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The Phoenix Islands Protected Area, in the central Pacific waters of the Republic of
Kiribati, is a model for large marine protected area (MPA) development and maintenance,
but baseline records of the protected biodiversity in its largest environment, the deep
sea (>200 m), have not yet been determined. In general, the equatorial central Pacific
lacks biogeographic perspective on deep-sea benthic communities compared to more
well-studied regions of the North and South Pacific Ocean. In 2017, explorations by the
NOAA ship Okeanos Explorer and R/V Falkor were among the first to document the
diversity and distribution of deep-water benthic megafauna on numerous seamounts,
islands, shallow coral reef banks, and atolls in the region. Here, we present baseline
deep-sea coral species distribution and community assembly patterns within the
Scleractinia, Octocorallia, Antipatharia, and Zoantharia with respect to different seafloor
features and abiotic environmental variables across bathyal depths (200–2500 m).
Remotely operated vehicle (ROV) transects were performed on 17 features throughout
the Phoenix Islands and Tokelau Ridge Seamounts resulting in the observation of 12,828
deep-water corals and 167 identifiable morphospecies. Anthozoan assemblages were
largely octocoral-dominated consisting of 78% of all observations with seamounts
having a greater number of observed morphospecies compared to other feature types.
Overlying water masses were observed to have significant effects on community
assembly across bathyal depths. Revised species inventories further suggest that the
protected area it is an area of biogeographic overlap for Pacific deep-water corals,
containing species observed across bathyal provinces in the North Pacific, Southwest
Pacific, and Western Pacific. These results underscore significant geographic and
environmental complexity associated with deep-sea coral communities that remain in
under-characterized in the equatorial central Pacific, but also highlight the additional
efforts that need to be brought forth to effectively establish baseline ecological metrics
in data deficient bathyal provinces.

Keywords: deep sea coral, seamounts, marine protected area, marine biogeography, community structure,
equatorial central Pacific, water masses
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INTRODUCTION

Established in 2008, and later closed to commercial fishing in
2015, the Phoenix Islands Protected Area (PIPA) is among the
largest (408,250 km2) closed marine protected areas (MPA) and
the deepest UNESCO world heritage site on Earth (Claudino-
Sales, 2019). Despite these designations, the deep-sea benthos
below 200 m in this MPA remained vastly unexplored hindering
the full understanding of what habitats the protected area
encompasses. In 2017, several deep-sea exploration expeditions
passed through PIPA on the NOAA ship Okeanos Explorer,
as a part of the CAPSTONE (Campaign to Address Pacific
monument Science, Technology, and Ocean Needs) program
(Demopoulos et al., 2018), and on the R/V Falkor with the
goal of enhancing understanding of deep-sea ecosystems in
the MPA via international partnerships (McKinnie et al., 2018;
Mangubhai et al., 2019).

Deep-sea exploration has been an on-going priority for
PIPA, starting with the first formal research plan (Rotjan
and Obura, 2010), and continuing in the first and second
PIPA management plans. The earliest deep-sea surveys
consisted of baited drop cameras deployed to observed fish
communities below 1000 m depth (Obura et al., 2011).
Recent expeditions contributed high-definition multibeam
mapping and seafloor exploration (Kennedy et al., 2019),
which also helps to better define and manage the features
that lie within protected boundaries. A United Nations
voluntary commitment stemming from the Oceans Sustainable
Development Goals (SDG14) was recently written by the
PIPA Scientific Advisory Committee, with the specific goal to
increase scientific knowledge and research capacity to improve
ocean health in Kiribati. Deep-sea exploration in PIPA directly
helps to fulfill these goals of increased knowledge and research
capacity, as well as advancing the biodiversity inventory within
PIPA boundaries.

The deep slopes of islands, atolls, reef-capped shallow banks
(herein referred to as reefs), and seamounts comprise the majority
of high-profile seafloor relief in PIPA with at least two major
geographic seamount or island clusters, the Tokelau Seamount
Chain and Phoenix Island cluster, occurring entirely within or
passing through its boundaries (Figure 1). Globally, seamounts
are among the most extensive biomes in the Pacific Ocean
with only a small percentage having been explored worldwide
(Etnoyer et al., 2010). While seamounts are abundant deep-
sea features, particularly in the western and central Pacific
Ocean, exploration of these features and characterization of
seafloor communities at bathyal depths are lacking in the region
(Watling et al., 2013; Bohnenstiehl et al., 2018; Cantwell et al.,
2018; Demopoulos et al., 2018; Herrera et al., 2018; Kelley
et al., 2018). Deep-sea corals, primarily from the Octocorallia
(soft corals), Scleractinia (stony corals), and Antipatharia (black
corals), represent some of the most common groups observed on
seamounts studied worldwide (Rogers et al., 2007), making them
a useful group of taxa for understanding how the oceanographic
and physical environment influences benthic communities
across a range of spatial scales. Structures produced by deep-
water corals provide important vertical relief for associated

species in deep-sea ecosystems (Buhl-Mortensen et al., 2010),
in addition to supporting unique symbioses with invertebrate
fauna (Mosher and Watling, 2009). Benthic invertebrate and
demersal fish communities on seamounts have been reported
to be strongly influenced by variables including local water
column productivity, overlying water masses, depth, substrate
type, and topographic variability (Genin et al., 1986; Auster et al.,
2005; Clark et al., 2010; Shank, 2010; Quattrini et al., 2017;
Rogers, 2018).

The exploration and exploitation of mineral resources from
seafloor crusts and the impact to benthic fauna have become an
increasing regional concern given the poor state of knowledge
of deep-sea biodiversity (Miller et al., 2018). World-wide,
seamounts have been found to harbor benthic communities
that are vulnerable to a range of disturbances and are often
slow to recover to their pre-disturbed state (Watling and
Norse, 1998; Williams et al., 2010; Watling and Auster, 2017).
In the central Pacific, cobalt-rich mineral crusts occur on
seamounts at depths that coincide with those of deep-water
coral and sponge communities (Morgan et al., 2015). Such
species, which are characteristically slow-growing and long-
lived, stand to be disrupted should such activities occur and
result in physical disturbance and increased sedimentation
rates within and around affected areas (Gollner et al., 2017).
Identifying and quantifying species diversity within deep-water
coral communities on features throughout the Pacific that
exhibit a range of geomorphological characteristics (e.g., guyots,
sharp-peaked seamounts, as well as on the flanks of atolls
and islands) is essential to properly manage these species
and communities.

This study provides insight into the composition, diversity,
and patterns among coral communities at bathyal depths in
the Phoenix Islands Protected Area. Using ROV-collected
high-resolution video and collections-based approaches, we
provide the first deep-sea coral species inventory within PIPA
boundaries. Additionally, we test two exploratory hypotheses
designed to identify broader differences in community
similarity between geographic features and across depth.
The first being, do different feature types like islands, atolls,
reefs, or seamounts harbor distinct deep-water assemblages
within the protected area? Second, does vertical structure of
the water column (i.e., water masses) result in differences
in assemblages across depth? If so, which species might
contribute most to the observed differences? And finally,
which oceanographic environmental variables most strongly
influence the observed variation in community structure at
bathyal depths?

Due to the geographic remoteness of these features and
the protected status of the area, we suggest that deep-water
communities within PIPA are likely to rank among the least
human-impacted environments in the deep Pacific Ocean and
act as a foundation for comparison to other unprotected deep-
sea features in the greater Central Pacific. The results of this work
will help to set a much-needed baseline understanding of large
remote marine reserves, specifically with respect to identifying
abundant and diverse deep-sea communities and ensuring their
future conservation.
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FIGURE 1 | Overview of the boundaries of the Phoenix Islands Protected Area with locations of sites where dives were conducted in this study. Table 1 and
Supplementary Figure S1 provide detailed dive site names, coordinates, and depth ranges.

MATERIALS AND METHODS

Data for this study were collected from two expeditions to the
Phoenix Islands Protected Area in March and October 2017
(Table 1). In March, the NOAA Ship Okeanos Explorer (ROV
Deep Discoverer) surveyed and explored the western portion of
PIPA along the Tokelau Ridge seamounts; in October, the R/V
Falkor (ROV Subastian) focused on islands, atolls, and seamounts
in the eastern Phoenix Islands, as well as additional dives along
the Tokelau seamount chain. Both expeditions utilized remotely
operated vehicle (ROV) systems to survey and characterize deep-
water coral communities in the area. ROV Deep Discoverer
completed 7 transects along 7 features on the Tokelau Seamount
Chain and the ROV Subastian completed 17 transects across 10
features throughout the Phoenix Islands, Phoenix Seamounts,
and Tokelau Seamounts (Supplementary Figure S1).

Seafloor transects were conducted upslope from deeper to
shallower depths across each feature. In each case, vehicles
moved upslope, perpendicular to the contours of the slope,
with only occasional short zooms to confirm identifications.
Motion across the seafloor occurred at an average of 0.25 kt.

Video segments on the seafloor spent sampling, during long
duration zooming, not in forward motion, or otherwise
not in visual contact with the seabed was not included in
analyses. Collection opportunities were utilized to obtain voucher
specimens for further identification of coral morphospecies
(Supplementary Table S1).

ROV Video Analysis
Video segments where collections were made, where the vehicle
was more than 3 m off bottom, moving backwards, during
sampling events, or of generally poor quality, were not assessed.
Individuals or colonies were identifiable above a 5 cm height
threshold, with measurements based on 10 cm wide parallel
lasers in the ROV field of view. If colonies or individuals were
below this size threshold, they could not be consistently identified
and were omitted from analysis. Each occurrence was associated
with a UTC time-stamp, and this was used to associate each
observation with in situ environmental data including latitude-
longitude coordinates, temperature, depth, dissolved oxygen
concentration, and salinity.
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TABLE 1 | Summary of dives conducted at seamounts, islands, atolls, and reefs during EX1703 and FK171005.

Cruise Dive Location Feature type On bottom (Lat,
Long Dec. Degrees)

Off bottom (Lat,
Lon Dec. Degrees)

Depth range (m) Bottom duration
(hh:mm)

Seafloor distance
covered (m)

EX1703 Dive03 Carondelet Reef Reef −5.62715,
−173.835083

−5.6280833,
−173.8394167

1603–1844 6:01 490

EX1703 Dive04 Seamount Athena Seamount −4.1469167,
−174.8521

−4.150267,
−174.854333

1030–1223 6:43 447

EX1703 Dive05 Polo Seamount Seamount −2.7300667,
−175.12615

−2.72805,
−175.1310667

1834–2134 5:44 590

EX1703 Dive14 Winslow Reef Seamount −1.70345,
−175.2022667

−1.70431667,
−175.205667

1303–1527 6:03 390

EX1703 DIve15 Teutana Seamount −3.40145,
−174.73211667

−3.399516,
−174.735766

976–1325 4:57 453

EX1703 Dive17 Maibua Seamount −5.403283,
−173.958233

−5.40135,
−173.9615

463–746 7:10 420

EX1703 Dive18 Te Kaitira Seamount −6.490766,
−173.58045

−6.4918833,
−173.58345

1778–2105 5:43 354

FK171005 SB0067 Kanton Atoll −2.859174,
−171.744569

−2.826730,
−171.714738

247–2135 19:06 4895

FK171005 SB0068 Te Marena Seamount −3.0539191,
−171.374616

−3.036057,
−171.357612

804–1856 9:50 2739

FK171005 SB0069 Rawaki Island −3.7819294,
−170.731466

−3.759379,
−170.718154

1550–2313 9:04 2908

FK171005 SB0070 Rawaki Island −3.738242,
−170.725524

−3.732776,
−170.716769

367–1198 7:40 1145

FK171005 SB0071 Te Terina Seamount −3.887563,
−170.939562

−3.890913,
−170.935158

1489–1724 3:44 614

FK171005 SB0072 Te Terina Seamount −3.891529,
−170.933927

−3.891579,
−170.930155

1127–1426 1:47 418

FK171005 SB0073 Orona Atoll −4.528743,
−172.306548

−4.5205168,
−172.307271

2050–2439 11:02 918

FK171005 SB0074 Orona Atoll −4.5121363,
−172.272042

−4.51443033,
−172.261741

600–1361 6:25 1169

FK171005 SB0075 Orona Atoll −4.498947,
−172.25421

−4.5102886,
−172.2421938

484–613 22:41 1833

FK171005 SB0076 Winslow Reef Reef −1.655299,
−174.980157

−1.6391061,
−174.973467

229–1502 9:19 1947

FK171005 SB0077 Winslow Reef Reef −1.660755,
−174.952322

−1.6530499,
−174.943519

561–1424 9:14 1300

FK171005 SB0078 Winslow Reef Reef −1.759119,
−174.641697

−1.7685911,
−174.64309

723–1365 9:52 1064

FK171005 SB0079 Winslow Reef Seamount −1.929302,
−174.736812

−1.9221619,
−174.732316

1375–1957 9:15 937

FK171005 SB0080 McKean Island −3.597142,
−174.145254

−3.5947105,
−174.136795

363–1206 9:37 976

FK171005 SB0081 Nikumaroro Atoll −4.634481,
−174.543162

−4.6574490,
−174.556903

829–1028 10:37 2972

FK171005 SB0082 Carondelet Reef Reef −5.5760301,
−173.862591

−5.575719,
−173.8616971

152–275 1:59 105

FK171005 SB0083 Carondelet Reef Reef −5.604389,
−173.844220

−5.595109,
−173.856552

429–1342 19:09 1710

Location identifiers are based on both official geographic names and unofficial identifiers, as in the case of unnamed seamounts.

Video was analyzed for coral occurrences from four major
anthozoan taxonomic groups: the Scleractinia, Octocorallia,
Zoantharia, and Antipatharia. Individuals or colonies
were identified to the lowest taxonomic level possible or
assigned morphospecies (msp.) identifiers. Only visibly
live colonies were counted. If particular colonies could not

be identified reliably to such a level, they were placed in
family or genus-level groupings (i.e., family spp. or genus
spp.). Observations with any uncertainty were flagged and
underwent quality control by examining and omitting the
potentially erroneous identifications. Final identification of coral
species, using both photographic and voucher specimens, were
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made using published taxonomic keys, and assistance from
taxonomic specialists.

Community Analyses
Deep-water coral patterns were assessed by dividing each of the
24 dive transects into 100 m depth bins. Each bin provided a
sampling that consisted of all coral morphospecies observations
occurring within that 100 m depth interval. Community-
level analyses were conducted using standardized and 4th
root transformed species abundance data in a resemblance
matrix in PRIMER v7 with PERMANOVA add-on (Clarke
and Gorley, 2006; Anderson et al., 2008). In all, 153 samples
were identified across 24 dives (Supplementary Table S2).
Samples were compiled into a Bray-Curtis similarity resemblance
matrix for further analyses. Cluster analysis and non-metric
multidimensional scaling ordinations (nMDS) were initially
conducted to identify associations between groups of samples.
For these analyses only, in order to reduce the effect of noise
in the dataset, species abundances were averaged across samples
in 100 m depth bins resulting in one data point for each depth
stratum. The significance of associations between sample clusters
were evaluated using the similarity profile (SIMPROF) routine
(Clarke et al., 2008).

Before conducting assessments of similarity in communities,
adequacy of sampling effort and species richness comparisons
were evaluated using permuted sample-based species
accumulation and individual-based rarefaction for feature
types and water masses in Vegan 2.5-3 in R (Oksanen et al.,
2015). In order to test for similarities among coral assemblages
between factors, analysis of similarity (ANOSIM) tests were
employed. The first comparison tested differences between
feature types while controlling for the effect of depth differences
using a two-way nested ANOSIM. A one-way ANOSIM test was
also used to determine if differences could be identified between
assemblages bathed by different water masses. All ANOSIM tests
were conducted using 999 random permutations.

In order to incorporate environmental data for each sample,
an average of depth, temperature, salinity, dissolved oxygen
was calculated in each 100 m sample. The mean was then
normalized within each variable to reduce the effects of
differences in unit scales. The BEST routine (BIO-ENV) was
employed to explore correlations between biological observations
and environmental predictors. A distance-based linear model
(distLM) was applied using the PERMANOVA package and
utilized the Akaike Information Criterion (AIC) to identify
environmental variables with strong explanatory power for
observed variation within samples (Anderson et al., 2008).
Visualizations of the resemblance matrix with predictor variables
were paired with a dbRDA (distance-based redundancy analysis)
ordination with distLM overlay.

RESULTS

ROV Video Analysis Summary
Across both cruises, 212 h and 42 min of video were assessed
from 24 dives, 7 dives from EX1703 and 17 dives from FK171005

(Table 1). A preliminary comparison revealed no significant
difference between cruises due to methodology and thus both
datasets were treated as one (two-way ANOSIM between cruises
(depth within cruise), Global R = 0.018, p = 0.292). Dives spanned
the depths of 152–2439 m with deep-water corals being recorded
across the depths of 192–2438 m (Figure 2). In total, 12,828
observations of deep-water corals were identified with 10,995
of those being assigned a morphospecies (msp.) or species-
level identifier (Supplementary Table S1). The remaining 1833
records fell into coarser identification groupings at the genus
or family level. All corals were identified and categorized using
consistent morphospecies identifications from the Octocorallia,
Antipatharia, Scleractinia, and Zoantharia. From these groups,
167 unique morphospecies identifiers were assigned based on
visual identification, morphological identification from voucher
collections, or a combination of those methods (Table 2).

Oceanographic Summary
In order to determine water mass structure in the area, downcast
shipboard CTD profiles of the upper 3000 m of the water column
were examined for temperature and salinity changes across depth
(Figure 3). Using these characteristics, major deep-ocean water
masses present in this area were generally defined as Pacific
Equatorial Water (PEW) between 200 and 500 m, Equatorial
Pacific Intermediate Water (EqPIW) between 500 and 1500
m, and Pacific Deep Water (PDW) below 1500 m (Table 2).
Temperature, salinity, and dissolved oxygen ranges for each
water mass were consistent with accepted ranges from published
records in the equatorial Pacific (Bostock et al., 2010).

Environmental variables from ROV-mounted CTD units
were in agreement with downcast CTD profiles and provided
in situ records at each coral observation (Figure 4). Bottom
temperatures overlying coral observations ranged from 1.91
to 21.34◦C. Salinity and dissolved oxygen across those same
intervals ranged from 34.52 to 35.92 psu and 79.85 to
201.70 µmol/kg, respectively. Below the thermocline at 200–300
m depth, temperature decreased to a minimum of 1.91◦C at
2438 m (Figure 4A). Salinity decreased rapidly with depth to
a minimum of 34.52 at 800 m, gradually increasing at deeper
depths (Figure 4B). A persistent mid-water oxygen minimum of
110–120 µmol/kg was observed between 1000 and 1100 m, but
oxygen values in the viscinity of Winslow Reef were reported
substantially lower at shallower depths (Figure 4C). The lowest
values concurrent with coral observations occurred at Winslow
Reef where dissolved oxygen was measured at 79 µmol/kg at
608 m. Low oxygen values (91 µmol/kg) were also identified at
Rawaki Island at between 483 and 540 m.

Coral Distribution Patterns
The dominant taxonomic group across all depths were the
octocorals, followed by antipatharians, scleractinians, and finally
zoantharians (Table 3). Pennatulaceans were only observed
deeper than 1191 m and thus one of the only groups restricted
to lower-bathyal depths (Figure 2). Rapid coral morphospecies
turnover was observed in the upper 600 m of the water column
with most morphospecies in this range occurring across a
relatively narrow ranges of depth. The single most abundant
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FIGURE 2 | Depth distribution of 167 morphospecies observed from video analyses within PIPA. Boxes are colored according to taxonomic groupings and are
arranged by increasing median depth of occurrence.

TABLE 2 | Water masses and environmental characteristics observed in the Phoenix Islands Protected Area during cruises FK171005 and EX1703.

Water mass Temperature (◦C) Salinity (psu) Dissolved oxygen
(µmol/kg)

Characteristics Observed depth
range (m)

Pacific Equatorial Water
(PEW)

7.80–21.30 34.6–35.9 89–201 Decreasing oxygen concentration,
decreasing temperature with increasing

depth

197–500

Equatorial Pacific
Intermediate Water (EqPIW)

3.08–7.80 34.5–34.6 79–150 Oxygen and salinity minima 500–1500

Pacific Deep Water (PDW) 1.90–3.05 >34.6 132–163 Increasing oxygen concentration,
decreasing temperature with increasing

depth

1500–2197

coral morphospecies was Pleurogorgia sp. 1, with 1046 colonies
observed between 1741 and 2276 m, primarily encountered at
high densities on vertical walls or steep inclines.

Octocorals, inclusive of the Pennatulacea, accounted for
78% of all deep-water coral observations. Primnoids were the
most speciose as well as the most abundant family in the
Octocorallia. With 672 records Candidella sp. 5 (605–1150 m),
and Narella aurantiaca with 738 records (558–1416 m) were the
dominant primnoid taxa. Chrysogorgiids followed with the two
most abundant taxa being Pleurogorgia sp. 1 and Chrysogorgia
sp. 1. Plexaurids were widespread, both geographically and
across depth (213–2055 m) but 38% of observations fell into
coarser identifications as Plexauridae spp. due to difficulty in
identifying distinguishing characters between morphospecies.
Plexauridae sp. 2, Plexauridae sp. 6, and Paramuricea sp. 0018
were the most abundant taxa in this family (Supplementary
Table S1). Among the 605 bamboo coral colonies observed,
Isididae sp. 9 (n = 271), a branched colony, was locally

abundant at Te Marena and Orona between the depths of
1079–1336 m. The broadly distributed unbranched Isididae
sp. 2 (n = 91) was observed at 7 sites throughout PIPA but
only deeper than 1373 m. Precious corals representation was
dominated by Pleurocorallium porcellanum Pasternak, 1981, by
abundance (n = 179), and Hemicorallium spp. by morphospecies
richness, with 8 morphospecies present (Supplementary Table
S1). Victorgorgiids were also bathymetrically widespread with
202 observations among 8 morphospecies between the depths
of 532 and 1979 m.

Black corals were the second most abundant taxon by number
of observed colonies with 1645 records, or 12% of all records.
The most abundant morphotype was Stichopathes sp. 1 with 981
records between 585 and 2086 m followed by Umbellapathes
sp. 2 with 413 colonies between 414 and 799 m. Bathypathes
was the most speciose genus but individual taxa were not
very abundant with most morphospecies having 30 or fewer
observations (Supplementary Table S1). At least 88 black coral
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FIGURE 3 | Temperature-salinity diagram from the sea surface to 3000 m
collected via CTD rosette downcast North of Kanton Atoll. The approximate
depth of each water mass identified below 200 m is overlaid in bold. Plot was
constructed using Ocean Data View v5.1 (Schlitzer, 2019).

colonies could not be identified to the family level due to low
resolution singleton observations, or lack of voucher specimens
for reference (Supplementary Table S1).

Scleractinians were most commonly distributed between
600 and 1500 m depth, with only one solitary coral species
(Vaughanella multipalifera) present below 2000 m depth
(Figure 2). The deepest occurrences of framework-forming
colonial scleractinians were Madrepora oculata (n = 45) colonies
found between the depths of 644 and 1577 m. The most
abundant colonial scleractinian species, Enallopsammia rostrata
(n = 462) was found to have a slightly shallower distribution
between 359 and 1521 m. A second species in the genus,
Enallopsammia pusilla, was found to have a distribution
that partially overlapped the shallower range of its congener,

between 425 and 692 m. Solitary coral species were the
deepest scleractinians observed but most individuals occurred
shallower than 650 m. The single most abundant species,
Crispatotrochus rubesecens, occurred across a depth range of
519–635 m with other solitary species, Javania cailleti and
Javania lamprotichum occurring deeper up to 1599 and 1208 m,
respectively (Figure 2).

Patterns in Coral Community Structure
In order to evaluate sampling effort, sample-based species
accumulation analyses were conducted by feature type
and water mass to evaluate the completeness of species
inventories. Among feature types species accumulated at
similar rates on seamounts, atolls, reefs, and islands. Overall,
seamounts had the largest morphospecies inventory compared
to reefs which exhibited the lowest despite similar sample
sizes (Figure 5A). Among all feature types, morphospecies
accumulation approached asymptotic values signifying a
potential to accumulate additional species with increased
effort (Figure 5A). Between water masses, morphospecies
accumulation rates and numbers of morphospecies
observed were highest across the depths bathed by EqPIW
(Figure 5B). Lower rates of accumulation and numbers
of morphospecies were observed in PDW (76 mspp.) and
PEW (30 mspp.). As sample sizes were smaller in PEW
and PDW compared to EqPIW, accumulation curves did
not approach asymptomatic values and suggest increased
morphospecies richness with additional sampling effort in those
water masses (Figure 5B).

Individual-based rarefaction analyses indicated that the total
number of species observed was higher at seamounts (86 mspp.)
and atolls (82 mspp.) compared to reefs (77 mspp.) and islands
(67 mspp). Greater morphospecies evenness, demonstrated by
a rapid increase in morphospecies with increasing number of
individuals was also higher on seamounts and atolls compared
to reefs and islands (Figure 5C). Overall, shallow-water reef
banks accounted for the greatest number of coral observations
(Figure 5C). Between water masses, EqPIW was found to have

FIGURE 4 | Temperature (A), salinity (B), and dissolved oxygen (C) profiles from ROV CTD unit records co-occurring with deep-water coral observations between
193 and 2439 m.
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TABLE 3 | Summary of deep-water coral observations from ROV video by taxonomic groupings.

Octocorallia Hexacorallia

Alcyonacea Pennatulacea Scleractinia Antipatharia Zoantharia

Number of observations 9910 145 1095 1645 33

Number of families 13 6 4 3 1

Number of morphospecies 113 10 12 29 3

Observed depth range (m) 193–2439 1129–2291 Colonial: 193–1578
All: 193–2280

241–2349 448–1352

FIGURE 5 | Species accumulation and individual-based rarefaction analyses by feature type and water mass. Sample-based species accumulation curves are
presented for feature types (A) and water mass (B). All depths were included for each feature type with N = 26 samples for islands, N = 36 for atolls, N = 47 for
seamounts, N = 44 for reefs. For water masses, N = 14 samples were used for the PEW (197–500 m), N = 97 for EqPIW (500–1500 m), and N = 42 for PDW
(1500–2197 m). Rarefaction curves are indicated for feature types (C) and water masses (D). Curves are plotted with 95% confidence interval indicated by the
colored polygons.

both greater morphospecies richness (118 mspp.) and greater
evenness than both PDW and PEW at comparable numbers of
individuals (Figure 5D).

Cluster analysis and non-metric multidimensional scaling
analyses identified patterns in assemblage structure with depth.
Similarities were highest in EqPIW samples and lowest among
those in PEW (Figure 6). SIMPROF analysis indicated that the
significance of the 8 identified clusters were driven by a close

proximity in depth between samples (Figure 6). More SIMPROF
groupings were identified encompassing samples covering the
depths of EqPIW versus the above or underlying water masses
(Figure 7). The most dissimilar samples occurred on both the
extreme upper and lower ends of the survey range. Similarities
between samples were also found to occur along a clear gradient
with increasing sampling depth, except those between 2300 and
2500 m (Figure 7). These two samples were the two deepest
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FIGURE 6 | Cluster analysis of 100 m depth-averaged samples. Significant clusters are identified using SIMPROF analysis and are indicated by solid black lines.
Symbols indicate the water masses in which those samples occurred.

depth bins and contained only four combined coral observations
(Supplementary Table S2).

A two-way nested ANOSIM between feature types (depth
within feature type) failed to identify differences in assemblages
between most comparisons with the exception of reef-type
features (Global R = 0.036, p = 0.096). For reefs, significant
differences in assemblages were observed between each other
feature, but R-statistic values remained very low indicating a
high degree of similarity between samples in those comparisons
(Supplementary Table S3). A one-way ANOSIM between
water mass factors identified significant and highly dissimilar
coral assemblages (Global R = 0.302, p = 0.001) between
all 3 bathyal water masses (Supplementary Table S4). The
highest dissimilarity was observed between PEW and PDW (R-
statistic = 0.619, p = 0.001) and the lowest between EqPIW and
PEW (R-statistic = 0.177, p = 0.006).

The similarity percentage (SIMPER) routine identified
particular species that contributed a disproportionate influence
among significantly different water mass assemblages (Figure 8).
Average community similarity increased with increasing
water mass depth from PEW (9.68%), to EqPIW (9.8%),
to PDW (14.7%). Similarities between samples within the
PEW assemblage (200–500 m) were driven by 3 species,
Enallopsammia rostrata, Plexauridae sp. 6, and Paracalyptrophora
hawaiiensis contributed 58% of the within-group similarity
(Figure 8). In EqPIW (500–1500 m), Enallopsammia rostrata,
Plexauridae sp. 2, and Iridogorgia magnispiralis contributed to

45% of the similarity in the group (Figure 8). Within PDW
(1000–2500 m), the top 3 species Iridogorgia magnispiralis,
Chrysogorgia sp. 1, and Pleurocorallium porcellanum contributed
to 40% of the observed similarity (Figure 8). Between
water masses, the greatest dissimilarity was found between
the shallowest and deepest water masses PDW and PEW
(99.4% dissimilar). Present in each water mass, differences
in the abundance of Enallopsammia rostrata alone was the
dominant, single-species contributor (between 4.5 and 7%) of
the dissimilarity observed between water masses.

Results from the BEST (BIO-ENV, Spearman Rank
correlation) routine examined which environmental variable
or combination of variables provided the best match for the
observed variation in community among all samples. Depth
and salinity together were found to be the best combination
of variables describing resemblances between samples (Global
test, 999 permutations, Rho = 0.445, p = 0.001). Yet, together,
depth, temperature, salinity, and dissolved oxygen resulted in
only a slightly lower correlation (Rho = 0.415). In the distLM
and dbRDA analyses, depth, temperature, salinity, and dissolved
oxygen were found to explain 7.2% (dbRDA axis 1) and 3.6%
(dbRDA axis 2) of the community variation for a total of 10.8%
(Figure 9). From the fitted model, 49.2% of the biological
variation was correlated with dbRDA axis 1 and 24.9% with
axis 2. DbRDA Axis 1 was most strongly correlated with depth
(r = -0.773) and dbRDA axis 2 with temperature (r = 0.800)
(Supplementary Table S5).
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FIGURE 7 | Non-metric multidimensional scaling ordination (nMDS) of 100 m depth-averaged samples. Abundances within samples were 4th root transformed,
standardized, and analyses were conducted using a Bray-Curtis Similarity matrix. Symbols indicate the water masses in which those samples occurred. Significant
SIMPROF groupings from cluster analysis are overlaid in black.

DISCUSSION

This study provides a significant number of new deep-sea coral
species records for a largely unexplored area of the equatorial
central Pacific as well as within the boundaries of one of the
largest MPAs in the world. Prior to these expeditions in 2017,
no published records of any deep-water coral species were
available from the Phoenix Islands below 200 m (OBIS, 2019).
Over 2 cruises, this study has identified 12,828 deep-sea coral
observations and 167 morphospecies at bathyal depths within the
boundaries of PIPA from ROV video. From these observations
we sought to test two exploratory hypotheses of community
assembly in the protected area based on differences in feature type
and overlying water masses.

There was no clear evidence of different assemblages across
most feature types. While reefs did have some statistically
significance differences among assemblages compared to each
other feature type, the assemblages themselves were still
identified as having high degree of similarity based on low
R-statistic (R = 0.01–0.12) values (Supplementary Table S3). In
comparison, the three bathyal water masses in the area, Pacific
Equatorial Water, Equatorial Pacific Intermediate Water, and
Pacific Deep Water were identified as having distinctly different
deep-water coral assemblages (Supplementary Table S4), largely

dominated by widely distributed cosmopolitan deep-water coral
species (Figure 8). Furthermore, intermediate waters were found
to have a greater number of morphospecies and greater evenness
than shallower and deeper water masses suggesting that they are
important pools of biodiversity at bathyal depths (Figure 5D).

Finally, we sought to identify which environmental
variables were most important for explaining variation in
coral assemblages. Community models and redundancy
analyses indicated that depth and temperature were the most
important oceanographic variables for explaining biological
variation (Figure 9). However, dissolved oxygen and salinity
also contributed significantly to the explanation of biological
variation in the model (Supplementary Table S5). As a relatively
low percentage (10.8%) of the total community variation was
explained by oceanographic variables, it is likely that other
environmental factors such as seafloor substrate and terrain
variables would be useful to include in subsequent models
(Supplementary Table S5). From a methodological perspective,
both temperature and depth exhibited the greatest correlation
between any two input variables (| r| = 0.84). However, it was
not deemed necessary to remove either of these two variables
due to concerns of collinearity prior to the analysis as they
contained sufficiently different predictive information that
would permit their inclusion to the model (Anderson et al.,
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FIGURE 8 | Top 3 morphospecies with disproportionate influence on coral assemblage similarity within each water mass as a result of the SIMPER analysis.
Morphospecies on the far left are the largest contributors to within-water mass similarity with influence rank decreasing toward the right.

2008). As temperature, salinity, and oxygen are the primary
defining characteristics of major water masses (Figure 3), water
masses themselves can be useful units for predicting deep-water
species occurrences and community structure.

The role that water masses play in structuring biological
communities in the deep-sea have been suggested as a major
factor influencing species biogeography (Carney, 2005). In this
study, differences were found to occur between coral assemblages
bathed by PEW, EqPIW, and PDW indicating that oceanographic
structure has a significant role in structuring communities. The
pattern of within water mass similarities in species occurrence
and community composition has been observed across multiple
taxa including deep-water corals (Arantes et al., 2009; Miller et al.,
2011; Radice et al., 2016), ostrocods (Ayress et al., 2004), and
fishes (Quattrini et al., 2017). Furthermore, the boundaries of
such water mass boundaries have been identified as important
contributors to regional biodiversity in the deep ocean (Victorero
et al., 2018). However, the mechanisms of why communities
bear strong similarities within water masses are less clear but
may include physical retention of planktotrophic larvae within
water mass strata or relatively narrow physiological tolerances
of species co-occurring within a water mass (Carney, 2005). The
relationship between community similarities and water column
structure requires further investigation to identify potential
mechanisms driving such patterns.

Seamounts comprised the majority of features explored in this
study and contained the greatest diversity of coral morphospecies

of all feature types examined. Despite accounting for only
24% of all coral observations, seamounts hosted more than
half of all morphospecies observed in this study. Diversity
patterns on remote seamounts have been found to be strongly
driven by species replacement along depth and temperature
gradients, as well as topographic variability and along water
mass interfaces (Victorero et al., 2018). From a population
biogeographic perspective, seamounts may act as critical stepping
stones for species distribution and population connectivity in
the Pacific Ocean (Miller et al., 2011; Bors et al., 2012; Miller
and Gunasekera, 2017). These baseline records of deep-sea coral
abundance and diversity on seamounts in PIPA, as well as
environmental factors driving community variation, will help
generate new hypotheses for understanding benthic biodiversity
on remote Pacific seamounts.

Insights to Bathyal Pacific Biogeography
The Phoenix Islands Protected Area lies in an area of the
equatorial central Pacific that has been identified as a biodiversity
and abundance hotspot for shallow-water marine organisms
(Rotjan et al., 2014). At bathyal depths, benthic biodiversity
is largely unknown and species inventories of deep-sea corals
and sponges are lacking. One recently proposed biogeography
of the bathyal regions of the Pacific suggests that the majority
of seafloor features in PIPA lay in the BY14 (North Pacific
Bathyal) biogeographic province (Watling et al., 2013). The
PIPA boundaries also border the BY5 (Southeast Pacific Ridges),
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FIGURE 9 | Distance-based redundancy analysis (dbRDA) from standardized and 4th root-transformed species abundances and normalized depth, temperature,
salinity, and dissolved oxygen variables. DistLM circle is superimposed in blue with depth, temperature, salinity, and dissolved oxygen vectors. Symbol color and
shape denote overlying water mass for each sample.

BY6 (New Zealand – Kermadec), and BY12 (West Pacific
Bathyal) provinces suggesting that this area represents an area of
biogeographic overlap, transition, or convergence. Still, further
specimen collections and seafloor observations are necessary in
refining proposed province boundaries and expanding species
inventories within those provinces at bathyal depths.

Several deep-water coral species were found to have
widespread geographic distributions in Pacific Ocean, but
mechanisms for those observed distribution patterns remain
poorly understood. Cosmopolitan deep-water coral taxa
including Enallopsammia rostrata, Metallogorgia melanotrichos,
Paragorgia spp., Hemicorallium spp., Pleurocorallium sp., and
Iridogorgia spp., and several members of the Primnoidae were
present throughout multiple sites in the Phoenix Islands at
depths below 1000 m providing a biogeographic continuity
for species widely reported on seamounts in both the north
and south Pacific Ocean (Supplementary Table S1). Some of
these same species, like Enallopsammia rostrata and Iridogorgia
magnispiralis, and were also found to exhibit a disproportionate
effect on assemblage differences between water masses (Figure 8).
As a major source of hard substrate, seamounts and seamount
chains likely provide pathways for species distribution across
equatorial latitudes.

The large geographic extent of Pacific bathyal water masses
may also help explain the prevalence of cosmopolitan species
in PIPA. In the central and north Pacific below 1500 m, PDW
dominates much of the bathyal depth range but across tropical

latitudes PDW contributes to the composition of EqPIW south
of 20◦ N (Bostock et al., 2010). Environmental homogeneity
and large geographic extent of PDW may provide a mechanism
for species to become widely distributed within that water mass
throughout the north Pacific Ocean while also extending their
range southward via EqPIW. At the same time, mid-bathyal
species in the southern hemisphere occurring in Antarctic
Intermediate Water (AAIW) may be encountered in equatorial
intermediate waters as this water mass contributes to EqPIW
north of 20◦S (Bostock et al., 2010). At upper bathyal depths,
PEW (200–500 m) has been identified as having a well-developed
circulation along the equator (Emery, 2001) which could provide
a potential distribution mechanism for species among low-
latitude seafloor features.

Noteworthy Observations
During both EX1703 and FK171005 expeditions, several collected
specimens have been identified as new species and many others
represent significant range extensions. Voucher samples were
examined alongside records of visual observations to better
understand the distribution of these species in their known
localities (Supplementary Table S1). Recently, octocorals in the
family Primnoidae have been relatively well-studied in the Pacific
compared to other octocoral taxa, thus the majority of the
new species encountered occur in that group (Cairns, 2018).
In the genus Narella, two new species were described with
material from sites within the Phoenix Islands. The type specimen
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of Narella fordi Cairns (2018) was identified from Te Kaitira
Seamount at 1899 m. This species was only been observed at
Te Kaitira Seamount between the depths of 1817 and 1932 m.
Narella aurantiaca Cairns (2018) was identified off Nikumaroro
at 1112 m but also observed at McKean Island and Winslow Reef
between 558 and 1105 m. This species was also encountered in
the Musicians Seamounts and off Wake Island at similar depths
(Cairns, 2018). Narella compressa Kinoshita, 1908, was identified
off Carondelet Reef at 497 m and is likely the first record since its
encounter in 1906 off Japan (Cairns, pers. comm.). N. compressa
was observed and collected within PIPA at Carondelet Reef
and Maibua Seamount between 373 and 583 m. One colony of
Thouarella tydemani Versluys, 1906, a relatively rare species in
that genus originally reported from Indonesia at 520 m, was
only observed 33 times and sampled at Winslow Reef at 801
m. The sea fan, Paracalyptrophora hawaiiensis Cairns, 2009, was
reported from the Phoenix Islands Protected Area between 445
and 666 m. Along with new records from Tokelau (Pao Pao
Seamount), American Samoa, and Rawaki Island, this suggests
P. hawaiiensis has a wider distribution throughout the southwest
Pacific and north to Hawaii at upper bathyal depths (Cairns,
2018). Calyptrophora clarki Bayer, 1951 was observed 48 times
and sampled 3 times between 418 and 1211 m in PIPA. Originally
described from Hawaii, it has since been found in the Northern
Mariana Islands and Phoenix Islands, representing a significant
southward range extension. In the same genus, Calyptrophora
diaphana Cairns, 2012 initially described off the North Island of
New Zealand in 2012 was collected at a recorded depth of 1225 m
at Orona Atoll but also was recently found around Wake Island in
the western Pacific (Cairns, 2018). Only 4 colonies of C. diaphana
were observed in total, all occurring at Orona Atoll.

Despite efforts to identify many deep-water coral species from
physical specimens in PIPA, a significant number morphospecies
as well as voucher collections from the 2017 expeditions remain
unidentified to the species level. From the 167 morphospecies
identified, only 39 species were identifiable to the species
level from voucher collections. Nevertheless, some similarities
were seen among morphotypes observed in imagery to those
encountered elsewhere in the region as a part of the CAPSTONE
expeditions (Kennedy et al., 2019). In this study, the abundant
Pleurogorgia sp. 1 strongly resembles Pleurogorgia militaris, a
widely distributed Pacific deep-water coral, but cannot yet be
confirmed because specimens were not taken of this morphotype
within PIPA. In addition, 8 morphospecies were identified as
distinct in both the precious coral genus Hemicorallium as well
as the genus Victorgorgia with none being identified to species
yet. A significant number of collections were also made in the
enigmatic octocoral families Plexauridae and Isididae but detailed
morphological taxonomic keys for these families in the central
and south Pacific are incomplete and require further attention.
Recent efforts to revise the taxonomy of families and genera
within the Octocorallia have provided significant contributions
to our knowledge of deep-water coral diversity in the Pacific
Ocean (Tu et al., 2016; Moore et al., 2017; Cairns, 2018). It is
likely that as these specimens are more widely scrutinized using
both molecular and morphological taxonomic tools, more species
identifications can be determined.

Conservation Considerations
The Phoenix Islands Protected Area was designated as an
ecologically and biologically significant area (EBSA) by
the Convention on Biological Diversity1 and, upon further
examination, it is becoming increasingly clear that its biological
significance extends well into the deep-sea. Still, deep-sea
biodiversity on remote features is still threatened by several
factors including the effects of climate-driven ocean change
(Tittensor et al., 2010; Sweetman et al., 2017) as well as physical
disturbance from fishing gear (Clark and Koslow, 2007; Clark
et al., 2016), and marine debris. Since PIPA has been closed
to most fishing since 2015, with the exception of a small
subsistence fishery around Kanton, it has been largely isolated
from these negative impacts (Rotjan et al., 2014). Still, seamounts
in the western and central Pacific have been found to be
aggregators for commercially-important large pelagic fishes
(Morato et al., 2011). Debris from derelict longline fishing
gear, which remain prevalent in the region (McDermott et al.,
2018), have the potential to have far-reaching effects deep-water
benthic communities.

Other more significant risks to deep-sea coral conservation in
the region include direct disturbance to the seafloor in the form
of deep-sea mineral crust mining. Recently, commercial mining
of ferromanganese crusts accumulating on seamounts have been
proposed as a way to extract mineral resources (Hein et al.,
2013; Miller et al., 2018). Detailed biological characterizations
and species inventories for much of the adjacent Pacific Prime
Crust Zone and south Pacific seamounts with cobalt-rich mineral
crusts are critically lacking (Schlacher et al., 2014). As crust
attributes are difficult to estimate from ROV video transects, it
remains a question where deep-water coral communities lie with
respect to areas that harbor economically viable mineral crusts
in the Phoenix Islands, but crust habitats in the South Pacific
have been found to be important indicators of sensitive deep-
sea communities (Delavenne et al., 2019). The precautionary
approach should be applied to these resources to conserve
seamount benthic communities for their biodiversity, unique
evolutionary histories, and ecosystem services.
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