawls or by longlines. In the South
Pacific Ocean, coral VME indicator taxa include Scleractinia (stony corals), Antipatharia (black corals),
Alcyonacea (soft corals), and Stylasteridae (hydro corals) (Parker et al. 2009). In the New Zealand
Exclusive Economic Zone (EEZ), corals are widespread, with habitat for stony, black, and hydro corals
predicted to occur on the continental slope, around the deep fringes of the Campbell Plateau, the
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Kermadec Ridge region, the Norfolk Ridge, around the Bounty Trough and Macquarie Ridge, and the
Chatham Rise (Anderson et al. 2016a). Seamount features (including knolls and hills) are also important
habitat for stony corals (Tracey et al. 2011).

Areas predicted to contain corals are known to occur in all Fisheries Management Areas in New Zealand
and coral abundance/diversity may coincide with fishing effort (Baird et al. 2013). The most intensive
offshore trawling effort is on the Chatham Rise, on the edge of the Stewart-Snares shelf, south of the
Auckland Islands, and off the west coast of the South Island (Ministry for Primary Industries 2016).
Trawling for orange roughy, black cardinalfish, alfonsino, and oreos occurs primarily on seamounts.
These species have been the target of deepwater fisheries in New Zealand for over 30 years, and up to
80% of known seamounts in the New Zealand EEZ have been fished by bottom trawling (Clark &
O’Driscoll 2003, O’Driscoll & Clark 2005). Anderson & Clark (2003) documented very high levels of
coral bycatch in the early years of a new orange roughy fishery south of Tasmania, which declined
rapidly to small amounts within two years. In heavily fished areas, deep-sea coral reef habitats have
been damaged, and show no sign of recovery (Althaus et al. 2009, Clark & Rowden 2009, Williams et
al. 2010, Clark et al. 2019).

Within New Zealand’s EEZ, corals are legally protected under the Wildlife Act (1953) and are protected
spatially from trawling (along with other benthic fauna) by 17 seamount closure areas (encompassing
19 seamounts) and 17 Benthic Protection Areas (BPASs) (Brodie & Clark 2004, Helson et al. 2010).
Trawling is prohibited within one hundred metres of the seabed in BPAs, whereas in seamount closure
areas all trawling is prohibited. These spatial protection measures within the EEZ are monitored by
Fisheries New Zealand. Internationally, implementation of protective measures for VMEs, such as
fisheries closures, is undertaken by regional fisheries management organisations based on agreements
amongst member states. Beyond New Zealand’s EEZ in the South Pacific, VME management falls
under the jurisdiction of the South Pacific Regional Fisheries Management Organisation (SPRFMO).
Within the SPRFMO area, spatial closures that apply to New Zealand vessels have been implemented
on an interim basis to afford specific protection to VMEs (Penney et al. 2009). The efficacy of closures
within the EEZ and the SPRFMO area in protecting biodiversity, including VMEs, has been questioned
(e.g., Leathwick et al. 2008, Penney & Guinotte 2013). Genetic diversity and population connectivity
were not considered in determining the size and distribution of protected areas.

15 Research objectives

The extent of the genetic connectivity of deep-sea VME indicator taxa including corals is largely
unknown, which impedes the design of protective measures that will most effectively ensure the long-
term viability of geographically widespread but interdependent populations (Baco et al. 2016). For the
New Zealand EEZ, and the surrounding SPRFMO area, there are on-going efforts to improve spatial
management protection measures for benthic communities including VMEs (e.g., Benthic Protection
Areas, Helson et al. 2010) and genetic connectivity is a key consideration for marine spatial
management design (Boschen et al. 2016). Improved understanding of genetic connectivity within and
amongst populations, the identification of source (from where larvae originate) and sink (to where
larvae disperse) populations, and genetic diversity hotspots may therefore contribute to improved spatial
management in in New Zealand’s EEZ, and potentially in the SPRFMO area. Theoretical optimisation
of the design of spatial management should include populations that are either net sources of individuals
to other areas or are genetically isolated (Zeng et al. 2017).
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Science Objectives

The primary objective of this research was to determine the genetic connectivity of deep-sea coral taxa
in the New Zealand EEZ and wider South Pacific, and to quantify the factors that influence connectivity
between populations in the region.

We undertook the following to achieve this objective:

1. Assessed the genetic variation of selected coral VME indicator taxa using microsatellite markers
and/or DNA sequencing techniques.

2. Determined the extent of genetic connectivity among coral populations within and beyond New
Zealand’s EEZ.

3. Used seascape genetics and larval dispersal models in combination with genetic data to better
understand observed population structure and to test hypotheses about contemporary routes of
larval migration.

This study adds to research conducted under a wider study of VMEs in the South Pacific, which has
assessed the genetic connectivity of other VME indicator taxa (Zeng et al. 2017, 2019, 2020).

2. STUDY SPECIES
2.1 Selection of study species

Four species were initially selected for this study; two species of scleractinian (stony) coral,
Desmophyllum dianthus and Enallopsammia rostrata, and two species of antipatharian (black) coral,
Bathypathes patula and Leiopathes secunda. These species were chosen because samples held in the
NIWA Invertebrate Collection (NIC) were from widely dispersed locations within and beyond the New
Zealand EEZ (Figure 1 and Figure 2), they had been identified to species level, they had been preserved
in such a way that allowed optimal DNA vyield, and they were not being used for any other similar
studies by other scientists. Sample numbers for L. secunda, however, proved to be quite low, so we
adopted a genus-level approach for this black coral, by adding samples of other Leiopathes species from
the NIC into the L. secunda dataset.

2.2.  Characteristics of the deep-sea corals studied

Stony corals

Desmophyllum dianthus (Esper, 1794) is a solitary cup coral that typically occurs in the upper bathyal
zone with a depth range spanning 200-2500 m (Addamo et al. 2012). D. dianthus is one of only four
scleractinian species to occur on seamounts in three oceans (Rogers et al. 2007) and it can form close
associations with other bathyal fauna including reef-building corals such as Lophelia pertusa and
Madrepora oculata in the North Atlantic (e.g., Reveillaud et al. 2008), and thus contribute to the
formation of deep-sea coral reefs. It is therefore considered a secondary reef-constructing species
(Cairns 1982, Rogers et al. 2007). Desmophyllum dianthus is a slow-growing coral (0.5-2 mm y*) with
a lifespan of up to 200 years (Addamo et al. 2012 and references therein) and, like other cold-water
corals, food supply may restrict or limit its growth at depth (Rogers et al. 2007). In New Zealand’s EEZ,
D. dianthus is prevalent on seamounts, where it may form associations with other scleractinians such
as Enallopsammia rostrata, Goniocorella dumosa, and Solenosmilia variabilis, and where it often
clusters near to or at the base of hydrocoral species (Figure 3).

Enallopsammia rostrata (Pourtalés, 1878), is one of the four dominant reef-building corals in New
Zealand waters. It occurs in a depth range of about 200 to 2150 m and is found on seamounts, slopes
and ridges (Tracey et al. 2011). This species also occurs in the North Atlantic Ocean and Mediterranean
Sea. Enallopsammia rostrata has a faster extension rate than D. dianthus but still grows slowly at
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5 mm y*and has a lifespan of over 100 years (derived from an Atlantic specimen, Adkins et al. 2004).
In addition to sexual reproduction, E. rostrata can grow through extra-tentacular budding (Cairns 1995)
(Figure 3).

Black corals

Bathypathes patula Brook, 1889 is one of at least four species of this black coral genus to have been
recorded in the New Zealand region, B. patula, the type species for the genus, is cosmopolitan and
around New Zealand is found within the EEZ and beyond, including Antarctica. This species has one
of the deepest known occurrences for black corals, at 8600 m in the northwest Pacific Ocean (Wagner
et al. 2012) (Figure 3).

Leiopathes secunda Opresko, 1998 is one of three species of the family Leiopathidae (the others being
L. acanthophora and L. bullosa) found in the New Zealand region and off Australia. None of these
species is found in the Atlantic Ocean and they are (as yet) unrecorded from the Antarctic region.
Leiopathes sp. colonies can be extremely long-lived; some Hawai’ian specimens have been radiocarbon
dated at over 4000 years old (Roark et al. 2009). To maximise sample sizes, we included individuals
with reliable taxonomic identifications of the three species described above, as well as some
unidentified Leiopathes specimens (Figure 3).

2.3. Life-history traits of the study species

Little is known about the reproductive life-history strategies employed by the stony corals in this study
(D. dianthus and E. rostrata), although it is thought that, like most cold-water corals, they are probably
single-sexed broadcast-spawning corals that produce yolk-feeding (rather than plankton-feeding)
larvae. Broadcast spawning appears to be a more common strategy in deep-sea corals studied thus far
than brooding (whereby larvae develop internally within a coral polyp, Waller et al. 2002, Waller 2005,
Waller & Tyler 2005, Rogers et al. 2007, Waller & Baco-Taylor 2007). Evidence for single-sexed
colonies has been observed in shallow water D. dianthus colonies in the Patagonian fjords (Feehan
2016). In E. rostrata, the large size of oocytes suggests the likely production of lecithotrophic larvae
(Rogers et al. 2007 and references therein). Deep-sea coral fecundity is highly variable and is
undocumented for our study species, apart from E. rostrata, for which it appears to be low (Burgess &
Babcock 2005). The timing of reproduction for the study species around New Zealand is unknown,
apart from for E. rostrata. For this species, fertilisation is thought to occur in April or May around New
Zealand, with overlapping cohorts of oocytes (Burgess & Babcock 2005). In contrast, E. rostrata found
off Brazil appears to have continuous reproduction (Pires et al. 2014).

Even less is known about reproduction in the black corals Bathypathes patula and Leiopathes secunda,
but indications are that they are also primarily gonochoric (i.e., separate male and female colonies,
Wagner et al. 2011). Observations on sexually produced larvae from shallow water species have
demonstrated that they can be lecithotrophic (yolk feeding), negatively buoyant and phototactic (i.e.,
they sink and move away from light) and that they swim poorly, which could lead to restricted dispersal
(Brugler et al. 2013 and references therein). It is reported that B. patula is likely to be gonochoric
(Wagner et al. 2011).

3. METHODS

Detailed laboratory and analytical methods, including details of relevant software and analysis settings,
are given in Appendix 2. Here an abbreviated methodology is given.
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3.1 Samples

Samples were obtained from material archived in the NIC, and for D. dianthus and E. rostrata additional
samples were collected during research voyages to the Louisville Seamount Chain in March 2014 (Clark
et al. 2015a) and to the Chatham Rise in March 2015 (Clark et al. 2015b). Only samples from which
we obtained reliable data are included in this report (Figures 1 and 2, Appendix 1).

Some D. dianthus and B. patula samples originated from outside the EEZ (the Louisville Seamount
Chain and the Southern Ocean, respectively), whereas E. rostrata and Leiopathes spp. were from within
the EEZ only, with the latter samples restricted to areas around the North Island, following its New
Zealand region distribution (Opresko et al. 2014). For D. dianthus and E. rostrata, sampling was heavily
biased towards the Chatham Rise, which is likely to reflect a higher overall sampling effort there rather
than increased occurrence.

3.2 Choice of molecular markers

To maximise efficiency, we decided to use pre-existing genetic resources rather than spend time and
costs developing new techniques. We therefore used DNA sequence and microsatellite primers already
published in related studies.

3.3 Laboratory-based molecular methods used

DNA sequencing and microsatellite amplification

Following DNA extraction, DNA was sequenced from D. dianthus, E. rostrata, and B. patula (but not
Leiopathes spp.). Microsatellites were obtained for D. dianthus and Leiopathes spp.

We sequenced and tested several genes (Table 1) but ultimately used the nuclear internal transcribed
spacer, or ITS, regions for D. dianthus and E. rostrata, and mitochondrial 16S, and mitochondrial ND5
and TRP intergenic regions for B. patula. We obtained reasonably good ITS data (i.e., successful and
reliable reads) for D. dianthus and E. rostrata. For D. dianthus, we obtained ITS data for approximately
150 individuals prior to microsatellite primers becoming available to us part way through our study.
Therefore, for D. dianthus, we had two datasets, with the ITS DNA sequence dataset being about half
of the size of the microsatellite dataset and obtained from different individuals in the same areas.
Following microsatellite optimisation, we had 9 usable loci (i.e., unique genetic markers) for D.
dianthus. These microsatellites did not work for E. rostrata; therefore, only ITS data were available for
this species (Table 1).

For the black corals, we used eight microsatellites for L. secunda, but they did not work for B. patula.
We therefore used DNA sequence data alone for B. patula (16S, ND5, and TRP).

3.4 Validating microsatellite markers

For D. dianthus, we tested the quality and reliability of the microsatellites as a tool in several ways.
Firstly, we assessed deviation from Hardy-Weinberg Equilibrium (HWE), a genetic model in which
frequencies of genetic variants, or alleles, will remain constant between generations in the absence of
other evolutionary influences such as migration, mutation, or selection. Deviations from HWE can
indicate that genetic markers are susceptible to genotyping error. Loci showing evidence of poor
amplification during the polymerase chain reaction (PCR) amplification process (null alleles) were
discarded, as were microsatellites with more than 60 alleles per locus, because highly variable loci (i.e.,
many fragments of different sizes obtained from the same genetic location) may cause spurious results
(specifically, downward biases in fixation indices (Fsr) estimates, Olsen et al. 2004, O’Reilly et al.
2004). Fixation indices are used to measure the extent of genetic structure based upon variation in allele
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frequencies between populations; so low values would potentially falsely indicate little genetic
difference.

Next, we tested for linkage disequilibrium (LD), which determines whether patterns of allele
frequencies observed could be due to two or more alleles not being inherited independently, which
could also cause spurious results. No loci were discarded based on LD. We then tested the neutrality of
the loci, to make sure that they were not under evolutionary selection (which can violate some statistical
assumptions in downstream tests). Based upon these results, the D. dianthus dataset was split into a
‘neutral’ dataset (5 loci) and an ‘all loci’ dataset (9 loci), meaning that some analyses were carried out
twice, to determine to what extent the connectivity patterns we observed were a function of the markers
considered. Generally, because results were similar between the two, only the all loci dataset results are
reported (significant differences are indicated).

For Leiopathes spp., microsatellite amplification was successful in a total of only 53 individuals. Further
validation testing was not continued further.

3.5 Spatial division of samples

Prior to genetic analyses, we divided samples at three levels according to their collection location. This
division scheme reflects spatial scales relevant to marine spatial planners, allows us to address the effect
of various environmental features on connectivity, and allows comparisons with complementary
research (Zeng et al. 2017). The three levels were; firstly, the lower-bathyal biogeographic provinces
(henceforth provinces) identified by Watling et al. (2013), with samples assigned to BY6 (New Zealand-
Kermadec, including the Chatham Rise and the Louisville Seamount Chain), BY10 (sub-Antarctic),
and in the case of B. patula, BY9 (Antarctic); henceforth ‘northern’, ‘southern’ or *Antarctic’ provinces.
These provinces represent environmental conditions that could influence the distribution of species and
populations. Secondly, a regional division to recognise the currents and fronts associated with the
Chatham Rise, and which could act as barriers to larval dispersal and/or result in mixing of populations;
‘North” (north of the Chatham Rise), ‘Central’ (the Chatham Rise) and ‘South’ (south of the Chatham
Rise) with boundaries at latitudes 42° S and 45° S. Finally, samples were assigned to geomorphic
features that comprise parts of the seascape of the New Zealand region, and which can possess particular
bathymetrically-forced hydrographic conditions that can influence larval dispersal (Appendix 1).

Following Zeng et al. (2017) we defined a ‘population’ as a minimum of four individuals from the same
site or from sites within close proximity. The dispersed distribution of B. patula samples meant that this
stipulation could not be met under any scheme except the provincial level, so the data were analysed as
northern, (including the Chatham Rise), southern (Campbell Plateau, Macquarie Ridge, Tasmania) and
Antarctic (south of mainland New Zealand but north of the Ross Sea) provincial scales, as outlined
above. For the Leiopathes dataset, microsatellite amplification was successful for only 53 individuals,
which comprised a mix of L. secunda, L. bullosa and some specimens identified only to genus level.
Leiopathes specimens were collected from waters around the North Island only, so analyses of these
populations were based on geomorphic features only. To meet the population size threshold of four
individuals after assigning samples to a geomorphic feature, the dataset was further reduced to 46
individuals when all Leiopathes species were combined, and 28 individuals when considering L.
secunda alone.

3.6 Population genetic analyses

The D. dianthus microsatellite and ITS datasets were by far the largest numerically. Analyses conducted
are therefore more comprehensive for this species. The following section always refers to D. dianthus,
and to the other three species only where indicated.
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3.6.1 Population differentiation

Analysis of Molecular Variance (AMOVA, Arlequin v3.5, Excoffier & Lischer 2010) was used to test
for population differences associated with each spatial scale (province, region, geomorphic feature) and
the p-values (significance levels) were obtained for the neutral and all loci microsatellite datasets, and
from the ITS sequence data. Subsequently, to assess the extent of population differentiation
between/amongst populations within this scheme, we calculated conventional pairwise Fsr values for
microsatellites (Wright 1951, Weir & Cockerham 1984) and its analogue, ®st, for ITS sequence data.
These Fst values are estimates of genetic distance and they vary between zero and one, with zero
signifying no differentiation and one representing completely disparate populations (Balloux & Lugon-
Moulin 2002).

®stwas calculated from ITS DNA sequence data for E. rostrata and from concatenated 16S-ND5-TRP
DNA sequence data respectively, whereas Leiopathes data were derived from microsatellites (and
therefore Fsr was calculated). In the case of E. rostrata, the patchy distribution of samples resulted in
difficulty meeting the minimum population size threshold of four individuals, so to permit analysis of
data from this species minimum population sizes less than 4 have been used on some occasions (e.g.,
three geomorphic features were represented by only two individuals; the Kermadec Ridge region, the
Norfolk Ridge, and the Challenger Plateau). Therefore, a very cautious interpretation of these data is
warranted at the geomorphic features scale.

3.6.2 Genetic diversity

We used allelic richness (the average number of alleles at a given locus) as a measure of genetic
diversity for microsatellite data, and nucleotide and haplotypic diversity (the average number of
nucleotide differences per site between any two sequences and the probability that two randomly chosen
haplotypes are different, respectively) from the DNA sequence data. Rarefied allelic richness (which
accounts for different sample sizes) and private allelic richness (the number of unique alleles in a
population, Kalinowski 2004) were also calculated.

3.6.3 Identifying genetic clusters

Discriminant analysis of principle components (DAPC) was performed to identify population clusters
based on microsatellite variation. This multivariate analysis first partitions sample variance into
between-group and within-group components based upon an initial principal component analysis
(PCA), after which a discriminant analysis (DA) identifies clusters using the PCA factors as variables
to maximise the intergroup component of variation, making no assumptions about the evolutionary
structure of the samples.

To identify clusters at spatial levels deemed significant in AMOVA analyses, microsatellite data were
tested using STRUCTURE, a model-based Bayesian clustering approach in which individuals are
probabilistically assigned to a known or unknown population (K) based upon shared allele frequencies.
Reliability of each model run was verified after which optimal K values from all simulations were
derived. STRUCTURE assumes HWE, but not LD, and works best when population sample sizes are
similar. Adjustment for different population sample sizes is possible (Wang 2017), and has been
employed here, where appropriate. For comparison, cluster analyses were also performed using a non-
parametric approach without any prior assumptions about HWE or LD.

3.6.4 Inferring demographic population changes

We used several approaches to test for population growth. We compared observed vs. expected
sequence distributions of ITS sequence data (the mismatch distribution) under both constant population
size (at equilibrium) and growing/declining population models. We used the Ramos-Onsins and Rozas
R2 test, which detects recent pronounced population growth, and examined the raggedness statistic r
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(Harpending 1994), which relates to the shape of the mismatch distribution and differs between constant
size and growing populations.

The neutral microsatellite dataset was used to test for evidence of genetic bottlenecks (a drastic
reduction in population size which can adversely affect genetic diversity, and potentially, the genetic
resilience of a population). Samples from the Campbell Plateau and Macquarie Ridge were not analysed
in the geomorphic features dataset because the program requires at least 10 individuals per population.
Finally, the relative distribution of allele frequencies (mode-shift indicator) was tested, because a
reduction in alleles occurring at low frequencies distorts allele frequency distributions in recently
bottlenecked populations (Luikart et al. 1998).

3.6.5 Assessing contemporary and historical connectivity, and effective population
Size

We used two approaches to determine the extent and direction of gene flow between populations
associated with geomorphic features, using the D. dianthus microsatellite neutral (n=5) and all loci
(n=9) datasets. We focussed on these datasets only, due to higher sample sizes obtained from each
geomorphic feature, and to explore the temporal and directional patterns of migration between the
Kermadec Ridge region and the Louisville Seamount Chain indicated in prior analyses (AMOVA
results revealed no significant difference at the province and/or at the regional spatial scales, therefore
these spatial scales were not tested in the analyses described below). We used two Bayesian approaches
to assess historical and contemporary (i.e., over the last few generations) gene flow. We also estimated
contemporary effective population sizes (i.e., numbers of individuals contributing genetic material to
subsequent generations, with estimates applying to the time-period encompassed by the sampling
period, Ne) at the regional and geomorphic features scales (but not at the province scale because the
AMOVA was statistically insignificant). Parametric confidence intervals were estimated.

3.7 Seascape genetics

To determine the effect of environmental factors (Table 2) on genetic differentiation, we examined
correlations between environmental variables at sample sites and Fst (for D. dianthus) and ®st (for E.
rostrata). The spatial testing framework was not used for seascape analyses, primarily because the
geographic extent of sampling at province and regional scales was larger than the scale of differences
between environmental variables (i.e., a wide range of variables applied to areas within the bounds of
each province or region, and thus choosing one set over another could lead to confounding results).
Instead, samples were assigned to a population if collected from the same site or from sites in close
proximity, with a minimum sample size set at four individuals, samples were not pooled as before.
Seascape genetics analyses focussed on the stony corals only, due to inadequate sample distribution for
the black corals. For D. dianthus, twenty putative (i.e., hypothetical) populations were obtained across
the sampled range (i.e., from the EEZ to the Louisville Seamount Chain, Appendix 3). For E. rostrata,
only four putative populations met the minimum sample size threshold and these were all on the
Chatham Rise, although each had different environmental variable values (see Table 2 and Appendix 3
for environmental variables for each dataset).

We used a generalised linear model (GLM) to assess associations between the mean multilocus Fst or
®gsr for each population and a combined set of biological, topographical and physicochemical
environmental variables (Appendix 3).

3.8 Larval dispersal models

To compare genetic connectivity patterns revealed by the genetic analyses, and to better understand the
environmental factors potentially contributing to the patterns revealed by the seascape genetics
analyses, we predicted likely larval dispersal routes using oceanographic current modelling. Predicting
potential routes of larval movement on a site-by-site basis is a useful approach to determine potential
connectivity pathways between or amongst specific regions or geomorphic features. We modelled float
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trajectories from the Global Drifter Program (GDP)
(http://www.aoml.noaa.gov/phod/dac/gdp_information.php) and from the ARGO program
(http://www.argo.ucsd.edu/), to predict (respectively) potential larval dispersal distances via surface
and deep (1000 m) currents, for a range of hypothetical PLDs specified for “virtual’ larvae. In this
approach, coral larvae are treated as passive particles for dispersal, with no ability to influence the
direction or rate of dispersal. We initially used seven PLD periods between 0 and 70 days (in ten-day
increments), but after preliminary runs, we changed this to four PLD periods of 0-10 days, 30-40 days,
90-100 days and 150-200 days, given the high connectivity observed in our preliminary genetic data
and the possibility that stony coral larvae may survive for as long as 195 — 244 days (Graham et al.
2008).

4. RESULTS

4.1 Molecular marker utility

The microsatellite markers used in this study for D. dianthus were developed for the confamilial S.
variabilis by Zeng (2016) and by Miller & Gunasekera (2017). These microsatellites amplified
successfully in D. dianthus, supporting observations that microsatellites can cross-amplify within
families of scleractinians (Addamo et al. 2015) and octocorals (Holland et al. 2013). Conserved
microsatellite flanking regions are therefore thought to reflect slowly evolving coral nuclear genomes
(e.g., Shearer et al. 2002).

We found evidence of selection at four of nine loci, and subsequently split our dataset accordingly to
test patterns of connectivity with (all 9 loci) and without (5 neutral loci) putatively selected loci. We
found generally concordant results for both datasets (refer to separate sections below and individual
tables and figures); hierarchical AMOVA tests suggested that genetic information was partitioned at
both regional and geomorphic features scales (but not at the province scale), Fsr analyses with both
datasets indicated divergence between populations of the Chatham Rise and all other areas in the
geomorphic features data, and BayesAss-derived contemporary gene flow estimates were almost
identical between the two datasets. Differences between the two datasets were apparent in the regional
scale analysis of Fstvalues, where the North and South regions were divergent for all loci but not for
neutral loci. Because we had general agreement in results for both datasets, we retained all loci in
subsequent clustering analyses (e.g., STRUCTURE and DAPC). A further reason for retaining all loci
in subsequent analyses is that there is some evidence that populations undergoing range expansions (of
which we found evidence, see below) may show false positive outliers in neutrality tests (Lotterhos &
Whitlock 2014). There is also increased recognition of the value of using both selected and neutral loci,
whether microsatellites or not, in inferring genetic connectivity (Johannesson & Andre 2006). Non-
neutral loci may reveal signatures of genetic structure otherwise hidden in large effective populations
where the effect of genetic drift is weak and where populations appear to be homogeneous despite little
migration (Wei et al. 2013a, Gagnaire et al. 2015, Zeng et al. 2017), which could also be the case here
for D. dianthus.

During the course of this research, 24 novel loci not used in this study were characterised in D. dianthus
via next-generation sequencing (Addamo et al. 2015). Due to their high amplification success rate in
other coral genera, these novel loci should provide a useful resource for connectivity studies of deep-
sea corals. However, it is noteworthy that in our study, the genotypic diversity encompassed within our
relatively large dataset was recoverable with 6 loci, suggesting that the addition of more microsatellite
loci would not necessarily have increased the resolution of our dataset (Appendix 3).
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4.2 Genetic diversity

Desmophyllum dianthus

Analysis of the ITS data indicated high genetic diversity for populations of the Kermadec Ridge region
(Table 3), which had high nucleotide and haplotype diversity, although the highest values for these
metrics were for populations in the South region and from the Campbell Plateau. Although it is worth
noting that w and h calculated from ITS data are not rarefied like Ar and are thus are more sensitive to
sample size variation, and that there were only 8 polymorphic sites and 9 haplotypes overall in this
441 bp alignment.

Based on microsatellite variation (Table 4), overall genetic diversity for this species was high for
populations at the geomorphic features scale, with an average of 22.1 alleles per locus. Observed
heterozygosity (He) ranged between 0.248 (Macquarie Ridge) and 0.558 (Louisville Seamount Chain)
and was lower than expected in populations from every region and at every geomorphic feature. Allelic
richness and private allelic richness were greatest in the north at the regional scale, which is underpinned
by populations associated with the Kermadec Ridge region and the Louisville Seamount Chain having
the highest and second highest allelic richness (Ar) values in the geomorphic features analysis,
respectively (Table 4). Surprisingly, populations on the Campbell Plateau had a higher Ar value than
those on the Chatham Rise, despite much smaller sample numbers, which is nonetheless taken into
account in the rarefied Ar calculation (Kalinowski 2004). Samples from both the Louisville Seamount
Chain and Chatham Rise had the largest private allele (Ar private) values, suggesting that even though
overall genetic diversity was slightly lower in these populations relative to those of the Kermadec Ridge
region, some degree of isolation has led to the accumulation of unique genetic diversity there.

For D. dianthus, we found a very low proportion of duplicate multilocus microsatellite genotypes
amongst individuals from each population (less than 2% of the total dataset) and found that even
individuals from the same cluster were genetically distinct from each other (Figure 3A). These results
support the suggestion that this species is highly likely to reproduce sexually (Miller & Gunasekera
2017) and also indicates that our samples were separate colonies and not fragments of the same colony.

Enallopsammia rostrata

From the ITS sequence data, haplotypic diversity for this species was greatest at the North regional
scale, which is underpinned by populations of the northernmost geomorphic features (Norfolk Ridge,
Kermadec Ridge region, and Challenger Plateau) also having the greatest haplotypic diversity (Table
5). Populations on the Chatham Rise, as a geomorphic feature, and when representing the Central
region, had the lowest genetic diversity despite having the highest representative number of samples
(i.e., DNA sequences). The range in haplotypic diversity values probably stems from the varied number
of individuals sequenced from each province, region or feature. For example, high haplotypic values
for populations from the Norfolk Ridge, Kermadec Ridge region, and Challenger Plateau features arise
because each of the sequences derived from populations of these features are different to each other.
Therefore, the Chatham Rise cannot be taken unquestionably as an area with populations of lower
genetic diversity than populations of E. rostrata from other sampled regions and features.

Bathypathes patula

Genetic diversity was calculated for this species from three provinces (northern, southern, and
Antarctic) separately for three genes and together in a concatenated assembly of them (Table 6). The
greatest diversity values based upon both nucleotide and haplotypic diversity for all datasets were found
to be for populations in the northern province, which may be expected given that twice as many samples
were included from there. The southern and Antarctica population samples had similar numbers of
individuals, and nucleotide and haplotypic diversity values indicated that diversity was marginally
lower in Antarctica than in the southern province for TRP, but was higher there for the ND5, 16S and
concatenated data. If the three genes are considered separately, ND5 had the greatest number of
polymorphic sites and therefore (although still based upon small sample sizes) is the most informative
gene that is likely to provide the most robust diversity estimates. Conversely, the 16S gene was mostly
invariable (containing only one and two polymorphic sites for the southern and Antarctica provinces,
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respectively). Despite both marker and sample size limitations, overall this analysis suggested that
Antarctic populations of B. patula were more diverse than those from around southern New Zealand.

Leiopathes spp.

Allelic richness measures were generally similar for both the Leiopathes secunda and the Leiopathes
spp. datasets (Table 7). When the mixed species dataset was considered, allelic richness was greatest
for the Chatham Rise population, followed by the Kermadec Ridge region population, with the lowest
Ar value found for the Challenger Plateau population. For the L. secunda dataset, the opposite was
found; Ar for the Challenger Plateau population was greater than that for the Chatham Rise population.

4.3 Population genetic structure

Desmophyllum dianthus

Microsatellite-based DAPC scatter plots, AWclust and STRUCTURE cluster analyses all indicated
subdivision into multiple groups for this species, although the number of indicative populations was
incongruent amongst tests and between datasets. Considering all individuals together, non-parametric
multidimensional scaling plots indicated the presence of 2 clusters, although both groups were poorly
defined (data not shown). AWclust gap analyses for the regional and geomorphic features datasets
suggested the likely existence of K (where K is the number of likely different groups) equals 2 and 3
groups, respectively (Figure 4). At the regional level, DAPC plots indicated K = 3 (North, Central, and
South regions, Figure 5), and STRUCTURE HARVESTER delta K (AK) analysis indicated K = 2
(Figure 6A). For the geomorphic features analysis, DAPC plots indicated K = 4 (with distinct Louisville
Seamount Chain, Kermadec Ridge region, Campbell Plateau, and Macquarie Ridge/Chatham Rise
clusters), whereas geomorphic AK STRUCTURE-based analysis suggested that K = 3, with two
principal clusters containing the Louisville Seamount Chain/Kermadec Ridge region and Chatham Rise
samples (Figure 6B), with further subdivision in the latter. This analysis also showed affinity between
populations on the Macquarie Ridge and the Chatham Rise and between those on the Campbell Plateau
and the Louisville Seamount Chain/Kermadec Ridge region, supporting Fst analyses that indicated that
there is some level of connectivity between these features (see below). A lack of clear division between
samples from the Louisville Seamount Chain and the Kermadec Ridge region in the AWCclust and
STRUCTURE analyses (and to some extent in DAPC scatter plots) highlighted the high levels of allelic
affinity and the corresponding high levels of connectivity between these populations.

AMOVA results based upon all loci indicated that populations from the regional and geomorphic
features sampling division, but not the province division, showed evidence of genetic differentiation
(Table 8). ITS sequence-based AMOVAs were concordant with a geomorphic features-based, but not
regionally based, hierarchy. As such, subsequent analyses did not partition samples by province but
were based upon either regional or geomorphic features-based populations.

Based on microsatellite variation, pairwise Fsr results at the regional scale varied depending upon
dataset (Table 9). When all loci were considered, each region was divergent from the others, whereas
neutral loci alone suggested that the North and South regions were not significantly different. At the
geomorphic features scale, both datasets were concordant and indicated that the Chatham Rise
population is divergent from both the Louisville Seamount Chain and Kermadec Ridge region
populations, but that all other putative populations are not genetically differentiated. Based upon ITS
sequence data, pairwise ®st results indicated that there were more significant differences between
populations from different geomorphic features, with the Chatham Rise population being divergent
from the Louisville Seamount Chain, Kermadec Ridge region, and the Campbell Plateau populations.
Furthermore, these results also highlight that the Campbell Plateau and the Louisville Seamount Chain
populations are different (Table 10).

Enallopsammia rostrata

E. rostrata results are based on ITS data only and on small sample sizes; as such, they must be
interpreted with caution. At the geomorphic features scale, very high and significant pairwise ®sr
differences were found between populations on the Chatham Rise and the Campbell Plateau and the
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Norfolk Ridge, and between the Norfolk Ridge and the Campbell Plateau, but not between anywhere
else. Non-significant results suggest high connectivity (gene flow) between populations at distant sites
such as the Kermadec Ridge region and the Campbell Plateau (Table 11). Non-significant AMOVA
results indicated an absence of genetic division amongst populations from the provincial, regional, and
geomorphic features scale, suggesting that partitioning populations based upon these spatial scales
would not account for any observed differences between populations (Table 12).

Bathypathes patula

B. patula results are based on concatenated mitochondrial DNA sequences (16S-ND5-TRP) and
pairwise tests of population differentiation were calculated between provinces only (due to limited
sample distribution as outlined in 3.5 above). Significant ®sr differences were found between all
pairwise comparisons of the northern, southern, and Antarctic provinces (Table 13), suggesting that
population connectivity may be limited between them.

Leiopathes spp.

Leiopathes spp. (combined species) and L. secunda Fsr analyses are based upon microsatellite data and
the geomorphic features scale only. No significant differences were observed between any populations
when only L. secunda samples were considered (Table 14). These results are indicative of high levels
of connectivity between these populations. For the Leiopathes spp. dataset, significant divergence was
observed between the Kermadec Ridge region population and both the Challenger Plateau and
Hikurangi Trough populations, but not between Kermadec Ridge region or Chatham Rise populations
(suggesting that the Kermadec Ridge region population is not isolated from everywhere else). The
Challenger Plateau population was not significantly different to elsewhere, with the exception of the
Kermadec Ridge region population, suggesting the possibility of gene flow between westerly and
easterly areas off the North Island. These results must be interpreted with caution given the small sample
sizes (N=28 for L. secunda and N=46 for Leiopathes spp.).

The geomorphic feature AK STRUCTURE-based analysis suggested that K = 2 for the Leiopathes spp.
or that K = 3 for the L. secunda datasets (Figure 7). Although only three or four geomorphic features
were considered in these analyses (one geomorphic feature was omitted from the analysis because it
did not meet the minimum population size criterion), the observed clusters did not correspond to each
feature and each K (i.e., putative population) had a widespread distribution. Therefore, populations from
these geomorphic features were not genetically distinct for L. secunda or Leiopathes spp. Clusters
resulting from STRUCTURE analyses did not correspond to species-level taxonomic identities,
suggesting that microsatellites cannot outline MOTUSs representative of biological species within
Leiopathes.

4.4 Population demographic change

Desmophyllum dianthus

From the ITS sequence data for both the Louisville Seamount Chain and Chatham Rise populations of
D. dianthus, we obtained unimodal mismatch distributions, which are indicative of past demographic
expansions (Slatkin & Hudson 1991, Rogers & Harpending 1992, Figure 8). Low R2 values are also
indicative of an expansion scenario (Ramos-Onsins & Rozas 2002) and the Chatham Rise population
also had the lowest R2 value, although it was not statistically significant (Table 15). The Campbell
Plateau population had a multimodal distribution and the Kermadec Ridge region population also had
a distribution that was not unimodal. A multimodal distribution can be interpreted in terms of new
genetic variation being generated as a function of time, and can be representative of a population at
equilibrium or that has been stationary for a long time (Harpending 1994); a population in equilibrium
occurs where genetic drift, the stochastic element of the genetic process that can lead to allele loss
between generations, is balanced by gene flow driven by incoming migrants to the population
(Greenbaum et al. 2014). The Campbell Plateau population also had a positive Tajima’s D test result.
This result signifies low levels of both low and high frequency polymorphisms indicative of a reduction
in population size and/or balancing selection (Balding et al. 2008), whereas a negative result, as seen
for the Kermadec Ridge region population, signifies an excess of low frequency polymorphisms relative

Fisheries New Zealand VME Genetic Connectivity e 15



to expectation and is indicative of a population size expansion (e.g., after a bottleneck or a selective
sweep) and/or purifying selection. A relatively low raggedness statistic calculated for the Kermadec
Ridge region population suggests a previous expansion of this population (Harpending 1994).

When testing for a population bottleneck using the microsatellite data (Table 16), no significant
heterozygosity excess was detected in any of the D. dianthus populations (as determined using a
Wilcoxon signed rank test) and no evidence was found for shifted modes of allele distribution,
suggesting that no populations had undergone bottlenecks and that they may be at mutation-drift
equilibrium (Luikart & Cornuet 1996, Luikart et al. 1998). However, significant heterozygote
deficiencies were detected under the three mutation models in the Central region/Chatham Rise
populations (i.e., the same data); heterozygote deficiencies are indicative of a population expansion
(Girod et al. 2011, Luikart & Cornuet 1996). Wilcoxon signed rank tests also suggested that all other
populations have a heterozygote deficiency indicative of an expansion under the SMM, and that the
North region also has under the TPM (but not the IAM). Several caveats must be considered when
interpreting these data: allele frequency mode-shift calculations may be sensitive to small numbers of
loci and we only tested 5 loci (Luikart et al. 1998); BOTTLENECK assumes mutation-drift equilibrium,
and we do not know if our loci conform to IAM, TPM and SMM mutation models. However, when all
available evidence is considered, it is unlikely that any bottlenecks are occurring or have recently
occurred, and the population on the Chatham Rise, at least, can be considered as an expanding
population.

Bathypathes patula

Mismatch distributions were obtained from three genes for the northern, southern and Antarctic
provinces for this species (Figure 9 and Table 15). The results were consistent for each gene. Samples
from the northern and Antarctic provinces had a multimodal distribution, which can be indicative of a
stable population (Harpending 1994). Multimodal distributions were also obtained for both the ND5
and TRP genes, but not for 16S, for the southern province samples. The 16S is the least variable gene
used in this analysis, lending slightly more weight to the assertion that this population is also likely to
be stable. Overall, there is no strong indication that the northern, southern or Antarctic populations of
B. patula have undergone population expansion.

4.5 Contemporary and historical connectivity

Comparisons between contemporary and historical connectivity and calculations of effective population
size (Ne) were limited to D. dianthus geomorphic features datasets only, as they had the largest sample
sizes and most genetic structure (Figure 10 and Table 17).

Both neutral (i.e., excluding genetic markers potentially under selection) and all loci datasets were
tested. The results differed slightly between datasets for historical gene flow estimation, but when
considered together, noteworthy patterns indicate that historically; most populations had a high
proportion of self-recruitment (as shown by larval migration pathways returning back to natal
populations), gene flow occurred from the Louisville Seamount Chain to the Kermadec Ridge region
(although the relative proportion varies by dataset) and to the Chatham Rise, and that the Macquarie
Ridge population was not a source for any other population. These analyses also indicate that the
Campbell Plateau was a source, rather than a sink, population. High levels of connectivity between
populations from the Louisville Seamount Chain and the Kermadec Ridge region were in concordance
with our previous analyses.

Contemporary migration pathways were identical between the neutral and all loci datasets, and also
indicate a high proportion of self-recruitment. However, unlike historical gene flow pathways, neither
the population on the Chatham Rise nor the Louisville Seamount Chain were sources for elsewhere.
This analysis showed that populations on the Macquarie Ridge, Campbell Plateau, and Kermadec Ridge
region were all source rather than sink populations, with the Kermadec Ridge region acting as a larval
source for the Louisville Seamount Chain.
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Estimates of contemporary Ne were very high for all populations for both datasets, except for the South
region which had a low Ne value (albeit with large confidence intervals, Table 18). In both cases,
populations of the Louisville Seamount Chain and Chatham Rise had the lowest Ne (although Ne values
for the former were still large), with Ne calculated from the all loci dataset being substantially smaller
than the neutral dataset Ne in the case of the Louisville Seamount Chain (but vice versa for the Chatham
Rise). Because the mutational rate of the microsatellites is unknown, these Ne results cannot be
interpreted directly as numerical values but rather as a proportional indication of the variation in Ne
among sampled areas. All appear to be large except for historical Ne for populations on the Chatham
Rise, which were apparently smaller than at present, supporting evidence for a population expansion in
this area (see Section 4.4).

4.6 Seascape genetics analyses
4.6.1 Independence testing of environmental variables

For D. dianthus, data for 17 environmental variables were available for sites where more than four
individuals had been sampled (i.e., a population, Figure 11). Several of these variables were not
independent and were removed from subsequent analyses, resulting in 11 environmental variables being
tested: bathymetric position indices (BPI; both broad and fine), aragonite, particulate organic carbon
flux (POC), salinity, silicate, slope, seamount, standard deviation (SD) of slope, temperature, and
phosphate (Appendix 5).

For E. rostrata, data were available for 30 environmental variables for the four putative populations.
As above, strongly correlated variables were reduced to a set of seven environmental variables that were
tested: broad and fine BPI, depth, POC, slope percent, dynamic topography, and surface water primary
productivity (Appendix 5).

4.6.2 Generalised Linear Models

For D. dianthus, the top 200 best fitting GLMs were all significant at p < 0.01 when testing Fsragainst
11 environmental variables. For the top twenty models (Appendix 6), the Akaike Information Criterion
(AIC) values ranged between -63.7 and -59.0 (with a range from -63.7 to-44.0 in the top 200),
suggesting that multiple combinations of these variables were similarly plausible as a means to explain
genetic variation, and that no single model in particular stood out as being more applicable than the
others. Most models in the top 20 included eight or nine of the 11 environmental variables. fine BPI,
POC, salinity, slope, and SD of slope occurred in all 20, broad BP1 in 19, aragonite in 12, temperature
in 11, seamount and silicate in ten, and phosphate in nine. Three of these variables were significant
according to the ML test of individual effects, which, in descending order of their contribution to the
model, were fine BPI, SD of slope, and slope (Table 19).

For E. rostrata, only the top nine models of the top 200 were significant at the p < 0.05 level, with very
large AIC values that varied by several orders of magnitude amongst the top models, suggesting that
only the highest ranked models contained the variables that could most plausibly explain the genetic
structure (Appendix 6). Of the seven variables, a maximum of five were included in the top 20 models,
with two or three of them occurring most frequently (seven and eight cases, respectively). Of the
included variables, none occurred in all models, with dynamic topography being the most frequent in
13 of the top 20 models, followed by depth (11), and fine BPI (ten). Dynamic topography was the only
variable to occur in all nine of the significant models, although according to the ML test, fine BPI was
the only significant variable with a high contribution to the model (Table 19).
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4.7 Larval dispersal models

Larval dispersal trajectories based upon a maximum PLD of 200 days were inferred from 43 sites
representing all four study species, using GDP drifter (surface currents) and ARGO float (deeper
currents) data (Figure 12). Generally, the surface current models indicated that greater larval dispersal
was possible, and that more connectivity could be achieved amongst sites than was indicated by the
deeper current models. Despite the fact that our samples originated from depths generally closer to
ARGO float data, the dispersal routes inferred by GDP data (i.e., surface currents) are more concordant
with our genetic data that show evidence for high connectivity over large spatial scales (e.g., between
the Kermadec Ridge region and the Louisville Seamount Chain, Figure 12).

In terms of potential connectivity amongst populations of the provinces, regions, and geomorphic
features, simulated dispersal trajectories both supported and contrasted with genetic data. For D.
dianthus, neither surface nor deepwater current models suggested that larval migration occurred from
the Louisville Seamount Chain to the southern part of the Kermadec Ridge region (from where our
samples were obtained), although some GDP-based trajectories with longer PLDs reached further north
into the Kermadec Ridge region and the Hikurangi Trough to the south. This result contrasts with
analyses of historical connectivity, where a high proportion of unidirectional westerly migration
occurred between these sites (neutral loci). Conversely, easterly migration from the Kermadec Ridge
region towards the northern part of the Louisville Seamount Chain was feasible according to both GPD
and ARGO data, which agrees with analyses of contemporary connectivity for D. dianthus and which
could underpin the overall high connectivity (i.e., little genetic differentiation) observed between these
features (although a PLD of 200 days isn’t quite sufficient to reach the Louisville Seamount Chain using
a model based on ARGO data).

According to both the GPD and ARGO data-based larval dispersal models, the Chatham Rise
population received no larval input from the Louisville Seamount Chain population, although
substantial easterly migration from western, mid and eastern Chatham Rise sites was feasible according
to GDP drifters, which showed that dispersal was possible to all areas of the Louisville Seamount Chain.
Historical genetic connectivity analyses for D. dianthus suggested that there was a small amount of
migration from the populations of the Louisville Seamount Chain to those of the Chatham Rise, but
contemporary analyses did not support this, and agreed more with the GDP current model (i.e., that
there was no migration from populations of the Louisville Seamount Chain to the Chatham Rise).
Connectivity assessments from the ARGO-based model suggest that larvae would not reach the
Louisville Seamount Chain from the Chatham Rise but would instead disperse at greater depths in a
southeasterly direction. Generally, unidirectional migration towards the Chatham Rise from areas to
both the north and south of it, coupled with easterly flow from the Chatham Rise according to both GDP
and ARGO data are likely to explain the unique genetic diversity and divergence of populations sampled
there, as indicated by the D. dianthus Fsr values and the E. rostrata ®sr values. Conversely, the
apparently high connectivity we observed amongst populations of L. secunda and Leiopathes spp. from
three and five geomorphic features, respectively, implies that larval migration is theoretically possible
between all pairs of features from which samples were collected (although given our combined data for
Leiopathes spp. it is impossible to ascertain which, or if all, species are responsible for this result),
although according to both GDP and ARGO models, migration between northern (e.g., the Hikurangi
Trough) and southern (e.g., Campbell Plateau) features is unlikely.

No dispersal trajectories between the northern and southern extremes of the sampled range for D.
dianthus were observed that could explain absence of differentiation between these areas as indicated
by genetic clustering analyses (e.g., STRUCTURE). However, widespread migration in a northeasterly
and easterly direction was indicated by GDP and ARGO data-based models from the Campbell Plateau,
suggesting that dispersal distances within this area can be considerable and that such dispersal may
follow the direction of major currents in the area (Figure 13). For B. patula, our genetic data indicated
strong population divergence amongst provinces, which agrees with the larval dispersal modelling
showing little evidence of migration between the Southern Ocean and southern areas of New Zealand.
Larval dispersal from our sampling sites in the Southern Ocean is governed by easterly current flows
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(shown by both GDP- and ARGO-based models) from which northerly migration appears to be
prohibited.

5. DISCUSSION

This research examined population genetic structure and connectivity of four coral VME indicator taxa
in the New Zealand region, the cup coral Desmophyllum dianthus, the matrix-forming coral
Enallopsammia rostrata, and the black corals Bathypathes patula and Leiopathes spp. The dataset for
D. dianthus was the most robust due to its larger sample size and greater number of markers, and as
such was the basis for most analyses. Despite the more limited data for the other three species, the
combined results could be useful for the design of spatial management measures for the protection of
benthic fauna in the New Zealand EEZ and parts of the SPRFMO area.

5.1 Limitations - choice of markers and sample numbers

We had a choice of using existing genetic resources (i.e., markers) to characterise a few regions (loci)
of the genome, or to develop new markers using NGS to assess population structure. Both options have
advantages and disadvantages, and represent a trade-off between time, cost, and utility.

Using existing methods (i.e., genetic markers) is quicker and cheaper, and cnidarian genomes are
conserved enough that some pre-existing markers will cross-amplify DNA across several species. The
downside is that existing coral markers are generally limited in resolution, i.e., they cannot always
resolve evolutionary relationships at low taxonomic levels such as between populations, so
differentiation amongst populations reflects a property of the markers themselves rather than the
populations (Shearer et al. 2002, Hellberg 2006).

Using NGS methods primarily has the advantage that much more of the genome can be compared
amongst individuals and populations. The downside is that this approach is expensive, requires more
bioinformatics input, and the resultant markers are usually species-specific. In marine invertebrates,
NGS methods do not always yield better results; for example, NGS-generated markers could not
differentiate seamount barnacle populations (Herrera & Shank 2016b), and microsatellites generated
from NGS methods were still low in number in a coral (e.g., 9 useable loci from 173 candidate loci,
Davies et al. 2013). NGS methods have, however, shown promise for Cnidaria as a means to elucidate
population genetic structure (e.g., of an anemone, Rietzel et al. 2013 and of an octocoral, Everett et al.
2016) and for molecular-based taxonomy (e.g., of an octocoral, Herrera & Shank 2016a).

To maximise efficiency, to be sure we would obtain usable results, and to examine several taxa, we
chose to use existing methods to obtain DNA sequence data and microsatellites. We sequenced the
nuclear ITS region based on its previous utility in differentiating coral populations by depth,
amplification success in preserved coral material, and the availability of similar data from the New
Zealand region (Miller et al. 2010, Miller et al. 2011, Zeng et al. 2017). Duplicate ITS variants are
known to occur even within the same individual, which therefore warrants a cautious approach to the
interpretation of ITS data (Le Goff-Vitry et al. 2004). Nonetheless, we found this marker useful as a
quick means to gain an overview of the geographic spread of haplotypic diversity that supported our
conclusions drawn from higher-resolution microsatellite data.

We found evidence of microsatellite loci under selection, although this result needs to be treated with
caution given the abundance of null alleles (i.e., non-amplifying alleles) within marine invertebrates
generally. Null alleles themselves do not indicate the likelihood of selection, but they may result in
markers with the same allelic characteristics as loci that are actually under selection. For future work,
greater numbers of polymorphic loci via NGS could improve the overall resolution in our dataset;
however, for D. dianthus, the genotypic diversity encompassed within our relatively large dataset was
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recoverable with only six loci, suggesting that the addition of more loci would not necessarily have
improved our results.

Obtaining large sample numbers and uniformly-spaced populations was challenging in this study, so
we consolidated samples in a framework to assess spatially meaningful genetic boundaries and used
metrics, such as rarefied allelic richness, which account for uneven sample sizes. Our results, based
upon several markers and several diversity, clustering and migration analyses can be interpreted as an
overview of genetic connectivity for our study species in the New Zealand region, with the caveat that
only very small areas of some features were sampled (e.g., the Campbell Plateau). For D. dianthus,
relatively large numbers of individuals were collected at several sites (e.g., N = 67 at 39 South Seamount
on the Louisville Seamount Chain). Although not every population met a suggested minimum of 25-30
individuals for microsatellite analyses (Hale et al. 2012), and more samples from southern areas would
have been informative, our samples from the Kermadec Ridge region, Louisville Seamount Chain, and
Chatham Rise did meet this number and hence can be considered robust.

Sample numbers for E. rostrata and for both black corals were small (E. rostrata, N=79; B. patula,
N=55-58; L. secunda, N=28-46), but represent all the material available in New Zealand. More reliable
and robust estimates of connectivity could undoubtedly be derived from greater sample numbers.
Furthermore, not all of the markers available amplified successfully in all taxa; microsatellite markers
that amplified in D. dianthus did not amplify in E. rostrata, microsatellite markers that amplified in
Leiopathes did not amplify reliably in B. patula, and sequence-based markers assessed for B. patula did
not yield reliable data for Leiopathes spp. Taking these limitations into account, connectivity patterns
nonetheless appeared to contrast quite markedly amongst the corals tested. Based on DNA sequence
data, B. patula was the only species to show population divergence at the largest spatial scale (provincial
scale in the sense of Watling et al. 2013), whereas no structure was observed for Leiopathes spp. at the
geomorphic features scale based upon faster-evolving (and typically more informative) microsatellite
markers.

All datasets would benefit from the inclusion of more samples and from examination of multiple marker
types to validate our findings. Nonetheless, the results and interpretations here are the most robust that
could be achieved based on existing material in New Zealand.

5.2 Genetic diversity

For D. dianthus, genetic diversity was lowest in populations on the Macquarie Ridge and highest in
those of the Kermadec Ridge region, although private allelic richness (i.e., unique genetic content) was
greatest for populations on the Chatham Rise and the Louisville Seamount Chain. Genetic diversity for
Leiopathes spp. largely followed this trend as the Chatham Rise and Kermadec Ridge region
populations had the greatest relative diversity, and for E. rostrata, the Kermadec Ridge region
populations also had amongst the greatest values (although in this case the Chatham Rise had the least).
Taken together (and considering sampling size caveats associated with some of our data), the Kermadec
Ridge region and the Chatham Rise are areas of high genetic diversity.

High levels of genetic diversity are essential to allow for adaptive evolution (see Introduction). For D.
dianthus, our results suggest that northern (i.e., at and above the Chatham Rise) populations would be
more resilient to anthropogenic and climatic perturbation than those in the southern province. For B.
patula, although only assessed at provincial scales, there also seems to be a north-to-south gradient in
reducing genetic diversity. It is highly likely that we have not sampled the genetic limits of the range
of D. dianthus (or any of our study species) in the New Zealand region, and that our sampling sites
represent a subset of populations from a larger metapopulation (i.e., all populations of a species that
exchange genes), because we did not find substantially lower diversity or a higher incidence of clonality
at any particular site, both of which would indicate peripheral sites (Ayre & Hughes 2004, Johannesson
& Andre 2006). D. dianthus is a cosmopolitan species found in all oceans, with the exception of the
northern boreal Pacific Ocean and continental Antarctic Ocean (Forsterra & Haussermann 2003), and
our study has shown that population connectivity can occur over large spatial scales. However, we
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cannot assume that all D. dianthus populations in the New Zealand region have high diversity and/or
are not isolated; for example, isolated populations of D. dianthus have been identified at different depths
within the region (Miller et al. 2011).

We also found comparable measures of genetic diversity and a very similar low proportion of duplicate
genotypes (less than 2%) to that reported in previous research on D. dianthus populations on a Southern
Ocean seamount Miller et al. (2011). This result supports the likelihood that this species reproduces
sexually (Miller & Gunasekera 2017), an advantageous trait for maintaining population diversity and
evolutionary resilience in corals (Harrison 2011).

5.3 Population structure, genetic connectivity, and the influence of historical and
contemporary gene flow

The mechanisms of gene flow are important considerations for marine management. Distinguishing
between historical (evolutionary, several or many generations ago) and contemporary (ecological, over
the last few generations) connectivity is useful, as both types of information can be used differently.
Historical connectivity can be useful to managers interested in biological conservation, taxonomy or
detecting when lineages split (i.e., as a measure of biodiversity), whereas understanding contemporary
connectivity may be more valued for ensuring sustainable fisheries or for futureproofing MPA networks
(i.e., measuring demographic exchange, Sale et al. 2010).

For D. dianthus, we found evidence of weak genetic structure that reflects regional boundaries to
connectivity (i.e., North, Central, and South), but which do not correspond to biogeographic provinces
(in the sense of Watling et al. 2013). Little genetic differentiation between populations of the Louisville
Seamount Chain and the Kermadec Ridge region stems from historical and contemporary migration,
suggesting that oceanographic barriers do not preclude connectivity between these regions despite the
distance between them (about 1500 km). The Chatham Rise populations are distinct from those of both
the Kermadec Ridge region and the Louisville Seamount Chain, and from the South region and southern
geomorphic features (for the latter, in some, but not all, analyses). This observation suggests that there
is limited gene flow between populations of D. dianthus on the Chatham Rise and other areas. E.
rostrata population genetic structure is similar in some characteristics to that of D. dianthus; the most
northern and southern features appear to be connected (Challenger Plateau and Campbell Rise), the
Chatham Rise has a degree of divergence from some (but not all) populations, and the Kermadec Ridge
region populations have high levels of diversity.

Our D. dianthus and E. rostrata results are concordant in some respects with prior coral population
genetics research in the New Zealand region. For example, diverse and/or divergent populations on the
Chatham Rise and differences between the Kermadec Ridge region and the Chatham Rise (for D.
dianthus but not E. rostrata) were observed also by Zeng et al. (2017) for the stony coral G. dumosa,
although in contrast to the findings of Zeng et al. (2017), we did not find evidence of barriers between
the populations of the Louisville Seamount Chain and the Kermadec Ridge region.

Of the two black corals in this study, B. patula has the most southerly distribution, extending to
Antarctica. We found pronounced genetic differences between populations in the northern, southern
and Antarctic provinces, suggesting limited gene flow between these areas and supporting previous
assertions that the Antarctic Circumpolar Current (ACC) is likely to form a dispersal barrier to VME
indicator taxa between the Antarctic region and southern New Zealand (Duefias et al. 2016).
Geomorphic features-based patterns of population structure for Leiopathes varied depending upon the
dataset considered, with no discernible differences between L. secunda populations but some separation
between a few populations in the mixed-species Leiopathes spp. dataset. The latter dataset comprised
individuals of L. secunda and specimens as yet unidentified at the species level. Given that our
microsatellites amplify in all species of Leiopathes tested to date, it is uncertain whether the increased
divergence in the mixed dataset is due to increased resolution from the inclusion of more specimens of
the same species, or to the inclusion of novel diversity from additional species. Although we cannot
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resolve these options, we did not see evidence of geomorphic-specific endemism, supporting previous
assessments of the general absence of seamount black coral population structure (Thoma et al. 2009).

Our data suggest that contemporary gene flow of D. dianthus is characterised by high self-recruitment
and occasional long-distance recruitment. Primarily self-seeding populations with rare dispersal events
linking them have also been inferred for seamount octocorals (Corallium lauuense in Hawai’i, Baco &
Shank 2005). Although these events may occur infrequently, small numbers of high-dispersing larvae
may propagate beneficial genes, may mitigate negative inbreeding effects, and may ensure that
subpopulations share the majority of diversity observed in the metapopulation (Lowe & Allendorf 2010,
Hare et al. 2011). Such benefits can derive from as little as one migrant per generation (Mills &
Allendorf 1996, but see Beger et al. 2014, Greenbaum et al. 2014). Genetic signatures suggesting
sufficient migration to offset geographic differentiation include low Fsr values, which we observed
across our D. dianthus dataset (e.g., of less than 0.2, Dawson & Hamner 2008). It is worth noting that
as generation times of D. dianthus are likely to be hundreds of years, such analyses offer a snapshot
rather than an ongoing representation of connectivity.

5.4 Effective population size

Historical and contemporary estimates of effective population size (Ne, the number of individuals
contributing genetic material to the next generation), calculated for D. dianthus only, were generally
very high, consistent with those in an Australian study of D. dianthus from seamounts (Miller &
Gunasekera 2017). These results contrast strongly with those of Zeng et al. (2017) for the deep-sea
corals Goniocorella dumosa, Madrepora oculata, and Solenosmilia variabilis in the New Zealand EEZ,
who reported that in most cases, contemporary effective population size was very small and in the range
of only about 20 to 60 individuals. Overall, these multi-study results strongly suggest that Ne values are
species-specific.

Effective population sizes can be used as an indicator of adaptive potential; small Ne indicates low
adaptive resilience and low population fitness, which can increase extinction risk (Baums et al. 2006,
Hare et al. 2011, Pinsky & Palumbi 2014, Reed & Frankham 2003). Therefore, low values of Ne are a
cause for concern, and populations with small or decreasing Ne values may require protection and
monitoring. Ne estimates are sensitive to sample size and the number of loci considered, they can vary
depending on the genomic region examined and can be more reliable if compared between discrete
generations (Charlesworth 2009, Waples & Do 2010, Hare et al. 2011). As such, interpretation of our
D. dianthus data requires caution. Nonetheless, preserving areas containing populations with apparently
large Ne values would be one way to maximise the possibility of protecting populations with a
favourable resilience outlook. Monitoring Ne changes through time, although challenging for deep-sea
corals given their longevity, overlapping generations and sampling constraints, could be a useful
indicator of population resilience and a useful management tool. Reduced Ne values have indicated, for
example, a mass mortality event (Costantini & Abbiati 2016), a possible bottleneck (Quattrini et al.
2015) and can be a comparative measure between sympatric species facing similar threats (Miller &
Gunasekera 2017, Zeng et al. 2017).

55 Seascape genetics

Environmental correlates have previously been used as a means to predict habitat suitability for some
protected corals and VME indicator taxa in the New Zealand region (e.g., Baird et al. 2013, Anderson
et al. 2014, 20164, 2016b), but they have not been applied to deep-sea seascape genetics analyses, with
the exception of the work of Zeng et al. (2020). In the present study, a seascape genetics approach
showed similar and contrasting results for D. dianthus and E. rostrata and revealed that species-specific
genetic structure may be attributed to different environmental variables. It is of note that different
locations were sampled at different spatial scales and that alternative molecular markers were used for
both species, making direct comparison between the two species challenging. Furthermore, pronounced
correlations between several pairs of environmental variables, and the subsequent exclusion of such
variables from the seascape analyses, limits determining the relative importance of all environmental
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factors for which data are available. However, sampling and analysis constraints notwithstanding,
significant model results found in our study highlight that particular environmental correlates (and/or
other environmental variables strongly correlated with the retained variable) may drive genetic structure
in both coral species.

For D. dianthus, spatial genetic variation is mostly explained by environmental variation related to
habitat topological characterisation: fine BPI, SD of slope, and slope. Previous research has highlighted
the importance of slope as a means to predict overall coral distributions in the New Zealand region
based on habitat suitability mapping (Baird et al. 2013) and our results suggest that topographical
characteristics may shape genetic structure in D. dianthus. For example, topological characteristics may
influence local current patterns that impact upon dispersal and larval settlement habitat (D'Aloia et al.
2015, Treml et al. 2015), which in turn may influence population genetic structure. Of the other
variables frequently occurring in our analyses, salinity and POC (which both occurred in all top 20
models) and broad BPI (which occurred in 19 models) also provide large contributions to habitat
suitability models for other stony corals in New Zealand (Baird et al. 2013, Anderson et al. 2016b).
Salinity ranges and gradients are indicative of water masses and large-scale current distributions that
may influence species distributions (Watling et al. 2013), and by extension such masses/currents could
theoretically foster demarcations in genetic structure. Broad BPI is a variable that is likely to reflect the
influence of large topographic features (e.g., Chatham Rise, Campbell Plateau) on current flow at large
spatial scales (e.g., topographically steered currents/fronts such as the Subtropical Front and the
Deepwater Western Boundary Current), and thus genetic structure. It is harder to make a direct link
between POC (typically considered a proxy for particulate food availability) and controls on genetic
structure, but it is possible that POC might be acting as a surrogate for other variables that influence the
dispersal of larval and thus the species’ genetic structure. For example, POC generally decreases with
water depth, and factors associated with water depth may be responsible for depth-related genetic
structure previously observed in New Zealand and Australian D. dianthus populations (Miller et al.
2010, Miller & Gunasekera 2017). Concordance between variables that are predictive of suitable
habitat, and that are also potentially related to genetic structure, further highlight those particular
environmental conditions previously observed to influence the distribution of D. dianthus populations
around New Zealand (Anderson et al. 2016b). In contrast, other factors thought to predict the
distribution of solitary corals specifically did not appear to be relevant drivers of genetic structure of D.
dianthus, for example, dynamic topography (Baird et al. 2013).

For E. rostrata, dynamic topography, along with primary productivity, were the variables most likely
to explain genetic structure. Both high primary productivity and dynamic topography have previously
been shown to correlate positively with predictions of habitat suitability for coral distribution on
seamounts globally (Tittensor et al. 2009) and in New Zealand specifically (Baird et al. 2013). Our data
suggest that populations on the Chatham Rise may be delineated by factors related to large-scale current
patterns (dynamic topography is a proxy for such patterns), which could influence genetic structure
through controls on gene flow via limited larval dispersal. Primary productivity, typically used in habitat
suitability models as a proxy for food availability, also reflects the broad-scale temperature
characteristics of the water masses that control variations in planktonic biomass. Temperature
influences reproductive timing of marine organisms, and E. rostrata off New Zealand is thought to
broadcast larvae in April or May, which coincides with pelagic biomass accumulations after the Austral
summer (Burgess & Babcock 2005). Thus, it is possible that primary productivity as a proxy for
variation in temperature across the EEZ could explain patterns of generic structure. Habitat suitability
models have previously identified salinity, POC and broad BPI as good environmental predictors of the
distribution of E. rostrata (Anderson et al. 2016b). Broad BP1 also occurred in the best fit model in our
data for E. rostrata, although salinity and POC were less likely to determine genetic structure for E.
rostrata than for D. dianthus.

Our research suggests that environmental variables that explain coral genetic variation are species-
specific. Despite limited comparative data, previous research also indicates that environmental variables
relevant to genetic structure or to habitat suitability predictions vary by species or by family for stony
corals (Zeng 2016) and octocorals (Bryan & Metaxas 2006).
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5.6 Larval dispersal models

Some of the patterns of genetic connectivity amongst populations of deepwater corals found in this
study illustrate how larval dispersal may be profoundly influenced by currents in the region. The
Chatham Rise is an area of mixing between warmer northern and cooler southern waters, which at
surface and intermediate depths (1000 m) meet at the rise and flow east (Chiswell & Sutton 2015,
Chiswell et al. 2015). These currents are likely to form a barrier between the north and south and may
isolate Chatham Rise populations, explaining the high Fst and ®sr values, private allelic richness, and
high levels of self-recruitment and/or separation indicated by cluster analyses for D. dianthus and E.
rostrata. Similar findings for deep-sea VME indicator sponges have been reported by Zeng et al. (2019).
The surface currents also form the Subtropical Front, which flows in an easterly direction from the
Chatham Rise towards the Louisville Seamount Chain, although at 1000 m depth the current turns south
at the eastern end of the rise (Chiswell & Sutton 2015, Chiswell et al. 2015). The latter may thus form
a barrier to connectivity between populations on the Chatham Rise and the Louisville Seamount Chain
at depth, which is supported by the ARGO-based larval dispersal models between these sites. Modelled
larval dispersal results from our study based upon a range of PLD times were generally in agreement
with the direction of these currents. However, the Subtropical Front does not appear to be a barrier to
dispersal and simulated larval dispersal at the longer end of the modelled PLD spectrum (i.e., 200 days)
suggests that migration between the Chatham Rise and Louisville Seamount Chain is possible,
especially from sites on the mid-Chatham Rise. Our samples of D. dianthus on the Chatham Rise were
collected at depths between 500 and 700 m. We do not know if the larvae of these populations are
transported in shallow or deeper currents, but limited connectivity between populations on the Chatham
Rise and Louisville Seamount Chain makes deeper entrainment more plausible.

High genetic connectivity between populations of the Kermadec Ridge region and Louisville Seamount
Chain may be explained partly by the direction of currents between these geomorphic features.
Kermadec-bound currents at 1000 m from the northern end of the Louisville Seamount Chain (samples
from these seamounts were collected deeper than 900 m) would support the finding that a large
proportion of larvae have migrated there historically. Migration in the opposite direction, from the
Kermadec Ridge region to the Louisville Seamount Chain, as suggested by contemporary genetic
migration analyses, is most plausible when considering longer PLDs and surface current (GDP-derived
data) models. Overall, from the modelled dispersal, we could expect to see stronger genetic divergence
between the Louisville Seamount Chain and Kermadec Ridge region populations.

For B. patula, genetic data provide evidence of restricted larval migration between the seas around New
Zealand and the Southern Ocean, adding further support to the suggestion that the ACC is a barrier to
dispersal. We have not determined to what extent this barrier is semi-permeable for B. patula, as has
been suggested for octocorals in the same region using migration analyses (Duefias et al. 2016), but
modelled dispersal for both short and long PLD times suggest that northerly dispersal is highly unlikely.

6. POTENTIAL APPLICATION OF THE RESULTS

Our study was conducted within the context of developing an evidence base for spatial management
designs that takes genetic source into account. Below we discuss some of the possible applications of
our results, in particular with respect to the efficacies of seamount closures and BPAs (within the EEZ),
and SPRFMO’s interim fishing closures (High Seas) as conservation measures in the New Zealand
region.

6.1 New Zealand EEZ
In the New Zealand EEZ, benthic habitats including deep-sea corals are protected spatially from

trawling by 17 seamount closure areas (encompassing 19 seamounts) and 17 BPAs (Brodie & Clark
2004, Helson et al. 2010) (Figure 1).
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The results of our analyses suggest that D. dianthus comprises three genetically distinct ‘regional
stocks’ within the EEZ — North (Louisville Seamount Chain/Kermadec Ridge region), Central
(Chatham Rise) and South (Campbell Plateau and Macquarie Ridge), with occasional connectivity
between/amongst them. The limited regional connectivity between the stocks within the EEZ could
usefully be factored in when considering spatial management to protect D. dianthus and other
vulnerable corals with similar patterns of connectivity (Zeng et al. 2017). That is, ideally there should
be spatial closures in each of the regions. Although there are seamount closures and BPAs in each of
the three regions, there are fewer closures over a proportionately smaller area in the Central region. This
disparity could mean that the genetic structure of corals in the Central region (i.e., on the Chatham Rise)
is potentially not as well protected as it probably is in the North and South regions (see also Bors et al.
2012, Zeng et al. 2017, Zeng et al. 2019). The relative lack of protection for the Chatham Rise may
need to be considered because it is one of the most heavily trawled areas of the New Zealand EEZ
(Baird et al. 2013).

The Kermadec Ridge region is another area where the genetic diversity of D. dianthus was high. Genetic
diversity in this area may be protected by the large Kermadec BPA and Tectonic Reach BPA, assuming
that the population we sampled from areas to the south of the boundaries of these BPAS, has a similar
genetic structure.

The southern “stock’ of D. dianthus was not isolated within the EEZ, and based upon genetic data and
larval dispersal models, is likely to be a source population for areas to the north and east. The Macquarie
Ridge and Campbell Plateau, the regions where our sample sites are located, have few seamount
closures or BPAs even though it is an area of high bottom trawling activity (Baird et al. 2013). It is an
area that could therefore benefit from protection of source populations of D. dianthus (and potentially
other corals) and their ability to provide larvae for regions to the north.

The sparse distribution of black coral samples and the occurrence of single records over large
geographic areas make it difficult to define ‘stocks’. Leiopathes spp. from the northern geomorphic
features are generally panmictic, and therefore it is not possible to define ‘stocks’ at regional scales.
Genetic structure for B. patula was partitioned at provincial scales, with a clear barrier between the
Antarctic and southern provinces, also supported by the dispersal models. The finding that the ACC is
apparently a barrier to dispersal between the two southernmost populations included in our study is
consistent with similar findings for deep-sea octocorals (Duefias et al. 2016) and other marine
invertebrates (e.g., Hunter & Halanych 2008, Thornhill et al. 2008). Hence, it is important to have
separate protection measures for benthic habitats in both New Zealand’s EEZ and the Ross Sea territory
in Antarctica.

6.2 High Seas

In recent years, there have been a number of area closures in the SPRFMO Convention Area that have
applied to New Zealand vessels. Current interim closures (as of the writing of this report) comprise 62
lightly trawled blocks closed to fishing, 69 moderately trawled blocks in which a move-on rule is
applied, and 20 further closed blocks in moderately and heavily trawled areas designated to provide
representative protection. The blocks are centred primarily on the Louisville Seamount Chain, the Three
Kings and West Norfolk ridges, the Lord Howe Rise and the Challenger Plateau (Penney et al. 2009).

D. dianthus is the only coral species from the Louisville Seamount Chain that was sampled by our
study. Thus, the efficacy of genetic structure and population connectivity across the full extent of the
SPRFMO region cannot be assessed at this stage.

Our results suggest limited differentiation between populations in the New Zealand EEZ and the
Louisville Seamount Chain. Our study also suggests that it is feasible that migration from southern
Louisville Seamount Chain populations may occur occasionally towards the Chatham Rise, and from
the northern populations towards both the Kermadec Ridge region and the Chatham Rise. Genetically
indistinguishable populations in the Kermadec Ridge region and the Louisville Seamount Chain suggest
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strongly that these populations are connected by long-distance gene flow, and that they may be
dependent upon each other for recruitment. Both northern and southern areas of the Louisville
Seamount Chain appear to be important sources and sinks for coral populations within the New Zealand
EEZ. This evidence, together with the findings of Zeng et al. (2017) suggests that MPA networks
spanning national and international management areas would provide a better protection solution than
just one or the other.

We did not obtain samples of D. dianthus from the full geographic extent of the Louisville Seamount
Chain, which limits any suggestions on placement of protection. In the absence of such information, it
would be prudent to consider distributing protection throughout the chain and not concentrate closures
in one part of the area. This would maximise the possibility of encompassing representative, connected,
and replicated populations as per international recommendations for MPA closures (e.g., Gjerde et al.
2016) and should include areas in which fishing has not already occurred.

7. FUTURE INFORMATION NEEDS

The present study adds to a growing body of literature concerning genetic connectivity of corals in the
New Zealand region. Patterns of population genetic structure and/or genetic connectivity have now been
established with reasonable geographic coverage for most of New Zealand’s common stony corals (this
study, Zeng et al. 2017, Miller et al. 2010) and to a lesser extent for other coral taxa (this study, Miller
et al. 2010, Duefias et al. 2016), as well as sponges (Zeng et al. 2019).

Despite recognition that connectivity is an integral part of an ‘ecologically coherent” MPA network,
integrating genetic data into final network designs, especially for invertebrates, is rare (Mclnerney et
al. 2012, Laikre et al. 2016). It is, however, recognised that management of VMEs would benefit from
increased consideration of genetic connectivity data for VME indicator taxa (Clark et al. 2012, Baco et
al. 2016, Boschen et al. 2016), especially that derived from multiple species with overlapping ranges
(e.g., Baco et al. 2016, Yan et al. 2020).

In conclusion, information that could potentially improve the management of deep-sea VME indicator
and associated taxa in the New Zealand region are as follows:

1) Consolidate genetic data for deep-sea taxa found in the New Zealand EEZ, and wider
South Pacific

Genetic connectivity data are now available for a range of deep-sea taxa with a range of life-history
traits, from within and beyond the New Zealand EEZ. However various (and sometimes incomparable)
markers have been used and samples do not originate from identical sites, and data have not been
consolidated into a single dataset or database.

2) Obtain new genetic data for other VME indicator taxa

Further study of genetic connectivity for certain taxa (e.g., black corals and non-stony coral VME
indicator taxa) could be usefully included in future habitat suitability modelling efforts, and/or be used
in decision-support tools for spatial management.

3) Develop a platform through which genetic data/results can be made available and
presented to stakeholders, modellers, working groups etc.

It would be useful to have a shared platform through which national and international geneticists,
modellers, and stakeholders could access genetic connectivity data for incorporation into habitat
suitability models, benthic classification schemes, biophysical models, etc. This platform could be
developed, for example, through workshops or databases.
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4) Data collation and gap analysis

An inventory of samples and genetic analyses would be an expected output from recommendation 2
and would facilitate a detailed evaluation of the distribution of samples, gaps in coverage, or analytical
method. Such gaps could potentially be filled opportunistically (e.g., if research vessels are passing a
particular location, or if a certain species is captured by a commercial vessel with an observer onboard).
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10. TABLES AND FIGURES

Table 1: Number of individual coral colonies from which DNA of sufficient quality could be extracted and
amplified for each molecular marker. The number of individuals included for D. dianthus
microsatellite analyses varies due to splitting data into a spatial framework (e.g., according to
bioprovince, region or geomorphic feature) and/or into neutral vs. selected loci, given that
population size definitions in each analysis had a minimum locus and population size threshold.
[NDNA - nuclear DNA, mtDNA — mitochondrial DNA].

ITS 16S ND5 TRP Microsatellites

(nDNA) (mtDNA) (mtDNA) (MtDNA) (nDNA)

Desmophyllum dianthus 153 - - - 346-376
Enallopsammia rostrata 80 - - - -
Bathypathes patula - 60 56 60 -
Leiopathes spp. - - - - 53
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Table 2: Environmental variables used for seascape genetics analyses. Y and N indicate if the variable was included in the analysis (Yes and No) and 1 km indicates
the resolution of that variable.

Variable Abbreviation Unit Source In E. rostrata analysis? In D. dianthus analysis?
Topography Bathymetric Position Index — Broad bpi-broad Wright et al. (2005) Y Y
Bathymetric Position Index — Fine bpi-fine Wright et al. (2005) Y Y
Depth depth m Y Y
Depth bathy m CANZ (2008) Y (1 km) N
Seamount seamount binomial Y Y
Seamount smt - Rowden et al. (2008), Mackay (2007) Y (1 km) N
Slope in percent slope-percent  percent Jenness (2012) Y Y
Standard Deviation of Slope stdev-slope Grohmann et al. (2011), 3x3 window Y Y
Physico-chemical ~ Aragonite saturation state arag Qaragonite Bostock et al. (2013b), Tracey et al. Y (1 km) N
Bottom current speed botspd (201 Y (1 km) N
Bottom water temperature tempbot °C CARS (2009) (www.cmar.csiro.au/cars) Y (1 km) N
Bottom water temperature residuals tempres - CARS (2009), Leathwick et al. (2012) Y (1 km) N
Calcite saturation state calc Qcalcite Bostock et al. (2013b), Tracey et al. Y (1 km) N

(2013)
Dissolved organic matter disorg Y (1 km) N
Dissolved organic matter cdom aDOM (443) m™  Pinkerton et al. (2006) Y (1 km) N
Dynamic topography dynoc m AVISO http://www.aviso.oceanobs.com Y (1 km) N
Nitrate woanitc Garcia et al. (2006) Y Y
Omega Aragonite aragonite QarAc Mike Williams (NIWA) Y Y
Omega Calcite calcite QcaLc Mike Williams (NIWA) Y Y
Oxygen oxygen ml I Mike Williams (NIWA) Y Y
Phosphate woaphosc Garcia et al. (2006) Y Y
Salinity salinity pss Mike Williams (NIWA) Y Y
Sea surface temperature sst Y (1 km) N
Sea surface temperature gradient sstgrad °C km? Uddstrom & Oien (1999), Hadfield et al. Y (1 km) N
Sigma Theta sigma-theta kg m3 ﬁ?l?ez 2Ni||iams (NIWA) Y Y
Silicate silicate pmol 17 Garcia et al. (2006b) Y Y
Temperature temperature °C Mike Williams (NIWA) Y Y
Tidal current speed tidalcurr ms* Walters et al. (2001), Hadfield et al. Y (1 km) N
2002

Biological Particulate organic carbon export POC mg C m2d* (Lutz e)t al. (2007) Y Y
Surface water primary productivity vpgm mg C m2d* Behrenfield & Falkowski (1997) Y (1 km) N
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Table 3: Genetic diversity, population expansion, and neutrality tests for Desmophyllum dianthus TS sequence data. & nucleotide diversity and haplotype diversity
(Nei 1987), raggedness statistic (Harpending 1994), Tajima’s D (Tajima 1989), Fu and Li’s F (Fu & Li 1993), and Ramos-Onsins and Rozas R2 statistic
(Ramos-Onsins & Rozas 2002). Tajima’s D and Fu and Li’s F statistic based upon the total number of mutations. Rz statistic p values were obtained from
coalescent simulations in DNASp (95% confidence interval with 1000 replicates) using Theta estimated from the data, with no recombination?®, an
intermediate level obtained from the data?, and free recombination®. All values calculated in DNASp v.5 (Librado & Rozas 2009). Significant values are
shown in bold.

No. poly- Haplotype est.

) morphic (gene) Raggedness  Tajima's Fu and recomb
Population N sites n  Diversity Statistic D Li'sF R> (p) p-value! p-value? p-value?®
Louisville Seamount Chain 22 2 0.001 0.177 0.4502 -1.514 -2.381 0.1437 >1000 0.699 0.69 0.66
Kermadec Ridge region 12 6 0.003 0.455 0.1864 -1.894 -2.505 0.1596 0.001 0.898 0.886 0.942
Chatham Rise 105 6 0.001 0.115 0.5596 -1.726 -2.736 0.0354 0.001 0.532 0.547 0.535
Campbell Plateau 13 3 0.004 0.538 0.7929 2.121 1.532 0.2692 2.099 1 1 1
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Table 4: Desmophyllum dianthus genetic diversity and heterozygosity based upon microsatellite variation.
N: sample number, Ar: allelic richness (average number of alleles at a locus), Ar (private):
number of unique alleles in a population, k (mean): average number of alleles per individual of
the given population, Ho: observed heterozygosity, He: expected heterozygosity.

Population

Region North
Central
South

Louisville
Geomorphic  Seamount

features Chain

Kermadec

ridge
region

Chatham

Rise

Macquarie

Ridge

Campbell

Plateau

134
216
26

107

27

216

Ar

5.46
4.95
4.5

3.16

3.22

2.8

214

3.03

Ar
(private)

1.92
1.48
0.85

0.85

0.78
0.85
0.38

0.58

K
(mean)

12.8
17.8
6

14

8.4
16.6
24

3.6

Ho

0.483
0.420
0.336

0.558

0.542
0.424
0.248

0.431

He

0.513
0.576
0.476

0.618

0.624

0.553

0.265

0.458

Table 5: Enallopsammia rostrata genetic diversity based upon ITS DNA sequence variation at the
bioprovince, regional, and geomorphic features scale as calculated in DNASp v.5 (Librado &

Rozas 2009).

Bioprovince
Northern
Southern

Region
North
Central
South

Geomorphic Feature
Campbell Plateau
Norfolk Ridge
Kermadec Ridge region
Challenger Plateau
Chatham Rise

Number of
sequences

68
12

62

12

11

62

Number of

polymorphic

sites

15

15

12

~N W

Number
of
haplotypes

12
7

© N NN O

Haplotype
diversity

0.85
0.88

0.93
0.82
0.88

0.85
1.00
1.00
1.00
0.82

Average
number of
differences

2.06
2.77

2.67
1.93
2.77

247
2.00
3.00
1.00
1.93
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Table 6: DNA sequence diversity of Bathypathes patula calculated in DNASp v.5 (Librado & Rozas 2009).
N - number of samples; & - nucleotide diversity; number of polymorphic sites refers to sites at
which polymorphism, indels, or missing data occur and haplotype diversity (with gaps considered

a fifth character).

Gene
ND5

TRP

16S

Concatenated
sequences

No.

poly-

morphic

Bioprovince N sites
North 28 9
South 14 8
Antarctica 13 10
North 28 13
South 17 7
Antarctica 14 7
North 30 9
South 15 1
Antarctica 13 2
North 23 80
South 12 15
Antarctica 10 16

T
0.008
0.005
0.007
0.007
0.004
0.003
0.003

0
0.001
0.006
0.002
0.003

Haplotype

(gene)
Diversity

0.78
0.396
0.679

0.78
0.404
0.385
0.543
0.133
0.154
0.862
0.576
0.844

Table 7: Leiopathes spp. and Leiopathes secunda allelic richness. Leiopathes spp. results are based upon a
minimum sample size of 2 individuals and L. secunda on 4 individuals as calculated in FSTAT
v2.9.3.2 (Goudet 2002).

Geomorphic Feature

Bay of Plenty
Challenger Plateau
Chatham Rise
Hikurangi Trough
Kermadec Ridge region

Leiopathes spp.

Leiopathes secunda

N Ar
7 2.147
2.127

11 2.416
16 2.154
4 2.397

N

7
8
13

Ar

2.963
2.669
2.776
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Table 8: Hierarchical Analysis of Molecular Variance (AMOVA) for Desmophyllum dianthus
microsatellite data (Top, all loci dataset) and ITS sequence data (Bottom) based upon
bioprovinces, regions, and geomorphic features as calculated in Arlequin v3.5 (Excoffier &
Lischer 2010). Significant values of P <0.05 are marked as *, and P < 0.01 are marked as **. Bold
rows represent significant differences (at the regional and geomorphic features scales).

ALL LOCI Sum of Variance  Percentage
Source of Variation d.f.  Squares components  of variation
Between provinces 1 -5.545 Va -0.085 -3.88
Amongst individuals within pops 374  987.558 Vb 0.379** 17.43
Within individuals 376 707.5 Ve 1.882** 86.45
Total 751 1689.513 2.177 100
Between regions 2 163.368 Va 0.393** 16.16
Amongst individuals within pops 373  818.646 Vb 0.157** 6.44
Within individuals 376 707.5 Ve 1.882** 77.4
Total 751 1689.513 2.431 100
Between geomorphic features 4 152.448 Va 0.355** 14.7
Amongst individuals within pops 359  799.524 Vb 0.166** 6.89
Within individuals 364 689.5 Ve 1.894** 78.41
Total 727 1641.473 2.416 100
ITS SEQUENCE DATA
Between provinces 1 -5.545 Va 3.486 -70.76
Amongst individuals within pops 3 65.272 Vb 1.114** 111.8
Within individuals 148 86.935 Ve 0.587** 58.96
Total 152 155.693 0.996 100
Between regions 2 67.938 Va 0.942 62.44
Amongst individuals within pops 2 0.82 Vb -0.020** -1.35
Within individuals 148 86.935 Ve 0.587** 38.92
Total 152 155.693 1.509 100
Between geomorphic features 4 15.32 Va 0.161** 38.62
Amongst individuals within pops 16 8.601 Vb 0.056** 13.45
Within individuals 133 26.495 Ve 0.199** 47.93
Total 153 50.416 0.416 100
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Table 9: Desmophyllum dianthus pairwise Fst values between regions (top) and geomorphic features (bottom) based upon microsatellite data, as calculated in
Arlequin v3.5 (Excoffier & Lischer 2010). Both “all loci’ (left) and ‘neutral loci’ (right) datasets were tested. Significant values following false discovery rate
correction for multiple tests (Benjamini & Hochberg 1995) are shown in bold.

Regions
North
Central
South

Geomorphic

Features
Louisville Seamount
Chain
Kermadec Ridge
region
Chatham Rise
Macquarie Ridge
Campbell Plateau

ALL LOCI NEUTRAL LOCI
North Central South North Central South
0.000 0.000
0.194 0.000 0.173 0.000
0.010 0.028 0.000 -0.012 0.084 0.000
Kermadec Louisville  Kermadec
Louisville Ridge Chatham  Macquarie Campbell Seamount Ridge Chatham  Macquarie = Campbell
Seamount Chain region Rise Ridge Plateau Chain region Rise Ridge Plateau
0.000 0.000
-0.012 0.000 -0.013 0.000
0.203 0.162 0.000 0.178 0.174 0.000
-0.036 -0.002 -0.176 0.000 -0.059 0.007 -0.135 0.000
-0.164 -0.125 -0.196 -0.082 0.000 -0.075 -0.016 -0.044 -0.063 0.000
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Table 10: Desmophyllum dianthus population pairwise ®st (sequence-based Fst analog) between
populations on geomorphic features based upon ITS DNA sequence data. Significant values
following false discovery rate correction for multiple testing (Benjamini & Hochberg 1995) are
shown in bold.

Fiordland Chathgm Campbell _Kermaqlec Louisvil_le
Rise Plateau Ridge region Seamount Chain
Fiordland 0.000
Chatham Rise 0.831 0.000
Campbell Plateau -0.167 0.525 0.000
Kermadec Ridge region -0.909 0.788 0.162 0.000
Louisville Seamount Chain -1.000 0.847 0.413 0.26 0.00

Table 11: Enallopsammia rostrata geomorphic features pairwise population ®st values based upon ITS
DNA sequence data as calculated in Arlequin v3.5 (Excoffier & Lischer 2010). Significant values
are shown in bold.

Kermadec
Campbell Chatham Ridge  Norfolk
Plateau Challenger Rise region Ridge
Campbell Plateau 0.000
Challenger Plateau -0.236 0.000
Chatham Rise 0.408 0.366 0.000
Kermadec Ridge region 0.120 0.000 0.254 0.000
Norfolk Ridge 0.515 0.571 0.365 0.167 0.000
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Table 12: Hierarchical Analysis of Molecular Variance (AMOVA) for Enallopsammia rostrata ITS DNA
sequence data as calculated in Arlequin v3.5 (Excoffier & Lischer 2010). Significant values of P
<0.05 are marked as *, and P < 0.01 are marked as **.

ITS DNA SEQUENCE DATA Sum of Variance Percentage
Source of Variation d.f. squares components  of variation
Between bioprovinces 1 10716 Va 0.144 9.26
Amongst individuals within pops 4 9338 Vb 0.407** 26.19
Within individuals 74 74170 Vc 1.002** 64.55

Total 79 94.225 1.553 100.00
Between regions 2 13502 Va -0.113 -7.56
Amongst individuals within pops 3 6.553 Vb 0.608 40.61
Within individuals 74 74170  Vc 1.002** 66.95

Total 79 94.225 1.500 100.00
Between geomorphic features 3 14277 Va -0.466 14.7
Amongst individuals within pops 2 5.621 Vb 0.956 6.89
Within individuals 74 72352 Vc 0.978** 78.41

Total 79 92.250 1.468 100.00

Table 13: Bathypathes patula pairwise ®st values between bioprovinces based upon concatenated 16S, ND5,
and TRP DNA sequence data, as calculated in Arlequin v3.5 (Excoffier & Lischer 2010).
Significant values are shown in bold.

North South Antarctica
North 0.000
South 0.073 0.000
Antarctica 0.190 0.664 0.000
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Table 14: Leiopathes spp. pairwise Fst values between populations on geomorphic features, based upon two microsatellite datasets - either all samples of Leiopathes
identified at the genus level (left) or upon Leiopathes secunda only (right), as calculated in Arlequin v3.5 (Excoffier & Lischer 2010). Bold type indicates
significant values.

All Leiopathes Leiopathes secunda
Bay of Challenger Hikurangi Kermadec Challenger Chatham  Hikurangi
Regions Plenty Plateau  Chatham Rise Trough  Ridge region Plateau Rise Trough
Challenger
Bay of Plenty Plateau
Challenger Plateau 0.095 Chatham Rise 0.040
Hikurangi
Chatham Rise 0.073 0.022 Trough -0.013 0.009
Hikurangi Trough 0.076 -0.002 0.017
Kermadec Ridge
region 0.124 0.174 0.094 0.158
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Table 15: Genetic diversity, population expansion, and neutrality tests for Bathypathes patula sequence data (16S, TRP, and ND5, analysed separately). « nucleotide
diversity and haplotype diversity (Nei 1987), raggedness statistic (Harpending 1994), Tajima’s D (Tajima 1989), Fu and Li’s F (Fu & Li 1993), and Ramos-
Onsins and Rozas R2 statistic (Ramos-Onsins & Rozas 2002). Tajima’s D and Fu and Li’s F statistic based upon the total number of mutations. R? statistic
p values were obtained from coalescent simulations in DNASp (95% confidence interval with 1000 replicates) using Theta estimated from the data, with
no recombination?, an intermediate level obtained from the data?, and free recombination® (no significant values found). All values calculated in DNASp
v.5 (Librado & Rozas 2009).

Haplotype est.

N No. poly- T (gene) Raggedness recomb
Marker Population morphic sites Diversity Statistic  Tajima'sD Fuand Li's F R2 (p) p-value! p-value? p-value?
16S Antarctica 13 2 0.001 0.154 0.7633 1.468 -1.921 0.2665 0.001 0.667 0.700 0.740
North 30 9 0.003 0.543 0.2348 -1.089 -0.696 0.0783 0.07 0.068 0.722 0.044
South 15 1 0.001 0.133 0.5556 -1.159 -1.543 0.2494  >1000 0.842 0.819 0.855
TRP Antarctica 14 7 0.003 0.385 0.3664 -0.798 0.405 0.1189 0.001 0.088 0.092 0.131
North 28 13 0.007 0.78 0.3556 -0.077 -0.445 0.1409 25 0.723 0.722 0.804
South 17 7 0.004 0.404 0.5637 -0.044 0.581 0.1417 0.001 0.468 0.442 0.533
ND5 Antarctica 13 10 0.007 0.679 0.1629 -0.848 -0.429 0.1265 0.001 0.066 0.067 0.114
North 28 9 0.008 0.78 0.0871 1.014 0.798 0.1671 35 0.471 0.328 0.035
South 14 8 0.005 0.396 0.4136 -0.822 0.050 0.1138 0.001 0.693 0.716 0.231
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Table 16: Tests for evidence of Desmophyllum dianthus genetic bottlenecks according to the software BOTTLENECK v1.2.02 (Cornuet & Luikart 1996) under the
infinite alleles (IAM), two phase model (TPM, allowing 10% SMM), and stepwise mutation model (SMM) assuming mutation-drift equilibrium. Neutral
microsatellite markers only were tested (5 loci). He E expected number of loci with heterozygosity excess, H D/E numbers of loci with heterozygosity
deficiency / heterozygosity excess. Wilcoxon sign ranked tests show P-value for one tail probability for heterozygote deficiency (HD) and heterozygote
excess (HE). Bold P-values represent significance at the 5% level (i.e., showing evidence of a bottleneck) under Sign or Wilcoxon sign ranked tests after
1000 iterations. n/a: prohibitively few individuals from the Macquarie Ridge and Campbell Plateau.

SMM Mode-shift

IAM PM
Wilcoxon
. Wilcoxon Wilcoxon . Wilcoxon  test (1 . Wilcoxon Wilcoxon
He E H D/E Sign Test HD HE He E E/D Sign Test test tail H HeE E/D Sign Test HD HE
Population excess)
North 3 1/4 0.337 0.891 0.3125 29 4.1 0.103 0.031 0.984 296 5/0 0.011 0.016 1.000 L-shaped
Central 3.01 5/0 0.010 0.016 1.000 2.94 5/0 0.012 0.016 1 287 5/0 0.014 0.016 1.000 L-shaped
South 2.97 1/4 0.326 0.891 0.3125 297 4/1 0.091 0.109 0922 293 4/1 0.098 0.031 0.984 L-shaped
Louisville
. 3.01 1/4 0.342 0.891 0.3125 3.02 2/3 0.657 0500 0594 3.06 5/0 0.009 0.016 1.000 L-shaped
Seamount Chain
gzz?rfdec Ridge 305 213 0.647 0406 06875 303 2/3 0654 0406 0.688 296 50 0011 0016  1.000 L-shaped
Chatham Rise 3.07 5/0 0.009 0.016 1.000 2.99 5/0 0.011 0.016 1.000 293 5/0 0.012 0.016 1.000 L-shaped
M_acquarle n/a n/a n/a n/a
Ridge
Campbell n/a n/a n/a n/a
Plateau
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Table 17: TOP: Historical gene flow (M) and effective population size (Ne) estimates for Desmophyllum dianthus using Migrate-n (Beerli & Felsenstein 2001).
Historical Ne was calculated using the equation: Ne = theta/4y, assuming a mutation rate (i) of 5 x 10 per locus per generation (Garza & Williamson
2001). Left hand column in the matrix represents a source population whereas the row represents a sink. BOTTOM: Contemporary gene flow (m) and
effective population size (Ne) estimates for D. dianthus calculated by BayesAss (Wilson & Rannala 2003) and NeEstimator respectively (Do et al. 2014).

Historical gene flow (M) Theta Ne
Louisville Kermadec
Seamount Ridge Chatham Macquarie ~ Campbell
Geomorphic Feature Chain region Rise Ridge Plateau
Neutral
Loci dataset  Louisville Seamount Chain - 6128.890 86.428 49.322 24.264 1.703 851.5
Kermadec Ridge region 31.070 - 33.950 322.600 24.460 6.738 3368.8
Chatham Rise 28.560 44.368 - 69.323 22.031 0.041 20.3
Macquarie Ridge 25.305 37.662 38.117 - 23.184 5.740 2870.4
Campbell Plateau 36.612 51.119 48.687 61.888 - 9.514 4756.9
All Loci
dataset Louisville Seamount Chain - 63.107 35.446 23.771 21.172 0.324 161.8
Kermadec Ridge region 41.473 - 26.538 21.475 20.742 9.462 4731.1
Chatham Rise 28.300 29.448 - 29.975 22.253 0.373 186.4
Macquarie Ridge 23.412 30.588 31.981 - 19.972 13.090 6545.1
Campbell Plateau 30.405 38.283 21.759 22.242 - 18.636 9317.9
Contemporary gene flow (m) Ne
Neutral
Loci dataset  Louisville Seamount Chain 0.984 0.003 0.007 0.003 0.003 )
Kermadec Ridge region 0.277 0.677 0.025 0.011 0.011 o)
Chatham Rise 0.016 0.002 0.980 0.002 0.002 0
Macquarie Ridge 0.039 0.030 0.204 0.697 0.030 )
Campbell Plateau 0.141 0.026 0.115 0.026 0.692 )
All Loci
dataset Louisville Seamount Chain 0.985 0.003 0.006 0.003 0.003 )
Kermadec Ridge region 0.271 0.677 0.031 0.010 0.010 o)
Chatham Rise 0.013 0.002 0.982 0.002 0.002 0
Macquarie Ridge 0.031 0.030 0.212 0.697 0.030 )
Campbell Plateau 0.145 0.026 0.111 0.026 0.692 )
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Table 18: Desmophyllum dianthus effective population size Ne calculations, based upon two Pcrit values and two datasets (neutral and all loci) for populations
associated with regions and geomorphic features. Values are derived from NeEstimator (Do et al. 2014).

Ne Pcrit Pcrit
Estimator 0.05 Cis for Ne 0.02 Cis for Ne
Population Id_;t(;lgfset N Ne Parametric Ne Parametric
Geomorphic features ~ All Louisville Seamount Chain 107 780.2 188 o 766.8 262.5 o0
All Kermadec Ridge region 27 179.2 34.3 o el 76.3 )
All Chatham Rise 216 0 458.6 o 0 1422.3 0
All Macquarie Ridge 6 0 1.6 o el 1.6 o0
All Campbell Plateau 8 0 1.2 o el 1.2 o0
Neutral Louisville Seamount Chain 106  6304.7 134.7 ) 363.4 131 o0
Neutral Kermadec Ridge region 27 27.4 10.5 o el 38.8 o0
Neutral Chatham Rise 205 o 351.2 o el 389.3 )
Neutral Macquarie Ridge 6 0 0.6 o el 0.6 )
Neutral Campbell Plateau 8 21.7 0.8 o 21.7 0.8 )
Region All North 134 416.4 170.7 0 995.8 321 ©
All Central 216 0 458.6 0 0 1422.3 0
All South 26 13.0 55 47.7 16.7 9.2 39.2
Neutral North 133 537.5 124.4 o 12204.8 255.8 0
Neutral Central 203 0 351 o el 389.5 o0
Neutral South 26 7.4 2.1 112.3 14.2 3.9 1671.8
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Table 19: Seascape genetics GLM results for D. dianthus, based upon mean Fst values and 11
environmental variables and for E. rostrata on mean ®st values and eight environmental

variables.
. Log- p
Variable Likelihood* s value
Desmophyllum dianthus Fst bpi-fine 31.56 16.428 <0.001
stdev-slope 32.42 14.712 <0.001
slope-percent 36.13 7.282  0.007
Enallopsammia rostrata ®sr bpi-fine 7.312 4,947  0.026

*The Maximum likelihood Type 111 test (incremental y? statistic) was used for DDI and the ML Type 1 was
used for ERO.
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Figure 1: Map showing sample collections of all species, relative to current Benthic Protection Areas and
seamount closures within New Zealand’s EEZ (outlined in black). Solid blue line denotes boundary
between the bioprovionces BY6 (New Zealand-Kermadec) and BY10 (Sub-Antarctic) sensu Watling
et al. (2013), delineating bioprovinces in this study (45° S, south of the Chatham Rise). Dashed blue
line denotes boundary between north and central region at 42° S (with solid line forming lower
boundary of the central region with the south region) for the regional scale analysis. Individual
species maps (Figure 2) clarify sample locations where points here overlap. Map generated in NABIS
(http://nabis.network.maf.govt.nz/NabisHome).
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Figure 2: Maps showing the distribution of Desmophyllum dianthus (left) and Enallopsammia rostrata sampling locations (right) relative to Benthic Protection Areas,
seamount closures, and the limits of the EEZ. Maps generated in NABIS (http://nabis.network.maf.govt.nz/NabisHome).
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Figure 2 (cont.): Maps showing the distribution of Leiopathes spp. (left) and Bathypathes patula sampling locations (right) relative to Benthic Protection Areas,
seamount closures, and the limits of the EEZ (note: B. patula was also sampled from outside of the NZ EEZ in the Southern Ocean and south of Tasmania,
both of which are not shown on this map, but see Figure 1). Maps generated in NABIS (http://nabis.network.maf.govt.nz/NabisHome).
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Figure 3: Images of specimens and study species in vivo. A: Desmophyllum dianthus, a stony coral, showing
examples of clusters of tagged individuals (top) and associated macrofauna (bottom) and in situ
association with stylasterids. B: Enallopsammia rostrata, a stony coral, in situ and branch, inset,
C: Bathypathes patula, a black coral, in situ, D: Leiopathes spp., a black coral, in situ. Photo
credits: A - L. Holland; B, C, and D - NIWA (DTIS images from voyages TAN1206, TAN1503,

TAN1007).
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Figure 4: Gap analysis results from AWclust analyses for Desmophyllum dianthus a) regional and b)
geomorphic features datasets. LHS: plot of the log of the expected (E) and observed (O) pooled
within cluster sum of squares plotted against the number of clusters. RHS: shows the gap statistics
between the observed and expected values. The biggest gap with the lowest variation indicates the
most likely number of clusters.

Fisheries New Zealand VME Genetic Connectivitye 57



DA gigenvalues

FCAcigenvalues

DA eigenvalues
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Figure 5: Discriminant analysis of principle components (DAPC) scatter plots of D. dianthus at top:
regional (North, Central, and South) levels and bottom: by geomorphic features. Each colour
represents a population and each dot represents an individual. Eigenvalues correspond to the
ratio of the variance between groups over the variance within groups for each discriminant
function; left inset shows barplot of discriminant analysis eigenvalues retained and right inset
shows cumulative variance explained by the eigenvalues of the PCA.
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Figure 6: STRUCTURE (Pritchard et al. 2000) results for Desmophyllum dianthus showing A: regional and B: geomorphic features datasets. Both analyses included
all microsatellite loci, and the software settings were admixture ancestry model (populations are not known to have been isolated), correlated alleles (which
assumes a level of non-independence and is more conservative than the independent alleles setting), 100K burn-in and 3 replicates of 1 x108 steps, no location
prior specified and K1-12. Optimal K values (shown to the right of bar plots) were derived with the correction of Evanno et al. (2005), which plots the log
probability [L(K)] of the data and compares it to delta K , as implemented in STRUCTURE HARVESTER (Earl & von Holdt 2012); by this method,
optimal K was 2 and 3 for the regional and geomorphic features respectively (for comparative purposes K=4 is also shown (regional scale analysis) to
illustrate progressive difficulty in assigning some individuals to a particular putative population (represented by a colour)). Samples from the Louisville
Seamount Chain and the Kermadec Ridge region (‘northern’, shown on the left of each bar plot) are indistinguishable.
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Figure 7: STRUCTURE (Pritchard et al.
2000) results for Leiopathes  spp.
microsatellite  data  partitioned into
geomorphic features showing A: a mixture of
Leiopathes species (N=46) and B: Leiopathes
secunda samples only (N=28). Settings for
each run were: admixture model, correlated
alleles, 100K burn-in and 3 replicates of 1
X108 steps, no location prior specified and
K1-10. Optimal K values (shown to the right
of bar plots) were derived with the correction
of Evanno et al. (2005), which plots the log
probability [L(K)] of the data and compares
it to delta K , as implemented in
STRUCTURE HARVESTER (Earl & von
Holdt 2012); by this method , optimal K was
2 and 3 for Leiopathes spp. and Leiopathes
secunda respectively (top graphs, for
comparative purposes K=4 is also shown for
each runto illustrate progressive difficulty of
assigning some individuals to a particular
putative population).
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Figure 8: Desmophyllum dianthus geomorphic features mismatch distribution (observed vs. expected
sequence difference distribution) graphs based upon ITS data (Macquarie Ridge excluded due to
low sample sizes).
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Figure 9: Mismatch distribution (observed vs. expected sequence difference distribution) graphs for the
three provincial sample divisions for Bathypathes patula using three genes, ND5 (top row), TRP
(middle row), and 16S (bottom row). Note: sample size variation between datasets is due to
varying amplification success between genes.
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Figure 10: Comparative gene flow diagrams for D. dianthus using neutral microsatellite loci (left) or all microsatellite loci (right) Top: Historical gene flow estimates
(derived from Migrate-n) and bottom, contemporary gene flow estimates (derived from BayesAss). The colours represent different geomorphic features
(i.e., populations). In each diagram, a pathway that moves away from its colour of origin indicates source to sink movement (e.g., in the bottom left
diagram, the red pathway going into the Chatham Rise from Macquarie indicates that the former is a source for the latter), whereas a “hill’ represents
self-recruitment (e.g., in the bottom left diagram, the dark blue pathway going from the Chatham Rise back to the Chatham Rise). The width of the
pathway indicates the relative amount of gene flow (the wider it is, the more gene flow there is). The curved bars to the left of each population (example
shown underneath yellow star) indicates the proportion of the population that is a source; as an example, in the top left diagram, the vast majority of
Louisville migrants go to the Kermadec area with a small proportion moving back into Louisville (self-recruitment), whereas in the bottom left, all
Louisville movement is back to Louisville (i.e., all self-recruitment).
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Figure 11: Map showing locations of Desmophyllum dianthus putative populations (red dots) comprised of four or more individuals as used in seascape genetic
analyses (see Appendix 3 for additional sampling information).
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Figure 12: Larval migration trajectories based upon GDP (left) and ARGO floats (right) for pelagic larval

durations specified as 0-10, 30-40, 90-120, and 150-200 days (blue, turquoise, red, and black
respectively). A: from north, central, and southern sites in the Louisville Seamount Chain, B:
from the southern Kermadec Ridge region, C: from the western Campbell Plateau, D: from the
Southern Ocean, and E: from sites on the western, mid and eastern Chatham Rise. [Continued
on next page.]
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Figure 12: continued. Larval migration trajectories based upon GDP (left) and ARGO floats (right) for

pelagic larval durations specified as 0-10, 30-40, 90-120, and 150-200 days (blue, turquoise,
red, and black respectively). B: from the southern Kermadec Ridge region, C: from the western
Campbell Plateau, and D: from the Southern Ocean. [Continued on next page.]
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Figure 12: continued. Larval migration trajectories based upon GDP (left) and ARGO floats (right) for

pelagic larval durations specified as 0-10, 30-40, 90-120, and 150-200 days (blue, turquoise,
red, and black respectively). E: from sites on the western, mid, and eastern Chatham Rise.
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Figure 13: TOP: Schematic surface circulation around New Zealand based on drifter data and hydrographic

data. Water Masses: Subtropical Water (STW), Tasman Sea Central Water (TSCW), Subantarctic
Water (SAW), Antarctic Surface Water (AASW). Ocean fronts: Tasman Front (TF), Subtropical
Front (STF), Subantarctic Front (SAF), and Polar Front (PF). Ocean currents: East Australia
Current (EAC), East Australia Current extension (EACXx), East Auckland Current (EAUC), East
Cape Current (ECC), d’Urville Current (dUC), Wairarapa Coastal Current (WCC), Westland
Current (WC), Southland Current (SC) and Antarctic Circumpolar Current (ACC). Eddies are
Lord Howe Eddy (LHE), Norfolk Eddy (NfkE), North Cape Eddy (NCE), East Cape Eddy (ECE),
Wairarapa Eddy (WE), and Rekohu Eddy (RE). Colours represent water temperature (red warmest,
dark blue coldest) and shading in the STF in the Tasman Sea represents density compensated with
little flow.
BOTTOM: Schematic intermediate (c. 1000 m) circulation around New Zealand based on Argo float
and hydrographic data. Antarctic Intermediate Water (AAIW) is thought to form equator-ward of
the Polar Front (PF) and subduct under the Subantarctic Front (SAF). Local subtypes (1, 3, and 4)
of AAIW are shown and are derived from Bostock et al. (2013a). AAIW circulates around the South
Pacific subtropical gyre, mixing with various water masses to form different subtypes as shown.
Subantarctic Mode Water (SAMW) forms equator-ward of the SAF and flows north overlying
AAIW. Zig-zag lines indicate regions of mixing between the various subtypes of AAIW. Reproduced
from Chiswell et al. (2015).
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APPENDICES

APPENDIX 1: Sample information for Desmophyllum dianthus microsatellites,
Desmophyllum dianthus ITS DNA sequences, Enallopsammia rostrata ITS DNA
sequences, Bathypathes patula DNA sequences (concatenated 16S-TRP-ND5),
Leiopathes secunda microsatellites, and Leiopathes spp. microsatellites.

Desmophyllum dianthus microsatellite samples

Geomorphic Average

Bioprovince Region feature NIC# N Latitude Longitude depth (m)

Northern Central Chatham Rise 47034 1 -42.78 -179.91 910

Northern Central Chatham Rise 48516 1 -43.37 179.19 413

Northern Central Chatham Rise 53581 9 -44.15 -174.69 520

Northern Central Chatham Rise 53720 6 -44.14 -174.72 700

Northern Central Chatham Rise 53838 11 -44.16 -174.55 509

Northern Central Chatham Rise 54285 19 -44.16 -174.56 552

Northern Central Chatham Rise 75946 1 -43.62 178.50 437

Northern Central Chatham Rise 88004 2 -43.44 173.50 392

Northern Central Chatham Rise 88075 2 -42.73 -179.90 1033

Northern Central Chatham Rise 88660 1 -42.99 175.68 622

Northern Central Chatham Rise 102469 48 -44.16 -174.55 497

Northern Central Chatham Rise 102485 24 -44.16 -174.55 544

Northern Central Chatham Rise 102571 44 -44.14 -174.72 622

Northern Central Chatham Rise 102636 47 -44.15 -174.75 570
Kermadec Ridge

Northern North  region 16021 5 -36.83 177.45 1259
Kermadec Ridge

Northern North  region 16022 1 -37.48 177.22 180
Kermadec Ridge

Northern North  region 65022 6 -35.28 178.86 1260
Kermadec Ridge

Northern North  region 72299 2 -36.48 177.89 1300
Kermadec Ridge

Northern North  region 72875 3 -35.87 178.44 1360
Kermadec Ridge

Northern North  region 72943 10 -35.86 178.45 1349
Louisville

Northern North Seamount Chain 94017 2 -35.35 -170.37 1212
Louisville

Northern North Seamount Chain 94078 1 -35.33 -170.44 1146
Louisville

Northern North Seamount Chain 94103 18 -35.34 -170.44 1088
Louisville

Northern North Seamount Chain 94165 1 -35.32 -170.45 1403
Louisville

Northern North Seamount Chain 94297 4 -37.71 -169.02 1307
Louisville

Northern North Seamount Chain 94377 67 -39.16 -167.35 922
Louisville

Northern North Seamount Chain 94448 1 -40.72 -165.34 863
Louisville

Northern North Seamount Chain 94569 6 -41.58 -164.26 1232
Louisville

Northern North Seamount Chain 94570 2 -41.58 -164.26 1232
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Louisville

Northern North Seamount Chain 94613 1 -41.37 -164.42 1251
Louisville

Northern North Seamount Chain 94623 2 -41.36 -164.42 1235
Louisville

Northern North Seamount Chain 94629 1 -41.36 -164.42 1235
Louisville

Northern North Seamount Chain 96623 1 -35.31 -170.46 1403

Southern South Campbell Plateau 47033 2 -50.70 167.68 339

Southern South ~ Campbell Plateau  7597¢ 3 -4878 166.56 306

Southern South ~ Campbell Plateau  gg749 1 -48.85 166.58 341

Southern South ~ Campbell Plateau  ggggg 2 -49.02 166.52 615

Southern South Macquarie Ridge 88894 1 -47.00 165.68 452

Southern South Macquarie Ridge 95101 5 -47.00 165.70 447

Southern South n/a* 88049 1 -45.49 167.09 33

Southern South n/a* 88871 2 -46.49 167.23 1000

Southern South n/a* 88873 9 -46.46 167.26 2000

Desmophyllum dianthus ITS DNA samples

Bioprovince Region Geomorphic Average
feature NIC# N Latitude Longitude depth (m)

Northern Central Chatham Rise 25593 1 -43.56 175.98 322.0

Northern Central Chatham Rise 48516 2 -43.37 179.19 4125

Northern Central Chatham Rise 53581 27 -44.15 -174.69 520.0

Northern Central Chatham Rise 53720 6 -44.14 -174.72 699.5

Northern Central Chatham Rise 53838 34 -44.16 -174.55 509

Northern Central Chatham Rise 54050 14 -44.15 -174.76 564.0

Northern Central Chatham Rise 54285 15 -44.16 -174.56 5515

Northern Central Chatham Rise 75946 1 -43.62 178.50 437.0

Northern Central Chatham Rise 88004 2 -43.44 173.50 392.0

Northern Central Chatham Rise 88075 3 -42.73 -179.90 1033.0
Kermadec Ridge

Northern North  region 16022 1 -37.48 177.22 179.5
Kermadec Ridge

Northern North  region 72943 11 -35.86 178.45 1348.5
Louisville

Northern North Seamount Chain 94377 19 -39.16 -167.35 922
Louisville

Northern North Seamount Chain 94448 1 -40.72 -165.34 863.0
Louisville

Northern North Seamount Chain 94569 1 -41.58 -164.26 1232
Louisville

Northern North Seamount Chain 94623 1 -41.36 -164.42 1235

Southern South  Campbell Plateau 47033 3 -50.70 167.68 339.0

Southern South  Campbell Plateau 88053 1 -50.65 167.66 400.0

Southern South Macquarie Ridge 75976 9 -48.78 166.56 305.5

Southern South Macquarie Ridge 88049 1 -45.49 167.09 33

Enallopsammia rostrata ITS DNA samples
Geomorphic Average

Bioprovince Region feature NIC# N Latitude Longitude depth (m)
Challenger

Northern North Plateau 65465 1 -35.60 165.20 902
Challenger

Northern North Plateau 65910 1 -37.34 168.01 929

Northern Central Chatham Rise 42404 1 -44.75 173.72 1010

Northern Central Chatham Rise 47924 1 -44.46 -174.89 1048

70e VME Genetic Connectivity

Fisheries New Zealand



Northern Central

Northern Central
Northern Central
Northern Central
Northern Central
Northern Central
Northern Central
Northern Central
Northern Central
Northern North
Northern North
Northern North
Northern North
Southern South
Southern South
Southern South
Southern South
Southern South
Southern South
Southern South
Southern South
Southern South
Southern South
Southern South

Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Kermadec Ridge
region

Kermadec Ridge
region

Norfolk Ridge
Norfolk Ridge
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau
Campbell Plateau

53483
53719
53998
54169
65471
81272
102305
102565
102631

72208

89250
88632
95552
47918
65474
82309
82695
82752
82877
82924
83296
83362
88340
88999

6 -42.74
1 -44.14
14 -44.14
1 -4418
1 -4447
2 -44.68
3 -42.79
13 -44.14
17 -44.15
1 -36.45
1 -3650
1 -33.38
1 -3415
1 -50.06
1 -4882
1 -36.45
1 -3681
1 -3681
1 -36.45
1 -36.45
1 -37.18
1 -37.19
1 -37.19
1 -48.16

-179.69
-174.72
-174.72
-174.55
-174.89

175.82
-179.99
-174.72
-174.75

177.84

176.52
167.57
170.62
174.69
175.38
177.85
177.47
177.47
177.84
177.84
176.98
176.98
176.97
-179.33

922
700
791
731
1044
621
931
619
585

838

956
257
791
912
716
1143
895
988
935
889
999
939
770
810

Bathypathes patula DNA samples (concatenated 16S-TRP-ND5)

Bioprovince NIC#
Antarctic 38108
Antarctic 38161
Antarctic 39236
Antarctic 41695
Antarctic 47191
Antarctic 47193
Antarctic 47195
Antarctic 47196
Antarctic 49168
Antarctic 49169
Northern 14781
Northern 15044
Northern 15057
Northern 42813
Northern 42815
Northern 42835
Northern 4294
Northern 4295
Northern 4297
Northern 47879
Northern 49468
Northern 53352
Northern 53374
Northern 64561
Northern 66331
Northern 66337
Northern 66348

N Latitude
-68.089
-68.121
-67.168
-67.340
-67.129
-68.089
-67.168
-68.121
-67.168
-67.129
-39.726
-37.227
-33.767
-43.913
-43.893
-44.208
-28.705
-37.300
-42.900
-42.773
-44.717
-41.766
-41.800
-35.439
-35.650
-44.697
-44.037

PP R RPRRPRPRPRPRPRPRPRPRPRPRPRPRPERPRRPREPRERRLPRRERR

Longitude

-179.299
-179.248
171.179
-179.932
171.091
-179.299
171.179
-179.248
171.179
171.091
178.220
167.342
167.217
-174.672
-174.698
-174.445
167.945
178.183
173.850
-177.227
184.633
-179.528
-179.492
178.625
165.933
-175.362
-174.577

Average depth (m)
895
876
634

1183
743
895
634
876
634
743
957

1082
313
668
722

1252
475

1357

1010

1001
810

1343

1263

1323
922

1195
998
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Northern 66349 1 -43.913 -174.645 820
Northern 66354 1 -43.768 -174.455 875
Northern 69577 1 -33.600 167.812 1049
Northern 69648 1 -43.955 -174.580 840
Northern 69649 1 -44.415 -174.847 1091
Northern 83099 1 -37.199 176.939 1430
Southern 14769 1 -47.451 148.801 890
Southern 14770 1 -47.518 148.551 998
Southern 14771 1 -50.234 163.634 1006
Southern 14773 1  -47.668 147.434 1104
Southern 15339 1  -44.330 147.170 1083
Southern 42814 1  -49.965 163.847 874
Southern 42816 1 -50.205 163.682 1202
Southern 42820 1 -50.292 163.505 1208
Southern 45887 1  -48.723 164.893 970
Southern 45888 1  -47.362 178.098 936
Southern 60355 1 -50.250 163.490 1080
Southern 66344 1 -49.783 175.902 957
Leiopathes secunda microsatellite samples
Average
depth
Geomorphic Feature NIC# N Latitude Longitude (m)
Challenger Plateau 14776 1 -37.30 167.37 876
Challenger Plateau 19735 1 -37.20 167.35 800
Challenger Plateau 19737 1 -37.32 167.37 850
Challenger Plateau 19762 1 -37.50 167.68 943
Challenger Plateau 19766 1 -36.00 166.01 932
Challenger Plateau 19861 1 -37.23 167.34 1081.5
Challenger Plateau 24178 1 -36.00 166.01 932
Chatham Rise 14778 1 -42.80 -179.83 893
Chatham Rise 19759 1 -42.80 -179.21 638
Chatham Rise 19760 1 -42.80 -179.21 638
Chatham Rise 19761 1 -42.74 -179.74 834
Chatham Rise 47185 1 -44.52 -175.32 767
Chatham Rise 47426 1 -44.52 -175.32 873
Chatham Rise 47881 1 -42.64 -179.87 1196
Chatham Rise 85934 1 -42.76 -179.99 874.5
Hikurangi region 26773 1 -40.04 178.14 765
Hikurangi region 26774 1 -40.04 178.14 765
Hikurangi region 26775 1 -40.04 178.14 765
Hikurangi region 26777 1 -40.04 178.14 768
Hikurangi region 26780 1 -39.54 178.34 813.5
Hikurangi region 26790 1 -39.55 178.33 802.5
Hikurangi region 26795 1 -40.04 178.14 765
Hikurangi region 26805 1 -39.54 178.34 817
Hikurangi region 26806 1 -39.54 178.34 817
Hikurangi region 26807 1 -39.54 178.34 817
Hikurangi region 26815 1 -39.55 178.33 798
Hikurangi region 71035 1 -41.07 176.66 934
Hikurangi region 86495 1 -38.53 178.84 885.5
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Leiopathes spp. microsatellite samples

Geomorphic Feature

Bay of Plenty

Bay of Plenty

Bay of Plenty

Bay of Plenty

Bay of Plenty

Bay of Plenty

Bay of Plenty
Challenger Plateau
Challenger Plateau
Challenger Plateau
Challenger Plateau
Challenger Plateau
Challenger Plateau
Challenger Plateau
Challenger Plateau
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Chatham Rise
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region
Hikurangi region

Kermadec Ridge region
Kermadec Ridge region
Kermadec Ridge region
Kermadec Ridge region

NIC#
19733
19738
19739
19743
19745
19757
19765
14776
19735
19737
19762
19766
19861
24178
65561
14778
19759
19760
19761
47185
47187
47881
65558
65559
85934
47426
19742
26773
26774
26775
26777
26780
26789
26790
26795
26805
26806
26807
26815
71035
76706
86495
19734
64334
64839
72935

PP R R RPRRPRPRPRRPRPRPRRPRPRPEPRPRPREPRPRPRREPRPRPREPRPRPREPRPRPREPRPRPREPRPREPRERPRREPREPRPRREREPRRERREZZ

Taxonomic ID

Leiopathes spp.
Leiopathes spp.
Leiopathes spp.
Leiopathes spp.

L.bullosa

L. secunda
. secunda
. secunda
. secunda
. secunda
. secunda
. secunda
. secunda
. secunda

rrrrrrrr

Leiopathes spp.

L. secunda
L. secunda
L. secunda
L. secunda
L. secunda

Leiopathes spp.

L. secunda

Leiopathes spp.
Leiopathes spp.

L. secunda
L. secunda

Leiopathes spp.

L. secunda
L. secunda
L. secunda
L. secunda
L. secunda

Leiopathes spp.

L. secunda
L. secunda
L. secunda
L. secunda
L. secunda
L. secunda
L. secunda

Leiopathes spp.

L. secunda

Leiopathes spp.

L. secunda

Leiopathes spp.
Leiopathes spp.

Latitude
-37.134
-37.375
-37.134
-37.353
-37.052
-37.023
-37.118
-37.302
-37.203
-37.318
-37.500
-35.995
-37.227
-35.995
-35.430
-42.804
-42.803
-42.803
-42.738
-44.517
-44.515
-42.637
-42.772
-43.918
-42.760
-44 517
-39.763
-40.039
-40.039
-40.039
-40.040
-40.040
-39.545
-39.545
-40.039
-39.543
-39.543
-39.543
-39.547
-41.070
-40.935
-38.530
-34.282
-34.758
-35.350
-35.857

Average

Longitude depth (m)
177.285 648
177.195 850
177.285 341
177.102 363
176.502 824
176.718 972
177.287 636
167.367 876
167.352 800
167.367 1204
167.683 943
166.012 932
167.342 1082
166.012 932
165.303 936
-179.827 893
-179.208 638
-179.208 638
-179.740 834
-175.320 767
-175.290 855
-179.867 1196
-177.230 960
-174.687 711
-179.988 875
-175.320 795
178.235 648
178.144 765
178.144 765
178.144 765
178.145 768
178.145 814
178.331 803
178.331 803
178.144 765
178.337 817
178.337 817
178.337 817
178.329 798
176.658 934
176.732 920
178.844 886
179.670 742
179.431 855
178.546 1180
178.448 1349
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APPENDIX 2: Detailed methods
Choice of molecular markers

To maximise efficiency, to be sure we would obtain usable results, and to examine several VME
indicator species simultaneously, we decided to use pre-existing genetic resources rather than risk time
and costs developing techniques de novo. We therefore used DNA sequence and microsatellite primers
already published from studies of related corals.

Laboratory-based molecular methods

DNA Extraction

Coral tissue was removed from each individual cup (calyx) using forceps (stony corals) or small
snippets of colony were removed (black corals) and total DNA was extracted using a Geneaid dnature
genomic DNA mini kit (Geneaid Biotech Ltd.) following the manufacturer’s instructions. In the case
of D. dianthus, specimens collected as clusters were labelled individually so that each DNA extract
could be traced to an individual coral cup, and for E. rostrata the colony fragments were preserved in
individual tubes post-extraction.

Marker Amplification

DNA sequences were obtained from the internal transcribed spacer (ITS) regions for D. dianthus and
E. rostrata, and from the 16S mitochondrial and the mitochondrial ND5 and TRP intergenic regions for
B. patula (primers and PCR profiles outlined in and modified from White et al. 1990, Thoma et al.
2009, and through personal communication with Dr Mercer Brugler at The American Museum of
Natural History). DNA sequences were also sequenced by Macrogen Inc. (South Korea). Microsatellite
primer sequences and polymerase chain reaction (PCR) amplification profiles are outlined in Zeng et
al. (2017) and Miller & Gunasekera (2017) for D. dianthus, and in Ruiz-Ramos et al. (2015) for
Leiopathes spp. Microsatellite PCR products were combined into multiplexes (PCR products from
several primer sets with distinguishable fluorescent dyes were mixed in a single tube for analysis) and
genotyped via fragment analysis by Macrogen Inc.

Tests of Marker Utility

A variety of different genetic loci (both mitochondrial and nuclear DNA sequences) and polymorphic
microsatellites (nuclear DNA) were examined initially for each species. We sought to determine which
primers would successfully amplify the DNA of archived material of varying quality and age and then,
if successful amplification was achieved, to see which markers had enough variability amongst
individuals to prove effective in differentiating amongst populations. We sequenced and tested several
genes (Table 1). We also attempted to sequence introns, which are non-coding genomic regions that are
not subject to selective constraints and as such have the potential to be highly variable between
individuals. Three primer sets from one group of introns, called EPIC (exon-primed intron crossing)
loci (loci il, i22 and i34 in Gérard et al. 2013), were selected and tested, given their utility in cnidarians
including Lophelia pertusa, an Atlantic deep-sea coral closely related to D. dianthus (Gérard et al.
2013). Consistently poor amplification resulting in unreadable DNA sequences prevented us from
pursuing these loci further. We also tried testing primers targeting the nuclear genes EF1a (elongation
factor one alpha - Aurelle et al. 2011), SRP54 (signal recognition particle 54 - Jarman et al. 2002,
Concepcion et al. 2007), and the mitochondrial control region (Miller et al. 2010) but consistently poor
amplification (and limited population differentiation for the latter as expected given slowly-evolving
cnidarian mitochondrial genomes) again resulted in abandonment of these loci. Instead, we sequenced
the nuclear internally transcribed spacer (ITS) region based upon its previous utility in differentiating
D. dianthus populations by depth, its higher amplification success rate relative to mitochondrial genes
in preserved coral material, its relatively high haplotypic diversity, and the availability of public data
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from the New Zealand region (Miller et al. 2010, Miller et al. 2011). The ITS region amplified
reasonably well in both D. dianthus and E. rostrata. For D. dianthus, we sequenced this region first,
and obtained data for approximately 150 individuals prior to microsatellite primers becoming available
to us part way through our study; therefore for D. dianthus, we had two datasets, with the DNA sequence
(ITS) dataset being about half of the size of the microsatellite dataset and obtained from different
individuals in the same areas. The microsatellites that we used were developed for the confamilial S.
variabilis (Zeng 2016, Miller & Gunasekera 2017). Following optimisation of these loci and tests for
outliers and aberrant markers (see below), 9 of them were used for D. dianthus. These microsatellites
did not amplify well for E. rostrata; data were therefore restricted to nuclear ITS sequence data for this
species (Table 1).

For the antipatharians, we were able to use microsatellite primers developed for Atlantic deep-sea
Leiopathes glaberrima prior to their publication (Ruiz-Ramos et al. 2015). Eight of the ten loci
amplified DNA from L. secunda, but not in B. patula. We therefore used DNA sequence data for the
latter species and three markers worked consistently well: the mitochondrial gene 16S, and two
mitochondrial intergenic regions, ND5 and TRP (Thoma et al. 2009, Mercer Brugler, pers. comm).

For the octocoral Thouarella spp., we tested two mitochondrial and one nuclear loci (mtMutS, 16S and
28S, respectively, following Taylor & Rogers 2015) with 18 subsampled colonies from a ‘bulk’ sample
of Thouarella spp. collected from the Ross Sea. The 28S nuclear gene amplified the least successfully
(less than 50% success), but the two mitochondrial genes both amplified well (95% for both). Two
specimens were genetically unique, differed significantly from the other samples and did not match any
publicly available species-identified DNA sequence data, suggesting that Ross Sea samples may reflect
diversity in this genus new to science. However, sequences derived from the remaining specimens could
not be reliably ascribed to a species. Coupled with the prohibitive cost of the extensive sequencing
efforts required (at least three genes/individual), we did not pursue this genus further.

Validating markers

For D. dianthus and Leiopathes spp., microsatellites were assessed using the Geneious v8.1 (Biomatters
Ltd, New Zealand) software with Gene Scan 500LIZ size standards (Applied Biosystems, Inc.). All
DNA sequences were aligned using the ClustalW Alignment plugin in Geneious (gap open cost = 15
and a gap extend cost = 6) and were also checked manually. Unreliable data were discarded.

We tested microsatellite method reliability in several ways for D. dianthus using a large dataset (more
than 350 individuals, Appendix 1). We used Microchecker v2.2.3 (van Oosterhout et al. 2004) to test
for deviation from Hardy-Weinberg Equilibrium (HWE), a genetic model in which frequencies of
genetic variants, or alleles, will remain constant between generations in the absence of other
evolutionary influences such as migration, mutation or selection. Deviations from HWE can indicate
that genetic markers are susceptible to genotyping error. Loci showing evidence of null alleles (alleles
which do not amplify by PCR) were discarded. For D. dianthus, microsatellites with more than 60
alleles per locus were also discarded because highly variable loci may cause downward biases in
fixation indices (Fsr) estimates (Olsen et al. 2004, O’Reilly et al. 2004). Fixation indices are used to
measure population differences, with the basic theoretical premise that an Fsr of zero indicates no
difference and a value of 1 indicates completely genetically disparate populations.

Duplicate multilocus genotypes, which can be used as a test of clonality and to determine the extent of
asexual reproduction (which results in identical genotypes) were tested for in GenAlEx 6.502 (Peakall
& Smouse 2012). Next, we tested for linkage disequilibrium (LD, non-random association of alleles
which can cause spurious results) using permutation tests implemented in Genepop v4.2 (Raymond &
Rousset 1995). No LD was found consistently between pairs of loci in all populations and therefore no
loci were discarded on this basis. We then used the software LOSITAN (Antao et al. 2008) and
BAYESCAN (Foll & Gaggiotti 2008) to confirm the neutrality of the loci (i.e., to make sure our loci
were not under evolutionary selection which can violate some assumptions of neutrality in downstream
tests). LOSITAN identifies outlier loci by comparing the expected distribution of Wright’s coefficient
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of pairwise population differentiation (Fsrt, Wright 1922) with expected heterozygosity (He) under an
island model of migration (with neutral markers), identified as those with aberrantly high or low Fsr
values compared to neutral expectations. LOSITAN settings followed 100 000 simulations, with
“Neutral mean Fst” and “Force mean Fst” options selected, a 95% confidence interval and false
discovery rate correction set at 0.1 for both infinite alleles (IAM) and stepwise mutation (SMM) models.
BAYESCAN is a Bayesian approach in which subpopulation allele frequencies are correlated through
a common migrant gene pool from which they differ, assuming that gene frequencies under any
neutrally structured population model can be approximated by a multinomial Dirichlet distribution.
BAYESCAN parameters were set with a 50 k burn-in period, a thinning interval of 10 with a 100 k
sample size, and 20 pilot runs with 50 k iterations each and default model parameters. Based upon these
combined results, the D. dianthus dataset was split into a putatively ‘neutral’ dataset (5 loci) and an “all
loci” dataset (9 loci) which also included those loci potentially under selection. We did not discard the
possibly-under-selection loci because some software packages are not sensitive to deviations from
neutrality and because non-neutral loci may provide additional information (e.g., Wei et al.
2013a;,Gagnaire et al. 2015, Zeng et al. 2017). As such, some analyses were carried out twice, with the
neutral and all loci datasets, to determine to what extent the connectivity patterns we observed were a
function of the markers considered. Generally, as results were similar between the two, only the all loci
dataset results are reported (differences between the results obtained from the two datasets are
highlighted).

For Leiopathes spp., microsatellite amplification was successful in a total of only 53 individuals. Further
validation testing was not continued further.

Data partitioning into spatial frameworks

We employed a spatial hypothesis testing framework and divided samples at three levels according to
their collection location prior to genetic analyses. This division scheme was considered to be at spatial
scales relevant to marine spatial planners, it can address the effect of various environmental features on
connectivity, and it allows us to compare results to complementary research (Zeng et al. 2017). This
scheme had three levels; firstly, the lower-bathyal biogeographic provinces (henceforth bioprovinces)
identified by Watling et al. (2013), with samples assigned to BY6 (New Zealand-Kermadec, including
the Chatham Rise and the Louisville Seamount Chain), BY10 (sub-Antarctic), and in the case of B.
patula, BY9 (Antarctic); henceforth ‘northern’, ‘southern’ or ‘Antarctic’. Secondly, we further divided
the EEZ into three regions, to recognise the Chatham Rise, an area of mixing and/or high biodiversity.
The three regions, namely ‘north’ (north of the Chatham Rise), ‘central’ (the Chatham Rise) and “south’
(south of the Chatham Rise) with boundaries at latitudes 42° S and 45° S. Finally, samples were
assigned to various geomorphic features that comprise parts of the seascape of the New Zealand EEZ
(Appendix 1).

Following Zeng et al. (2017) we defined a ‘population’ as a minimum of four individuals from the same
site or from sites within close proximity. For B. patula, the distribution of our samples meant that this
definition could not be met under any scheme except the provincial level, so the data were analysed as
northern, (including the Chatham Rise), southern (Campbell Plateau, Macquarie Ridge, Tasmania) and
Antarctic provincial scales, as outlined above (south of mainland New Zealand but north of the Ross
Sea). For the Leiopathes dataset, microsatellite amplification was successful for only 53 individuals,
which comprised a mix of L. secunda, L. bullosa, and some specimens identified only to genus level.
Leiopathes specimens were collected from waters around the North Island only, prohibiting the division
of them into provincial or regional scales, and as such analyses of these species were based on
populations on geomorphic features only. To meet the minimum population size threshold of four
individuals after assigning samples to a geomorphic feature, the dataset was further reduced to 46
individuals when all Leiopathes species were combined, and 28 individuals when considering L.
secunda alone. We also used our microsatellite data to explore taxonomic division within the genus and
to determine whether microsatellite signatures could prove useful to delineate species or MOTUs -
genetic entities defined with the intent of representing biological species in the absence of species
descriptions (e.g., Niegel et al. 2007).
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Population genetics

The D. dianthus microsatellite and TS datasets were by far the largest numerically. Analyses conducted
are therefore far more comprehensive for this species, as these data facilitated greater data exploration
than the other datasets. Therefore, the following section always refers to D. dianthus, and to the other
three species only where indicated.

Population differentiation

The most common way to infer the extent of connectivity (and thus gene flow) is to compare variation
in allele frequencies amongst populations and then to describe the correlation between two randomly
chosen alleles within subpopulations relative to two alleles randomly sampled from the total population.
This is calculated using Wright’s F-statistics and gene flow is summarised by the equation Fst = 1/(4Nm
+1), where Nm represents the number of immigrants entering a subpopulation in each generation (N =
local subpopulation size, m = the proportion of immigrants), and the expected divergence is a function
of the number of immigrants, Nm (Wright 1951, Lowe & Allendorf 2010). If a locus with two alleles
(one from each parent) is considered in two subpopulations, Fsr (an estimate of genetic difference or
distance) will attain a value of one if the subpopulations contain different alleles (e.g., allele a in
population 1 and allele b in population 2), and zero if the allele frequencies in both subpopulations are
identical. Put simply, Fsr values are estimates of genetic distance and they vary between zero and one,
with zero signifying no differentiation and one representing completely disparate populations (Balloux
& Lugon-Moulin 2002).

For D. dianthus, Analysis of Molecular VVariance (AMOVA, Arlequin v3.5, Excoffier & Lischer 2010)
was used to test for hierarchical spatial structure and the p-values (significance levels) associated with
each spatial scale (bioprovince, region, geomorphic feature) were obtained for the neutral and all loci
microsatellite datasets, and from the ITS sequence data. Subsequently, to assess the extent of population
differentiation between/amongst populations within this scheme, we calculated conventional pairwise
Fsr values for microsatellites (Wright 1951, Weir & Cockerham 1984) and its analogue, ®sr, for ITS
sequence data.

For E. rostrata and B. patula, ®st (an analogue of Fst based upon DNA sequence data) was calculated
from ITS data and concatenated 16S-ND5-TRP DNA sequence data respectively, whereas Leiopathes
data were derived from microsatellites (and therefore Fsr was calculated). In the case of E. rostrata, the
patchy distribution of samples resulted in difficulty meeting the minimum population size threshold of
four individuals, so to permit analysis of data from this species minimum population sizes less than 4
have been used on some occasions. For example, three geomorphic features were represented by only
two individuals (the Kermadec Ridge region, the Norfolk Ridge, and the Challenger Plateau).
Therefore, a very cautious interpretation of these data is warranted at the geomorphic features scale.

Genetic diversity

To assess genetic diversity at each of the three spatial scales, we measured allelic richness (the average
number of alleles at a given locus) from the microsatellite data, followed by nucleotide and haplotypic
diversity (the average number of nucleotide differences per site between any two sequences and the
probability that two randomly chosen haplotypes are different, respectively) from the DNA sequence
data. Rarefied allelic richness and private allelic richness (the number of unique alleles in a population,
Kalinowski 2004) were calculated in HP-Rare (Kalinowski 2005), setting the minimum gene sampling
number at 16 and 6 for the regional and geomorphic features data respectively (reflecting values at or
close to the minimum number of alleles observed). For geomorphic features, measures of allelic
richness were calculated from eight microsatellite loci, because one locus did not amplify in any D.
dianthus individuals sampled from the Campbell Plateau or the Macquarie Ridge and was therefore
removed from this analysis. Nucleotide and haplotypic diversity were calculated in DNASp v.5
(Librado & Rozas 2009).
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Identifying genetic clusters

Discriminant analysis of principle components (DAPC) was performed to identify population clusters
based on microsatellite variation, as implemented in R 3.0.2 (R Development Core Team 2013) with
the ADEGENET software v. 1.3 (Jombart 2008, Jombart et al. 2010). This multivariate analysis first
partitions sample variance into between-group and within-group components based upon an initial
principal component analysis (PCA), after which a discriminant analysis (DA) identifies clusters using
the PCA factors as variables to maximise the intergroup component of variation, making no
assumptions about the evolutionary structure of the samples.

To identify clusters at spatial levels deemed significant in AMOVA analyses (i.e., at regional scales and
between geomorphic features), microsatellite data were tested using STRUCTURE v2.3.4 (Pritchard et
al. 2000), a model-based Bayesian clustering approach in which individuals are probabilistically
assigned to a known or unknown population (K) based upon shared allele frequencies. Convergence
was verified by graphing MCMC progress a posteriori (log alpha) and optimal K values from all
simulations were derived with the correction of Evanno et al. (2005), which plots the log probability
[L(K)] of the data and compares it to delta K, as implemented in STRUCTURE HARVESTER (Earl &
von Holdt 2012). STRUCTURE assumes HWE, but not linkage disequilibrium (LD), and works best
when population sample sizes are approximately equal. Adjustment for different population sample
sizes is possible (Wang 2017), and has been employed here, where appropriate. For comparison, cluster
analyses were also performed using AWeclust v3.0 (Gao & Starmer 2008), a non-parametric approach
without any prior assumptions about HWE or LD. Because this software (implemented in RStudio open
source software v1.0.13) is a platform for the analysis of SNP datasets, microsatellite alleles were coded
as either homozygotes (the same copy from both parents), heterozygotes (different copies from each
parent) or absent following Wei et al. (2013a). Gap statistics were calculated from K=1-10.

Inferring demographic population changes

We used several approaches to test for population growth. We compared observed pairwise sequence
difference distributions in ITS sequence data to expected values (the mismatch distribution) under both
constant population size (at equilibrium) and growing/declining population models, using DNASp v.5
(Librado & Rozas 2009). In both scenarios, no recombination was specified, and for the latter scenario,
initial and final © (theta - before and after the growth or decline respectively) and T (tau) values were
determined according to Rogers & Harpending (1992). The Ramos-Onsins and Rozas R2 test, which
detects recent pronounced population growth based upon the number of singleton mutations and the
average number of nucleotide differences, was also calculated (Ramos-Onsins & Rozas 2002). Its
significance was estimated using coalescent methods for no recombination, recombination rates
estimated from the data and free recombination models. The raggedness statistic r (Harpending 1994),
which relates to the shape of the mismatch distribution and differs between constant size and growing
populations, was also calculated. Fu’s F (Fu 1997) Fu and Li’s F test (Fu & Li 1993) and Tajima’s D
(Tajima 1989) tests were used to assess neutrality, based upon the haplotype (gene) frequency
distribution conditional upon the value of the population size parameter ®, and upon the differences
between the number of segregating sites and the average number of nucleotide differences, respectively.

The neutral microsatellite loci were tested for genetic bottlenecks using the program BOTTLENECK
v1.2.02 (Cornuet & Luikart 1996). This software tests whether heterozygosity is temporarily increased
relative to the number of alleles at mutation-drift equilibrium (Cornuet & Luikart 1996). The Campbell
Plateau and Macquarie Ridge samples were not analysed in the geomorphic features dataset because
the program requires at least 10 individuals per population. The data were tested with three mutation
models, the infinite alleles (IAM), the stepwise mutation (SMM) and the two-phase models (TPM) with
the latter allowing a 10% proportion of SMM following the authors’ recommendations for
microsatellites. Sign tests and one-tailed Wilcoxon sign rank tests (heterozygote excess and deficiency
calculations) determined P (significance) values from 1000 iterations for the likelihood of a bottleneck
for each population. Finally, the relative distribution of allele frequencies (mode-shift indicator) was
tested, because a reduction in alleles at low frequencies distorts allele frequency distributions in recently
bottlenecked populations (Luikart et al. 1998).
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Assessing contemporary and historical connectivity, and effective population size

We used two approaches to determine the extent and direction of gene flow between populations
associated with geomorphic features, using the D. dianthus microsatellite neutral (n=5) and all loci
(n=9) datasets. We focussed on these datasets only for these analyses, due to their increased robustness
(in terms of sample sizes obtained from each feature) relative to the other species and to permit
exploration in more depth of the temporal and directional patterns of migration between the Kermadec
Ridge region and the Louisville Seamount Chain indicated in prior analyses (note that where AMOVA
results revealed no significant difference at the bioprovince and/or at the regional spatial scales, these
same spatial scales were not tested in the analyses described below). Contemporary gene flow (i.e., over
the last few generations) was assessed using BayesAss v3.0.4 (Wilson & Rannala 2003), which employs
a Bayesian approach to estimate the fraction of migration between populations without assuming HWE
(Excoffier & Heckel 2006). Historical gene flow was determined using Migrate-n v3.6.11 (Beerli &
Felsenstein 2001, Beerli 2008), which uses a coalescent approach to determine the population size
parameter 0 (theta = 4Ne p, where Ne is the effective population size and p is a constant per-locus
mutation rate per site) and migration rate (M/p, where M is the immigration rate per generation). The
parameter m, the proportion of each population consisting of migrants per generation, can be generated
and compared between the software package outputs. We estimated m directly in BayesAss and
subsequently derived it from Migrate-n M values following Chiucchi & Gibbs (2010) with a mutation
rate of 5 x 10* (Garza & Williamson 2001). Both the neutral and all loci microsatellite D. dianthus
datasets were analysed with BayesAss and Migrate-n. Subsequently, 6 values derived from Migrate-n
were converted into effective population size values (Ne = 6/4 p) assuming several hypothetical
microsatellite mutation rates; actual mutation rates for each locus used in this study are unknown and
generally microsatellite mutation rates vary between 102 and 10 (Li et al. 2002). Results were plotted
into chord diagrams to facilitate visualisation of migration pathways using the “circlize’ package in R
(Gu et al. 2014). We also estimated contemporary effective population sizes (i.e., estimates applying to
the time-period encompassed by the sampling period, Ne) at the regional and geomorphic features scales
(but not at the bioprovince scale because the AMOVA was not statistically significant) as implemented
in NeEstimator V2 (Do et al. 2014, following Waples & Do 2010). Parametric confidence intervals
were estimated.

Seascape genetics

To determine the effect of environmental factors (Table 2) on genetic differentiation, we examined
correlations between environmental variables at sample sites and Fsr estimates derived from
microsatellite data for D. dianthus and ®st for E. rostrata. The spatial testing framework employed in
prior genetic analyses was not used for seascape analyses, primarily because the geographic extent of
sampling at bioprovince and region scales was larger than the scale of differences between
environmental variables (and thus could lead to confounding results). Instead, samples were assigned
to a population if collected from the same site or from sites in close proximity, with a minimum sample
size set at four individuals, and samples were not pooled as before. For the black corals, no more than
one specimen was collected at any site or from sites in close proximity and the minimum threshold of
four individuals could not be met (Appendix 1). Furthermore, sample sizes were small for each dataset
and there was an overall lack of significant genetic structure in the Leiopathes dataset. Therefore,
seascape genetics analyses focussed on the two scleractinians only. For D. dianthus, twenty putative
populations were obtained across the sampled range (i.e., from the EEZ to the Louisville Seamount
Chain, Appendix 3). For E. rostrata, only four putative populations met the minimum sample size
threshold and these were all on the Chatham Rise, although each had different environmental variable
values (see Table 2 and Appendix 3 for environmental variables for each dataset).

We used a generalised linear model (GLM) as implemented via the GLZ routine in STATISTICA v7.1
(StatSoft, Inc). This approach is a multiple regression analysis between a dependent variable (in this
case the mean multilocus Fst or ®st for each population which we derived from all pairwise values per
population following Wei et al. (2013a) and a combined set of biological, topographical and
physicochemical environmental variables (Appendix 3). GLM analyses employed a stepwise approach
to build models that were then ranked according to the Akaike Information Criterion (AIC, with the
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best fit model having the lowest AIC penalty score at a significance level of p < 0.05). We then used
maximum likelihood ratio tests to assess the contribution of each variable to the model and to test the
significance of a particular effect with all the other effects in the model (i.e., incrementally). The
resulting »? statistic indicates change in the log-likelihood attributable to each individual effect.

Larval dispersal models

To compare genetic connectivity patterns revealed by the genetic analyses, and to better understand the
environmental factors potentially contributing to these patterns revealed by the seascape genetics
analyses, we predicted likely larval trajectories using current modelling. Predicting potential routes of
larval movement on a site-by-site basis is a useful approach to determine potential connectivity
pathways between or amongst specific regions or geomorphic features. We modelled float trajectories
from the Global Drifter Program (GDP) (http://www.aoml.noaa.gov/phod/dac/gdp_information.php)
and from the ARGO program (http://www.argo.ucsd.edu/), to predict (respectively) potential distances
that larvae may move via surface and deep (1000 m) currents for a range of user-defined PLDs specified
for “virtual’ larvae (in this approach, coral larvae are treated as passive particles for dispersal, with no
ability to influence the direction or rate of dispersal). We initially used seven PLD periods between 0-
70 days (in ten-day increments), but after preliminary runs, we changed this to four PLDs of 0-10 days,
30-40, 90-100 days and 150-200 days, given the high connectivity observed in our preliminary genetic
data and the possibility that scleractinian larvae may survive for as long as 195-244 days (Graham et
al. 2008).
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APPENDIX 3: Desmophyllum dianthus microsatellite data exploration.

Left: heat maps illustrating the extent of missing data by locus and population for regional scale (top) and geomorphic features (bottom) analysis. Right: Genotype accumulation
curve box and whisper plot showing the minimum number of loci necessary to discriminate between individuals in a population given a random sample of n loci as calculated

with the R package poppr (Kamvar et al. 2014).
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APPENDIX 4: Sample information, Fst matrix and environmental correlates for Desmophylum dianthus seascape genetics analyses
and sample information, ® st matrix and environmental correlates for Enallopsammia rostrata seascape genetics analyses.

Desmophylum dianthus

bpi-broad  bpi-fine  depth aragonite calcite oxygen POC salinity sigma-theta silicate slope-percent

Population NIC Cat. # N Lat Lon Fst

Forde 94103 23 -35.337 -170.443  0.05 669.00  380.00 -1335.00 0.98 152 398 581 34.50 3198  57.99 26.60
Anvil 94297 4 -37.707 -169.015 0.07 23700  202.00 -626.00 1.49 2.34 515 11.88 34.47 3144  10.30 3.10
39south 94377 67 -39.164 -167.350 0.13 168.00  126.00 -678.00 1.44 2.26 509 1222 34.46 3147 1030 4.48
ValerieSouth 94569 10 -41.582 -164.255 -0.02 371.00 24200 -723.00 1.40 2.19 500 11.02 34.45 3149  12.88 4.38
ValerieNorth 94623 4 -41.365 -164.419 -0.08 371.00 24200 -723.00 1.40 2.19 500 11.02 34.45 3149  12.88 4.38
Kermadec_south 16021 8 -36.828 177.448 0.21 751.00  514.00 -1378.00 0.97 1.52 4.03 5.00 34.47 3194 5840 5.50
Kermadec_top 65022 6 -35.284 178.863  0.02 808.00  489.00 -1448.00 0.94 1.46 391 470 34.50 3202 68.04 10.89
Kermadec_mid 72943 14 -35.857 178.448 0.04 14.00 200 -365.00 171 2.69 5.67 37.04 34.49 31.38 7.46 0.11
Iceberg_119 54285 19 -44.158 -174.555  0.09 -65.00 -73.00  -274.00 2.08 3.25 5,58 39.22 34.86 31.24 4,97 3.97
Iceberg_102469 102469 48 -44.160 -174.555 017 54.00 9.00 -629.00 1.56 2.45 545 14.04 34.49 31.45 8.69 1.78
Iceberg_102485 102485 24 -44.160 -174555 0.24 2641.00  316.00 -1070.00 111 173 456 2.05 34.37 3175  30.77 6.36
Iceberg105 53838 11 -44.157 -174554  0.15 1792.00 278.00 -1309.00 0.93 145 400 270 34.43 31.99 59.73 22.73
Diamond C 53581 9 -44.147 -174690 0.27 1438.00 52.00 -921.00 121 1.90 482 363 34.37 31.62 25.49 2.86
Diamond a 53720 6 -44.140 -174.720 0.01 1767.00  540.00 -1253.00 1.00 157 441 296 34.37 31.88  44.78 13.00
Diamond A 102571 44 -44.136 -174.720  0.29 1282.00  121.00 -1391.00 0.95 1.48 417 338 34.40 3196  53.01 10.97
Diamond B 102636 47 -44.148 -174.748  0.24 556.00 4300 -460.00 175 2.74 545 1811 34.63 31.38 7.00 2.80
N&W Chatham 75946 8 -43.617 178500 0.01 393.00 241.00 -657.00 1.45 2.27 508 10.96 34.46 3146  10.27 322
South_mid 88873 12 -46.797 167.388 0.09 393.00 241.00 -657.00 1.45 2.27 5.08 10.96 34.46 31.46 10.27 3.22
Macquarie Ridge 95101 6 -47.000 165.700 0.04 168.00 126.00  -678.00 1.44 2.26 509 1222 34.46 31.47 10.30 4.48
South_south 88899 8 -49.017 166.517 0.01 189.00  168.00  -660.00 1.44 2.26 509 1254 34.46 3147 1031 5.10
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Population
Force

Anl

39south
ValerieSouth
ValerieNorth
Kermadec_south
Kermackc_top
Kermadec_mid
Iceberg_119
Iceberg_102469
Iceberg_102485
Iceberg105
Diamond C
Diamonda
Diamond A
Diamond B
N&W Chatham
South_mid
Macquarie Ridge
South_south

seamount  stdev-slope temperature woanitc woaphosc bathylkm araglkm botspdlkm calclkm cdomlkm disorglkm dynoclkm smtlkm sstgrdlkm sstlkm tempbotlkm tempreslkm tidcurrlkm vgpmlkm

1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.00
0.00
0.00
1.00
1.00
1.00
1.00
1.00
0.00
1.00
1.00
1.00
1.00

543
3.02
2.54
298
298
497
510
0.05
178
0.29
6.43
9.48
0.85
5.61
2.96
0.87
3.28
3.28
2.54
2.35

4.16
759
7.38
720
720
4.25
389
8.02
10.33
7.62
510
3.66
5.9
417
313
8.63
7.40
7.40
.38
.38

34.65
30.74
30.73
29.36
29.36
35.97
34.75
14.66
11.49
1457
30.05
3171
2831
34.32
34.04
16.80
29.36
29.36
30.73
30.73

2.37
207
207
197
197
2.55
241
1.07
0.78
121
2.04
2.08
179
2.38
2.30
135
197
197
2.07
2.07

141915 098
7385 107
73951 107
72259 114
72259 114

14871 078

153009 081
41615 173
15271 222
52130 175

-0999.00 -9999.00
-0999.00 -9999.00
-0999.00 -9999.00
-0999.00 -9999.00
-0999.00 -9999.00

48049 174
72259 114
72259 114
8748 107
74161 106

007 153
005 167
005 167
007 179
007 179
010 120
008 125
005 272
005 348
006 275

-0999.00 -0999.00
-0999.00 -0999.00
-0999.00 -0999.00
-0999.00 -9999.00
-0999.00 -9999.00

005 272
007 179
007 179
005 167
005 166

179
221
2.16
219
219
180
182
2.23
2.57
150

-0999.00
-0999.00
-0999.00
-0999.00
-0999.00

181
2.19
2.19
2.15
213

0.02
0.04
0.04
0.04
0.04
0.02
0.02
0.09
0.07
0.04

-0999.00
-0999.00
-0999.00
-0999.00
-0999.00

0.06
0.04
0.04
0.04
0.04

066 100
053 100
053 100
053 100
053 100
072 100
074 100
046 000
043 000
045 000

-0999.00 -0999.00
-0999.00 -9999.00
-0999.00 -0999.00
-0999.00 -0999.00
-0999.00 -9999.00

046  0.00
053 100
053 100
053 100
053 100

000 000
001 001
001 001
001 001
001 001
000  0.00
000 000
001 003
001 001
002 004

-0999.00 -9999.00
-0999.00 -9999.00
-0999.00 -9999.00
-0999.00 -9999.00
-0999.00 -9999.00

001 0.2
001 001
001 001
001 001
001 001

0.27
0.27
0.26
0.28
0.28
0.24
0.35
-1.00
0.74
-0.19

-0999.00
-0999.00
-0999.00
-0999.00
-0999.00

0.08
0.28
0.28
0.27
0.23

0.25
0.26
0.26
0.29
0.29
0.24
0.3
-1.00
0.68
0.2

-0999.00
-0999.00
-0999.00
-0999.00
-0999.00

0.08
0.29
0.29
0.28
0.2

0.07
0.14
0.14
013
013
011
0.10
051
0.16
0.53

-9999.00
-9999.00
-0999.00
-9999.00
-0999.00

0.26
013
013
0.14
015

54553
530.89
533.49
523.97
523.97
478.42
494.04
72574
744.06
380.65

-0999.00
-0999.00
-0999.00
-0999.00
-0999.00

554.23
523.97
523.97
533.81
537.57
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Forde Anvil 39south ValerieSiValerieN Kerm_So Kerm_to} Kermade Iceberg111116_102-1116_102. Icebergl( Diamond Diam_a Daim_A Diamond N&Wcha MidSoutt Macquari SouthSot
Forde 0.000
Anvil 0.043 0.000
39south 0.014 0.039 0.000
ValerieSouth 0.018 0.063 0.019 0.000
ValerieNorth 0.038 0.069 0.027 0.039 0.000
Kerm_South 0.059 0.079 0.036 0.066 0.078 0.000
Kerm_top 0.060 0.068 0.030 0.065 0.066 0.035 0.000
Kermadec 0.017 0.045 0.010 0.023 0.026 0.047 0.047 0.000
Iceberg119 0.211 0.231 0.177 0.218 0.219 0.188 0.193 0.196 0.000
1116_102469 0.171 0.188 0.140 0.174 0.178 0.147 0.157 0.157 0.015 0.000
1116_102485 0.159 0.180 0.132 0.161 0.158 0.149 0.156 0.146 0.031 0.015 0.000
Iceberg105 0.190 0.212 0.159 0.196 0.195 0.174 0.182 0.176 0.025 0.018 0.023 0.000
DiamondC 0.175 0.201 0.145 0.177 0.176 0.160 0.163 0.159 0.054 0.041 0.047 0.060 0.000
Diamond_a 0.241 0.292 0.206 0.273 0.261 0.251 0.233 0.225 0.163 0.128 0.116 0.150 0.171 0.000
Daimond_A 0.173 0.199 0.144 0.177 0.178 0.157 0.164 0.161 0.022 0.009 0.013 0.019 0.037 0.125 0.000
Diamond_B 0.163 0.184 0.134 0.164 0.165 0.142 0.153 0.149 0.025 0.007 0.018 0.022 0.040 0.117 0.008 0.000
N&W-chatham 0.102 0.144 0.086 0.123 0.124 0.130 0.136 0.093 0.157 0.116 0.116 0.137 0.144 0.171 0.114 0.103 0.000
MidSouth 0.100 0.117 0.091 0.104 0.109 0.130 0.122 0.110 0.159 0.129 0.104 0.146 0.145 0.200 0.128 0.128 0.144 0.000
Macquarie 0.308 0.370 0.275 0.353 0.349 0.334 0.311 0.292 0.129 0.124 0.123 0.124 0.159 0.331 0.129 0.133 0.320 0.264 0.000
SouthSouth 0.222 0.240 0.187 0.222 0.224 0.208 0.210 0.208 0.143 0.128 0.121 0.129 0.167 0.201 0.132 0.130 0.212 0.184 0.226 0.000

Pairwise Fst matrix from which mean values per population were derived for seascape genetics analysis (generated in GenAlEx, Peakall & Smouse 2012).
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Enallopsammia rostrata

NIC cat#. N Lat Lon Mean ®s7 bpi-broad bpi-fine  depth aragonite calcite oxygen POC  salinity  sigma-thetcsilicate  slope-perce seamount stdev-slope
102565 13 -44.136 -174.720 0.62 168 126 -678 1.444 2.264 5.085 12.219 34.457 31.467 10.301 4.475 1.000 2.538
102631 17 -44.148 -174.748 0.83 189 168 -660 1.444 2.264 5.085 12.544 34.457 31.467 10.305 5.096 1.000 2.345
53483 6 -42.740 -179.690 0.69 11 2 -1098 1.109 1.736 4.344 14.507 34.438 31.796 35.151 1.951 0.000 0.171
53998 14 -44.140 -174.720 0.73 168 126 -678 1.444 2.264 5.085 12.219 34.457 31.467 10.301 4.475 1.000 2.538

NIC cat#. temperat woanitc ~ woaphosc bathylkm araglkm botspdlkm calclkm cdomlkm disorglkm dynoclkm smtlkm sstgrdlkm sstlkm  tempbotlkr tempres1kitidcurrikn vgpmlkm

102565 7.376 30.732 2.066 877.484 1.066 0.050 1.668 2.151 0.041 0.527 1.000 0.006 0.010 0.269 0.285 0.144 533.808
102631 7.376 30.732 2.066 741.608 1.063 0.052 1.663 2.135 0.043 0.525 1.000 0.006 0.010 0.227 0.223 0.145 537.575
53483 5.158 31575 2.264 1133.835 0.995 0.123 1.556 2.660 0.051 0.532 1.000 0.009 0.018 -0.207 -0.206 0.181 677.839
53998 7.376 30.732 2.066 739.509 1.066 0.051 1.668 2.155 0.042 0.527 1.000 0.006 0.010 0.261 0.261 0.143 533.490

Pairwise @ st matrix from which mean values by population were derived for seascape genetics analysis (generated in Arlequin v3.5, Excoffier & Lischer 2010)

53483 53998 102565 102631

53483 0

53998 0.68 0

102565 0.48 0.66 0

102631 0.91 0.86 0.72 0
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APPENDIX 5: Desmophyllum dianthus PCA plot of variation in 17 environmental

parameters and Enallopsammia rostrata PCA plot of variation in 30 environmental
parameters.

Desmophyllum dianthus

Projection of the variables on the factor-plane ( 1 x 2)
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APPENDIX 6: Top 20 best fit GLM models for Desmophyllum dianthus based upon 4 individuals in a population (microsatellite data)
and for Enallopsammia rostrata based upon 4 populations from the Chatham Rise (ITS sequence data).

Desmophyllum dianthus

Var.1 Var.2 Var. 3 Var. 4 Var. 5 Var. 6 Var.7 Var. 8 Var. 9 Var.10 = Var.1l Deg. Freedon AIC L.RatioChi2 pvalue
"1 bpi-broad= bpi-fine=  aragonite= dope-percent='stdev-dope= f 7 -63.6771 45.74633 0.000000
"2 bpi-broad= bpi-fine=  aragonite= slicate=  |dope-percent= stdev-sope= f 8 -62.7661 46.83534  0.000000
"3 bpi-broad= bpi-fine=  aragonite= dope-percent= stdev-dope= temperature= f 8 -62.1678 46.23705 0.000000
! bpi-broad= bpi-fine=  aragonite= dope-percent= stdev-dope=  woaphosc= f 8 -61.9869 46.05616 0.000000
"5 bpi-broad= bpi-fine=  aragonite= dope-percent=  seamount=  stdev-slope= f 8 -61.7835 45.85271 0.000000
"6 bpi-broad= bpi-fine=  aragonite= slicate=  dope-percent= stdev-slope= woaphosc= f 9 -61.0145 47.08380  0.000000
"7 bpi-broad= bpi-fine=  aragonite= slicate=  dope-percent= seamount=  stdev-slope= f 9 -60.8809 46.95013  0.000000
"8 bpi-broad= bpi-fine=  aragonite= slicate=  dope-percent= stdev-slope= temperature= f 9 -60.8380 46.90727  0.000000
"9 bpi-broad= bpi-fine= dope-percent= seamount= = stdev-slope= temperature= f 8 -60.7939 44.86320  0.000000
"10 bpi-broad= bpi-fine=  aragonite= dope-percent= seamount=  stdev-slope=' woaphosc= f 9 -60.5374 46.60661 0.000000
"11 bpi-broad= bpi-fine=  aragonite= dope-percent= stdev-dope=temperature= woaphosc= f 9 -60.4673 46.53659  0.000000
"12 bpi-broad= bpi-fine= dope-percent= stdev-dope= = temperature= f 7 -60.4156 42.48488 0.000000
"13 bpi-broad= bpi-fine=  aragonite= dope-percent=seamount=  stdev-slope= temperature= f 9 -60.3548 46.42402 0.000001
"14 bpi-broad= bpi-fine= slicate= | dope-percent= stdev-slope= temperature= f 8 -60.0671 44.13639 0.000001
"15 bpi-broad= bpi-fine= dope-percent=  seamount=  stdev-dope= temperature= woaphosc= f 9 -59.6916 45.76081  0.000001
"16 bpi-broad= bpi-fine= slicate=  dope-percent= seamount= | stdev-dope= temperature= f 9 -59.6160 45.68523 0.000001
"17 bpi-broad= bpi-fine= slicate=  dope-percent= stdev-dope= temperature=| woaphosc= f 9 -59.5183 45.58751 0.000001
"18 bpi-fine= slicate=  dope-percent= seamount= | stdev-slope= temperature= woaphosc= f 9 -59.3968 45.46609  0.000001
"19 bpi-broad= bpi-fine= slicate=  dope-percent= seamount=  stdev-slope=' woaphosc= f 9 -59.3581 45.42738 0.000001
i20 bpi-broad= bpi-fine=  aragonite= slicate=  dope-percent= seamount= stdev-slope= woaphosc= f 10 -59.0880 47.15729 0.000001
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Enallopsammia rostrata

Var. 1
r 1 bpi-broad
o2

r 3 slope-percent
o4 POC

" 5 bpi-broad

d 6 slope-percent
o7

r 8 dynoc
o9 POC

Y10 POC

oo bpi-fine
Y12 bpi-fine
Y13 bpi-fine

r 14 bpi-fine
15 bpi-fine

" 16 bpi-fine
Yo7 bpi-fine
T bpi-fine

r 19 bpi-fine
Y20 bpi-fine

Var. 2

dynoc
dynoc
dynoc
dynoc
dynoc
dynoc
dynoc
vgpm

dynoc
vgpm

Var. 3 Var. 4 Var.5

vgpm
vgpm
vgpm
vgpm

POC

slope-percent

POC slope-percent
dynoc

POC dynoc
slope-percer dynoc

POC slope-percer dynoc
vgpm

POC vgpm

A B B B BN BN AR B B N BN BN BN BN B BN BN BN BN |

Deg. Freedom

3

NNNNDNNNNMNDNDNNNNNDNDN®OW®W®

AlC
-4.40E+12
-2.20E+12
-5.03E+07
-4.19E+06
-1.63E+01
-1.54E+01
-1.28E+01
-1.16E+01
-1.08E+01
-8.82E+00
-8.62E+00
-8.62E+00
-8.62E+00
-8.62E+00
-8.62E+00
-8.62E+00
-8.62E+00
-8.62E+00
-8.62E+00
-8.62E+00

L.Ratio Chiz p
4.40E+12 0.00E+00
2.20E+12 0.00E+00
5.03E+07 0.00E+00
4.19E+06 0.00E+00
1.31E+01 1.46E-03
1.21E+01 2.34E-03
9.54E+00 8.48E-03
8.34E+00 1.55E-02
7.50E+00 2.35E-02
5.55E+00 6.23E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
5.35E+00 6.87E-02
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