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Comparative Observations of
Current Flow, Tidal Spectra, and
Scattering Strength in and Around
Hawaiian Deep-Sea Coral Patches

Frank A. Parrish* and Thomas A. Oliver

Pacific Islands Fisheries Science Center, NOAA Inouye Regional Center, Honolulu, HI, United States

Environmental conditions of deep-sea corals were monitored with instruments placed
in and adjacent to three Hawaiian deep-sea coral patches dominated by gorgonian
octocorals and zoanthid gold coral. Temperature, backscatter, and flow differed
among and within the patches and highlighted distinctions in distribution of focal
taxa (Hemicorallium laauense, Pleurocorallium secundum, Narella spp., Acanella dispar,
Kulamanamana haumeaae). Two of the patches (Barbers Pt., Makapu‘u Pt.) had more
than double the sustained mean flow of the third patch (Keahole Pt.), where backscatter
levels of the passing water mass showed scattering strengths a third higher, suggesting
greater food supply in the water at the Keahole Pt. patch. Further, spectral analysis
of flow speed and direction suggests that flow at the first two high-flow sites (Barbers
Pt., Makapu‘u Pt.) are dominated by semi-diurnal tidal forcing (flow changing 4x daily,
direction 2x daily), while Keahole Pt. patch shows a distinct pattern more typical of
diurnal forcing. Of the focus taxa, the two corallids occupied a similar temperature
range but differed in dominance between sites along a flow/scatter gradient, with the
“red” coral, H. laauense, found at the site with low flow (0.5-4.9 cm/s) and higher scatter
(=28 dB) and the “pink” coral, P secundum, seen at the patch with higher sustained
flow (12.6-18.4 cm/s) and lower backscatter (—43 dB). Narella spp. spanned a 10°C
temperature range but were found more frequently at sites with the highest mean flow
(18.4-21.7 cm/s). The final two corals, the parasitic zoanthid “gold” coral, K. haumeaae,
and its most common host, bamboo coral, A. dispar, were found at all three sites over
a wide temperature range with flow ranging from 2.8 to 18.9 cm/s. The number of
gold colonies was negatively correlated with flow even though that relationship was not
apparent for the bamboo coral. These patterns were considered in relation to what is
known about the life history of deep-sea corals and how they might influence community
settlement, growth, and diversity.

Keywords: flow, backscatter, ocean environment, deep-sea coral habitat, Primnoidae, Coralliidae, Isididae,
Zoanthidae
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INTRODUCTION

Little is understood about the patchy nature of deep-sea coral
communities and the current flow fields upon which they
depend. Typically, depth and its correlate temperature are the
first variables used to describe the boundaries of a taxon’s
potential distribution (Dolan et al., 2008; Parrish et al., 2017).
Then to further constrain its range, conspicuous features in
the bathymetry (e.g., summits and ridges) are identified that
might change flow and provide some premium conditions for
settlement and growth (Genin et al., 1986, 1992; Tracey et al,
2011; Tong et al, 2012). This approach has been used with
mixed success in Hawai'i to find locations of commercially sought
“precious corals” (Pleurocorallium secundum, Hemicorallium
laauense, Acanella dispar, Kulamanamana haumeaae) that were
harvested to obtain raw materials for the jewelry trade (Grigg,
1993). Even at sites where precious corals have been surveyed,
there have been notable differences in depth ranges between
patches of these corals (Parrish, 2007), and the fauna distribution
can vary considerably over relatively small spatial scales within
the same patch (Long and Baco, 2013). The Hawaiian precious
coral fishery is currently dormant, but there is still a need to
predict the location of coral ecosystems in order to protect
them from impacts of fishing activities (Roberts, 2002; Clark
and Koslow, 2007; Clark et al., 2016; Baco et al., 2019) cable
laying, alternate energy (Bauer et al., 2016), and deep-sea mining
(Hein et al., 2013). The most efficient and promising approaches
are modeling efforts that use large-scale data sets of coral
presence in fishery bycatch and combine seafloor bathymetry
with oceanographic models to project the probability of deep-sea
coral occurrence (Bryan and Metaxas, 2007; Dolan et al., 2008;
Tracey et al., 2011; Guinotte and Davies, 2014; Anderson et al,,
2016a,b; Bauer et al., 2016; Rowden et al., 2017; Rooper et al,,
2018; Georgian et al., 2019).

A fundamental challenge to all deep-sea coral community
work is determining what defines good habitat for deep-sea
corals. For Hawaiian corals, which grow as solitary colonies,
good habitat is indicated by their presence in higher densities.
Exploration surveys of the deep-sea show corals have a very
wide distribution (Bohnenstiehl et al., 2018; Cantwell et al,,
2018), and their presence is often identified from encountering
a single colony, especially for some species of black corals and
gorgonian octocorals. One coral colony does indeed indicate
the habitat is minimally suitable for that taxon, but perhaps
not ideal for higher density (and greater diversity) communities
that we refer to as a coral garden or a patch (Bullimore
et al., 2013). Inherently, a patch is a conspicuous change from
the background density, and for the main Hawaiian Islands,
which are located south of the productive waters of the North
Pacific Basin (Polovina et al, 2001), the background is an
impoverished condition where the seafloor is often a barren
tract with few to no coral colonies. As a frame of reference
to describe the typical density of a patch, we can look at the
standardized scoring of visual transect data from submersible
and remote operated vehicle (ROV) surveys submitted in
regional reports to NOAAs Deep-Sea Coral Research and
Technology Program. They define high-density communities

“as having at least 3000 combined coral and sponge counts
per kilometer” (NOAA National Database for Deep-Sea Corals
Sponges, 2019). Given the illuminated view area of the camera
on the survey vehicles (extending ~7 m ahead for an area
of ~50 square meters), this roughly corresponds to a high-
density patch averaging more than 21 colonies within the
cameras field of view.

Measuring environmental conditions at patches, especially
those dominated by a particular coral taxon, is one strategy to
identify good habitat conditions for that taxon. Comparing the
conditions across the patch from high to low colony density could
show an environmental gradient. Assuming consistent depth and
substrate, we would expect the patch to extend to where flow
conditions permit growth. At the center of the patch where
density is highest and corals thrive, flow should be different
than at the edge of the patch where the ability to sustain coral
growth seems to end. Conditions at the center of these patches
must be stable through time, persisting long enough for the
slow-growing deep-sea corals to colonize, grow, and reproduce.
Studies of deep-sea corals indicate this process of growth and
development can take decades for primnoids and coralliids
(Andrews et al., 2002; Roark et al., 2006; Matsumoto, 2007),
more than a century for isidids (Roark et al., 2005; Tracey et al.,
2007; Andrews et al., 2009; Prouty et al., 2017), and millennia
for proteinaceous corals like K. haumeaae (Druffel et al., 1995;
Parrish and Roark, 2009; Roark et al., 2009). For this reason, the
presence of a dense coral patch is a reliable indicator that the
site is a consistently high quality habitat for coral colonization
and growth.

There are few opportunities to consider current flow from
the perspective of the coral colony. Usually, we use large scale
characterizations of regional hydrodynamic models that are
sometimes augmented by individual submersible or ROV dive
observations (Bohnenstiehl et al., 2018; Cairns, 2018; Cantwell
et al., 2018; Auscavitch et al., 2020). Site-specific process studies
tend to increase the resolution with more detailed measurements
using moorings or landers deployed in the general vicinity of
corals (Rogers et al., 2007; De Clippele et al, 2018). In this
study, we go a step further and use submersibles to place and
recover multiple instruments in and adjacent to known coral
patches, composed primarily of primnoids, coralliids, isidids,
and zoanthids, for 6 or more months looking for patterns in
temperature, flow, tide, and scatter strength of water moving
through the coral colonies.

MATERIALS AND METHODS
Coral Patch Study Sites

We looked at three Hawaiian deep-sea coral patches between
300 and 450 m depth, all growing on fossil carbonate substrate.
The patches were selected because they were dominated by
the primary targets of the precious coral fishery, including
the two Coralliidae: “pink” (P. secundum) and “red” coral
(H. laauense), the “bamboo” coral (A. dispar), and the “gold”
coral (K. haumeaae) formerly referred to as Gerardia sp. (Sinniger
et al,, 2013). The gold coral is a zoanthid parasite that colonizes
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other species of deep coral but primarily the A. dispar bamboo
colonies (Parrish, 2015). Finally, a primnoid group “Narella spp.”
was included to provide a range of “focal” coral taxa known
to occur in sufficient numbers to permit multiple independent
observations of their immediate environment (Parrish et al.,
2017). The locations of the patches’ high density centers (27-56
mean colonies in the vehicle’s field-of-view) and edges without
colonies had been identified in prior survey work (Grigg, 1993,
2002; Parrish, 2007; Long and Baco, 2013). The bathymetry
differed between the three sites and was expected to be a primary
influence on observed flow conditions. The smallest and largest
patches were on the southern shelf of the island of O%hu and
included the Barbers Pt. patch on the summit of a small pinnacle
and the Makapu‘u Pt. patch on a large, even tract of hardpan
bottom sloped at an eight percent grade. Keahole Pt., the third

patch, grew on the western edge of the shelf of the island of
Hawai‘i, where the bottom steeply dropped off to deep water
(>1000 m) to the south (Figure 1).

Environmental and Coral Colony

Observations

Two approaches were used to characterize the environment at
each coral patch. First, a single acoustic current meter was used
to record and compare a suite of variables at the center of
each patch where conditions for deep coral colonization and
growth were best, and second, multiple mechanical flowmeters
were used to measure the variability in flow intensity and
spectra from the center of the patch out to the edge of the
patch. The instruments were placed and recovered using the

(left), flowmeter (center), tilttmeter (right).
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FIGURE 1 | Map of the main Hawaiian Islands showing the locations of the three coral patches whose environment was monitored with instruments, two on the
south, and south-east platform base of O‘ahu and one on the edge of the west Hawai‘i shelf. Photos indicate the types of instruments used: acoustic current meter
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submersibles Pisces V and Pisces IV as well as the ROV Deep
Discoverer (D2). All instruments stood 50 cm above the bottom
and recorded environmental conditions hourly. The height of
the instruments fell within the range in average colony height
for the coral types considered; Narella spp. and Coralliidae
(~30 cm), bamboo and gold coral (~100 cm) (Figure 1
instrument photos). The acoustic current meter at the center
of each patch (Aannderaa SEAGUARD RCM) recorded current
direction, flow rate, temperature, and backscatter. To look
for change in flow intensity and temperature across the coral
patch, at least three flowmeters (General Oceanics digital low
velocity flow meter 2030R6 fitted with a data logger) were
deployed out to the edge of the patch at a consistent depth.
The first at the patch center, the second midway to the edge
of the patch, and the third at or just beyond the edge of the
patch. At Makapu‘u Pt. patch, tiltmeters (Lowell Instruments
TCM-3) were added to sample across contours, starting deeper
and passing over the contour with the flowmeters. Tiltmeter
placement roughly followed the subtle crest in the bottom,
extending to the shallow extreme of the patch. Deployment and
recovery of instruments was opportunistic, largely dependent
on piggybacking sub dives onto a larger research effort being
conducted in the region. Particularly for the large Makapu‘u
Pt. patch, multiple dives over a number of years were used
to deploy and recover the gear. Consequently, the duration of
sampling varied with the time the instrument was left in the
water and its battery life. The acoustic current meters recorded
data between 6 and 7 months for the Barbers Pt. and Makapu‘u
Pt. patches. Ship time was unavailable to recover the Keahole
Pt. instruments for 5 years, so the instrument recorded for
33 months until it ran out of battery (Table 1). In addition to
the focal taxa, all sessile taxa observed within a 5-m radius of

each instrument were counted and identified to the lowest level.
The size and directional orientation of the colonies were noted
for the focal taxa.

Analysis

Plots of the data (current direction, flow intensity, temporal
spectra, and backscatter) from the acoustic current meters at
the center of the patches were compared. Only instruments
that were deployed for more than a year could be evaluated
for seasonal effects of primary flow direction and intensity
of flow. The 15 mechanical instruments (flow and tiltmeters)
measured within-patch variability of mean flow and temporal
spectra from center out to the edge of the patch. The range
of means for all instruments was plotted and considered in
relation to the number of colonies of the focal corals among the
patches to look for patterns in temperature and flow. All statistical
tests were carried out in IBM SPSS v24. Statistical significance
was defined when tests returned an alpha level P < 0.05
(Siegel and Castellan, 1988).

RESULTS

Environment Among the Three Coral

Patches

Depth, temperature, and current flow varied among the three
deep coral patches. Most similar in temperature were the
Makapu‘u Pt. (8.4°C, 0.70 SD at 415 m) and Keahole Pt. patches
(8.2°C, 0.40 SD at 385 m) whereas the shallower Barbers Pt. patch
was 2° warmer (10.2°C, 1.05 SD at 311 m). The range of flow
rates of the three patches grouped differently with Makapu‘u Pt.
(13.6 cm/s, 7.8 SD) and Barbers Pt. (12.7, 7.4 SD) exhibiting

TABLE 1 | List of instruments types and deployment dates in the three coral patches indicating the area, depth, and the focal corals present.

Patch (square km) Instrument ID Deployment dates (months) Depth M Known focal coral present
Barbers Pt. Acoustic meter 12/15/12-7/17/13 (7) 311 Bamboo, Gold
Pinnacle summit Flowmeter 1 12/15/12-7/17/13 (7) 311 Bamboo, Gold
(0.05) Flowmeter 2 12/15/12-7/17/18 (7) 330 Bamboo, Gold, Narella spp.
Flowmeter 3 12/15/12-9/24/13 (9) 329 No corals present
Keahole Pt. Acoustic meter 6/21/12-3/14/15 (33) 385 Bamboo, Gold, Red
Terraced slope Flowmeter A 6/21/12-5/25/13 (11) 385 Bamboo, Gold, Red
(2.7) Flowmeter B 6/21/12-8/21/13 (14) 398 Bamboo, gold, Red
Flowmeter 3 6/21/12-7/31/13 (13) 379 Last of Red
Makapu‘u Pt. Acoustic meter 10/24/07-4/3/08 (6) 415 Pink, Bamboo, Narella spp.
Even plain Flowmeter 07 10/24/07-3/11/08 (5) 415 Pink, Bamboo, Narella spp.
(12.5) Flowmeter 08 4/2/08-3/9/09 (11) 415 Pink, Narella spp.
Flowmeter 13A 7/21/13-8/29/13 (1) 415 Pink, Gold, Narella spp.
Flowmeter 13B 8/31/13-10/20/13 (2) 425 Other taxon present
Tiltmeter 13-16 6/21/16-9/3/16 (2) 426 Pink, Bamboo, Narella spp.
Tiltmeter 14-16 6/21/16-9/3/16 (2) 447 Pink, Narella spp.
Tiltmeter 15-16 6/21/16-8/27/17 (14) 323 Narella spp.
Tiltmeter 13-17 3/14/17-8/27/17 (6) 361 Narella spp., Bamboo
Tiltmeter 14-17 3/14/17-8/27/17 (6) 351 Narella spp., Bamboo

Bamboo = Acanella dispar; Gold = Kulamanamana haumeaae; Narella spp. = Narella sp., Narella gigas, Narella muzikae; Pink = Pleurocorallium secundum;
Red = Hemicorallium laauense. Shaded areas represent the paired deployment of the acoustic meter with a flow meter in the center of the patches.
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twice the flow rate observed at the Keahole Pt. patch (4.6 cm/s,
4.0 SD) (Figure 2). The dominant current direction differed
among the three patches with the peak flow at Makapu‘u Pt.
alternating between north and south, Barbers Pt. alternated south
and east-northeast, and the terraced slope at Keahole Pt. was
subject to pulses of flow to the north (Figure 3, left column;
Figure 4, top row).

Comparison of acoustic backscatter data revealed regional
differences in the water mass among the patches. Mean

scattering values for the low flow Keahole Pt. patch was a third
greater (—28.5 dB), indicating more suspended materials (e.g.,
zooplankton), than the Barbers Pt. and Makapu‘u Pt. patches
(—43.7 to —43.9 dB). Also at Keahole Pt., there was a pronounced
pattern of the tidally driven pulses of northerly flow reducing
the scatter strength to a level similar to that of Barbers Pt. and
Makapu‘u Pt. until the flow pulse abated (Figure 4). During these
flow pulses, the temperature dropped suggesting an introduction
of cooler water (r = —0.210, p < 0.001).

Flow Speed Histograms: Three Deep Coral Sites
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direction, with the highest peak occurring in a manner suggestive

patterns at Keahole Pt. again showed different forcing, with peaks
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in flow speed occurring almost exclusively at twice daily, without
a spring-neap peak, and more variability in the peaks present in
flow direction (Figure 5).

Within Patch Variability

The data from the array of flow and tiltmeters (n = 15) showed
the within-patch flow intensity as a gradient. There was good
agreement of the three flowmeters paired with the acoustic
current meters (R? = 0.35-0.63, P < 0.001) and was best at
the patch with the lowest flow rate (Keahole Pt.). The means
and standard deviations of the flow for the 15 flowmeters and
tiltmeters showed the Barbers Pt. patch clustered in the middle
between the high flow measurements at the Makapu‘u Pt. patch
and the lowest at the Keahole Pt. patch. The lowest flow rates for
each patch were recorded by the flowmeters placed at the edge of
the patch (Figure 6). The edge site at both Barbers Pt. (Barbers
F3 instrument) and Makapu‘u Pt. (Makapu‘u F13B instrument)
had flow rates (7.9-8.4 cm/s) well above the highest values seen at
any of the Keahole Pt. sites (0.54-4.9 cm/s) where the scattering
strength in the passing water masses was strongest. It is not
known how the current direction shifts at different points across
the patch except for the data from the Makapu‘u Pt. tiltmeters.
They showed some change in directional emphasis across the

wide area of the patch, but the peak flow events were still
largely consistent with the north-south pattern reported by the
acoustic current meter at the center of the patch (Figure 3 right
column). Pooling the directional data (tiltmeter and acoustic
current meter) from all three patches (n = 8 instruments), a
partial correlation controlling for instrument indicated variability
in current direction was positively correlated with flow rate
(r=0.556, p < 0.001).

The observed patterns in flow persisted among the
instruments at a patch even though the length of their
deployments varied (1-14 months). Two of the coral patches
(Keahole Pt. and Makapu‘u Pt.) had instruments that monitored
direction and flow rate year-round and the variation seen in
the monthly means remained proportional to the overall flow
rate of the patch. At the low flow site of Keahole Pt., the range
of variability was narrow with flow speed changing 1.36 cm/s
peaking in the winter months (ANOVA df =3 F =52.5 p < 0.001)
with no significant change in flow direction (4.9°). The highest
flow site, Makapu‘u Pt., had greater range of flow 8.72 cm/s
(fall months being the weakest) and a wider span of 20.8° for
changing flow direction (in summer) (ANOVA df = 3 F = 20.4
p < 0.001). These changes (likely seasonal) occur at a scale
moderate enough that monitoring a site for a single month can
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FIGURE 5 | Left column: Temporal plots of spectral density of flow speed for the three coral patches showing peak changes just under twice daily, consistent with
tidal influences. Right column: Tidal spectral effects on current direction for the three patches on a weekly scale.
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still effectively represent the key differences in the site-specific
flow intensity and tidal cycle.

Taxon-Specific Observations

A total of 19 sessile taxa were identified near the 15 flow
instruments (Table 2) and not surprisingly, the diversity
increased with the size of the coral patch. The taxa were mostly
gorgonian corals but did include a stony coral (Equchipsammia
sp.) and sea pens (Halipteris sp.). Narella spp. were the most
abundant of the corals seen near instruments, closely followed
by colonies of pink coral, P. secundum. Both corals colonized
areas at the high end of the flow spectrum, primarily at Makapu‘u
Pt. Bamboo coral (A. dispar) and gold coral (K. haumeaae) were
present at all three patches growing in the widest range of flow
rates whereas the red coral, H. laauense, was at the low end of the
flow range and exclusively observed at Keahole Pt.

Plotting the mean and standard deviation for both flow and
temperature from the individual instruments showed the two
coralliids occupied opposite extremes in the range of observed
flow with little overlap, even though they showed complete

overlap in temperature, occurring along the cooler side of
the temperature gradient (Figure 7 top). Colony orientation
also differed with all the Makapu‘u Pt. pink coral colonies
facing the same direction to exploit the dominant north to
south tidal flow while the Keahole Pt. red corals had a more
haphazard orientation.

The density of Narella spp. colonies was greatest at the
shallowest end of Makapu‘u Pt. patch and thinned as it extended
deeper, overlapping with the area of pink coral colonies below
361 m. In this area, the flow was strong (12.6-18.9 cm/s) and
continued to increase as depth decreased to a high of 21.7 cm/s
at 323 m where Narella gigas and Narella muzikae appeared
(Figure 7 middle). Across this depth range, the temperature
increased from 8.4 to 10.6°C, and based on one tiltmeter
observation, may have been a limiting factor that prevented
the edge of pink coral patch from spreading shallower. The
instrument placed at 351 m documented higher temperature
(9.7°C) and the same mean flow rate (14.9 cm/s) as at the center
of the pink coral area (415 m). However, there were no pink
coral colonies and the number of Narella spp. colonies were few

Frontiers in Marine Science | www.frontiersin.org

8 May 2020 | Volume 7 | Article 310


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Parrish and Oliver

Ocean Environment of Deep-Sea Corals

Makapuu T15-16
Makapuu T13-17
Makapuu T14-16
Makapuu F13A
Makapuu T13-16
Makapuu T14-17
Makapuu FO7
Barbers F2
Makapuu FO8
Barbers F1
Barbers F3 *
Makapuu F13B *
KeaholeFA 4 }——
Keahole F3 T ——
Keahole FB {}— %

0 10 20 30 40

cm/ sec

FIGURE 6 | The mean and standard deviation of the 15 flow and tiltmeters
placed in the three patches with Makapu‘u Pt. values clustered at the top,
Barbers Pt. in the middle, and Keahole Pt. at the bottom. The asterisks
indicate an instrument at the edge of the coral patch. The darker shaded
background represents the greater scatter strength (—24 dB) of the Keahole
Pt. water mass over the other sites (—42 dB).

(n = 3) compared to the adjacent instrument sites with higher
flow (12-35 colonies), suggesting that the site at 351 m may have
been too warm for pink corals, and the flow rate too slow for
Narella spp. patch growth.

Only the bamboo and gold coral colonies were present at all
three patches. Gold coral is a parasite that is known worldwide
to colonize and subsume isidids, sea fans (Druffel et al., 1995;
Roark et al., 2006), and black coral (Pers. Comm. Di Tracey
3/2020). Because in Hawai‘i, the bamboo coral (A. dispar) is a
primary host (Parrish, 2015), both gold and bamboo were plotted
together in the bottom panel of Figure 7. In the plot, the gold
colonies are over printed on the bamboo colonies to represent
temperature and flow conditions that were suitable for both the
colonization by the bamboo host and the subsequent colonization
by the parasitic gold coral. There was a wide spread in both
temperature and flow for the bamboo coral host. Gold coral was
seen to colonize bamboo coral at all temperatures but primarily
at locations with lower flow rates. This observation is supported
by the number of gold coral colonies observed in the patches
being negatively correlated with flow (r = —0.960, p < 0.005)
even though no similar relationship was seen for the bamboo host
(r=—0.014, p = 0.488).

DISCUSSION

Regional Effects

Location plays an important role in comparison of flow among
the three coral patches. The Makapu‘u Pt. and Barbers Pt. patches
are both more exposed to flow moving between and around the
islands as the trade winds push the ocean from east to west at this
latitude. Makapu‘u Pt., located in the channel between O‘ahu and
Moloka'i, feels the flow moving to the south as it moves around
O‘ahu. Barbers Pt. is further in the lee of O‘ahu about equidistant
between the Kauai channel and the Moloka‘i channel so may be

influenced by multiple flow directions. In contrast, the Keahole
Pt. patch is in the protected lee of the 90-mile coastline of Hawai‘i
Island and its two 4-km-tall volcanos that create a place of low
flow and deep water upwelling (Calil et al., 2008). The bathymetry
of each site was seen to shape the flow and the growth of the
associated benthic community, as was reported in prior findings
(Genin et al.,, 1986; Etnoyer et al., 2010; Tracey et al., 2011). The
uniform hardpan bottom at Makapu‘u Pt. caused the flow to peak
at its subtle cross-contour ridge. The flow at Barbers Pt. pinnacle
changed depending on the summit’s exposure to the prevailing
current, providing sides with high flow supporting corals and
sides of low flow without corals. Finally, Keahole Pt. patch was
exposed to consistent low flow with periodic pulses of northern
flow from the adjacent deep water source to the south.

The temperature data from the present work confirm results
from prior temperature monitoring in Hawaiian deep coral
patches, suggesting that the environment remains stable through
time. Specifically, the data at the Makapu‘u Pt. coral patch were
consistent with years of prior monitoring (2001-2008) at the site
(Parrish and Roark, 2009). The same monitoring study identified
regional differences in other Hawaiian deep-sea coral patches
(French Frigate Shoals 352 m: 10.9°C % 0.66, Cross Seamount
392 m: 8.74°C =+ 0.50), but showed the within-site inter-annual
patterns (5 or more years) were consistent. In the present
study, the longest monitoring was 2.75 years at the Keahole
Pt. patch and temporal patterns for both temperature and flow
persisted through successive years. For the flow instruments that
monitored a complete year, some limited seasonal change was
seen but not to a degree that would obscure the signal of the
between-patch differences.

Most of the observed temporal change was tidal in nature,
with some distinctions between sites in domination of a semi-
diurnal vs. diurnal pattern (i.e., Barbers/Makapu‘u Pts. vs.
Keahole Pt.). Tide has been reported as the primary driver of
enhanced seafloor flow (Matsuyama et al., 1993; Musgrave et al.,
2016) with semidiurnal (M, period) tides documented as the
dominant signal across the Hawaiian Ridge (Merrifield et al.,
2001; Merrifield and Holloway, 2002; Rudnick et al., 2003). Some
variability in the relative extent of tidal influence was apparent
among the coral patches (Figure 5).

Patch Formation

This study looks at the environmental conditions for a deep-sea
coral patch without information about the role of larval supply
and settlement success. The corals’ reproductive life history
(e.g., localized recruitment or long planktonic dispersal) and the
distance from the source colonies are likely to be important
factors in the formation of a coral patch (Richmond, 1988;
Mercier and Hamel, 2011). However, given the longevity of
deep-sea corals (decades to millennia; Prouty et al., 2017) it
seems unlikely there would be premium areas with excellent
environmental conditions for deep-seal corals that have yet to
be colonized unless the site is out of reach of the drifting
planula. The norm is more likely to be an abundance of habitat
marginally suitable for colonization by deep-sea coral that is
yet undiscovered. We know sites with higher flow tend to
host more coral density and diversity, but it is also possible
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TABLE 2 | Breakdown of all sessile taxa seen within a 5-m radius of placed instruments including number of instruments, number of colonies, and the range of mean
flow measured at each of the three patches with the scattering strength indicated in the column labels.

Taxon No. Number of colonies and range of mean flow cm/s (SD) by patch and associated water

instruments column scatter strength

No. Makapu‘u Pt. —-42 dB No. Barbers Pt. —42 dB No. Keahole Pt. —29 dB

A. dispar (Bamboo) 7 12 14.78 (9.59)-18.89 (10.36) 2 13.5 (13.8) 2.78 (3.98)-4.89 (5.23)
Acanthogorgia sp. 1 17 4.89 (5.23)
Antipatharia sp. 4 1 18.4 (10.1) 9.6 (10.7)-13.5 (13.8) 0.54 (1.91)
Dendropathes bacotaylorae 3 2 14.9 (8.59) 2 9.6 (10.7) 2 4.89 (5.23)
Eguchipsammia sp. 2 11 9.6 (10.7)-13.5 (13.8)
Eunicella sp. 1 1 14.92 (8.59)
Halipteris sp. 2 10 7.9(7.2) 6 0.54 (1.91)
H. laauense (Red) 3 10 0.54 (1.91)-4.89 (5.23)
K. haumeaae (Gold) 5 1 17.07 (9.05) 8 9.6 (10.7)-13.5 (13.8) 13 2.78 (3.98)-4.89 (5.23)
Lepidisis olapa 2 2 14.9 (8.59) 1 2.78 (3.98)
N. gigas (Narella spp.) 1 18.89 (10.36)
N. muzikae (Narella spp.) 2 11 18.89 (10.36)-21.7 (11.93)
Narella sp. (Narella spp.) 9 44 12.6 (10.6)-21.7 (11.93) 3 13.5 (13.8)
Paracalyptrophora sp. 1 1 18.4 (10.1)
P. secundum (Pink) 5 51 12.6 (10.61)-18.4 (10.1)
Plexaurid blue 2 10 14.92 (8.59)-18.89 (10.36)
Plexaurid gold 2 3 14.92 (8.59)-18.89 (10.36)
Plexaurid sp. 2 1 12.6 (10.6) 5 2.78 (3.98)
Telopathes sp. 1 1 12.7 (7.44)
Thourella hilgendorfi 2 4 4.9 (8.59)-16.8 (9.25)

The focal coral species are bolded and those in the shaded row comprise the primnoid group.

there are sites where flow rates are too high for colonization.
In Table 2, we reported flow rates for all taxa encountered,
but many (e.g., Lepidisis olapa, plexaurids, Antipatharia) did
not occur in numbers sufficient to be considered a patch,
even though patches of these corals have been encountered
elsewhere by the lead author. Other species were seen as
a patch at the Makapu‘'u Pt. site (e.g., Acanthogorgia sp.,
Halipteris sp.), but overlapped with too few instruments to
make comparisons. Typically, these other taxa comprise a sparse
mixed assemblage dispersed throughout the patches of the focal
corals we chose to study. Generally, a patch tends to have a
dominant coral species. Surveys of six coral patches throughout
the Hawaiian Archipelago found that two were mostly pink
coral, three mostly red coral, and one mostly gold coral
(Parrish, 2007). Seems likely that when the habitat conditions
are ideal for a particular taxon, years of sustained growth spurs
successive continued recruitment until the assemblage becomes
increasingly monotypic.

At the colony level, if the depth, temperature, and planktonic
load of the water are suitable, then any observed differences
among sites are likely due to the localized flow dynamics
associated with the bottom topography of the area. For deep-
sea corals to thrive, the conditions must achieve balance between
having flow rates fast enough to deliver suspended food for viable
coral growth, yet slow enough so as not to prevent settlement
or exert drag that exceeds the strength of the colony’s holdfast.
Increased drag on a colony will influence the height to which
the colony can grow, reproduce, and form a patch at that site.
As we compared the flow around the coral colonies, we also

considered how flow and the associated drag matches their
skeletal morphology and life history.

Narella spp.

Our observations of high numbers of Narella spp. at Makapu‘u Pt.
match findings by Long and Baco (2013) who identified depth-
related patterns in the coral assemblage and the dominance of
primnoids at the site. The range of observed mean flow for
Narella spp. was narrow (12-21.7 cm/s) despite pooling the
observations for the two known species, N. gigas and N. muzikae,
and the undescribed species. The patches of Narella spp. and the
pink coral colonies overlapped like a Venn diagram. As depth
increased, flow rates diminished and the number of Narella spp.
dropped to sparse levels (2-4 colonies), but colonies did persist
down to the center of the deeper pink coral patch. This trend
suggests that the presence of Narella spp. is more affected by flow
than depth or temperature. Standing roughly 40 cm in height, the
morphology of the Narella spp. colonies is either whirl or fan-like
in shape with pliable branches of fleshy polyps (Figure 7 photos).
This morphology is well suited to bend and accommodate the
prevailing north-south alternating flow at Makapu‘u Pt. The
Barbers Pt. patch, tiny compared to the Makapu‘u Pt. patch,
had sites comparable in depth, temperature, and flow rate, and
did have a few Narella spp. colonies, whereas none were seen
at the lower flow Keahole Pt. patch. A search of the Hawai‘i
Undersea Research Laboratory animal database for Narella spp.
identified none documented for the 66 annotated submersible
dives at the Keahole Pt. site. There is no age and growth work
for Narella spp. in Hawai'i, but other primnoids in the NE Pacific
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FIGURE 7 | Mean and standard deviation of temperature and flow for the flow and tiltmeter instruments by focal coral taxon. Top row shows red and pink colonies at
the same temperature but different flow rates. Middle row shows Narella spp. colonies at all temperatures but clustered at the high extreme of flow. Bottom row
shows bamboo colonies at all temperatures and flows and the parasitic gold coral colonizing the bamboo host colonies most at lower flow sites. Photos courtesy of
Hawaii Undersea Research Laboratory.
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are reported to live between a hundred and a thousand years and
are reliant on surface particulate organic matter (Andrews et al.,
2002; Prouty et al., 2017).

Coralliids (Pink and Red Corals)

The patch dominance of the two coralliids, pink at Makapu‘u
Pt., and red at Keahole Pt., appear to be related to very different
flow preferences even though the colonies are similar in size
(Grigg, 1988), have crustose fan morphologies, have similar
reproductive strategies (Grigg, 1993; Waller and Baco, 2007), and
were observed at the same temperature. Conditions at Makapu‘u
Pt. appear to be premium for pink corals with recruitment and
mortality in steady state, leaving other areas recruitment limited
(Grigg, 1993). The pink colonies have robust stems and thick
branches all oriented in the same northern direction, suggesting
that at this flow intensity the tidal spectra is important to this
taxon. Colonies of pink corals have been identified in small
numbers at Keahole Pt., Cross Seamount, and one sizable “refuge”
patch between Nihoa and Necker Island in the Northwestern
Hawaiian Islands (Grigg, 1993; Parrish, 2007; Parrish and Baco,
2007). Finally, the depth boundary we saw for the shallow edge of
the Makapu‘u Pt. pink coral patch confirms findings from earlier
survey work by Long and Baco (2013). Neither their survey nor
ours encountered red coral colonies at Makapu‘u Pt., but prior
sample collection for genetic studies have verified its presence
at the site (Baco and Shank, 2005). It is possible our surveys
overlooked them or did not extend deep enough to reach the
suitable flow range to encounter them.

The low flow rates seen at Keahole Pt. may be the preferred
conditions for red coral. Baco and Shank (2005) were able to
collect red coral to describe the genetic population structure
across six sites in the lower Hawaiian archipelago (including
Makapu‘u Pt.), but did not find it at the “refuge” patch where pink
coral was the dominant taxon. Red coral skeletal morphology is
frail with a thinner base and delicate branches that easily break
when handled, so this coral may do poorly in sites of extreme
flow where forces of drag would topple the colony before it
could attain maturity. It is also possible that slower flow rates are
optimal feeding conditions for this coral, as has been shown by
feeding experiments on other suspension feeding corals (Purser
etal., 2010; Orejas et al., 2016). Unlike the consistent orientation
of pink corals at Makapu‘u Pt., the colonies of red coral were
observed to grow in a haphazard orientation at multiple sites
across the archipelago (Parrish, 2007) suggesting that red coral
is suited to exploit low-flow water conditions. The distribution
of polyps does differ between the two taxa: red coral polyps are
distributed evenly along the branches, whereas pink coral polyps
are clustered at the ends of the branch tips (Bayer, 1956).

Bamboo and Gold Corals

Bamboo coral and the parasitic gold coral are the most adaptable
of the focal corals in this study. They were present at all three
patches and spanned the widest range of temperature, flow, tidal
spectra, and water mass productivity. Both corals grow to more
than three times the height of the other focus corals, allowing
them to exploit more of the passing water mass (Parrish and
Baco, 2007), and are reported to rely on surface particulate
organic material (Roark et al., 2006; Prouty et al., 2017) which

may contribute to their adaptability and slow growth. As such,
the intensity and spectra of the flow seem less important to
these two corals.

The bamboo host colony, which can take a century to attain
its full size (Roark et al., 2005), exhibited no obvious patterns in
relation to flow rate or temperature. Its common name refers to
its hybrid morphology; a planar frame composed of carbonate
segments linked by protein nodes that provides more rigidity so
it can extend and exploit suspended materials higher in the water
column, but still more flexible, allowing it to bend as needed to
accommodate periods of intense flow without breaking.

In contrast, more colonies of gold coral were found growing
in lower flow environments. An established bamboo coral colony
is the preferred host for gold coral (Parrish, 2015), which means
the minimum flow thresholds of bamboo and gold corals are the
same. The cluster of gold corals at lower flow speeds is likely an
artifact of the zoanthid being a larger fleshy polyp that builds a
stiff continuous protein frame (Sinniger et al., 2013) that as it
grows needs to withstand the risk of toppling with increasing drag
from the current. A gold coral can take millennia to reach full
size (Parrish and Roark, 2009; Roark et al., 2009) so, in high flow
environments, the coral is likely to topple and wash away early
on at a smaller size. At sites with low flow, the gold colony can
attain full size (~2 m) and if it does eventually topple from drag,
its large size and weight will anchor it so that it will either adapt
and begin to grow upward, perpendicularly from the seafloor, or
if its new prone position makes flow inadequate, the skeleton will
take hundreds of years to decay away (Parrish, 2015).

This illustrates the important role flow plays in the growth,
reproduction, and subsequent recruitment that makes up the
community of a coral patch. It could be that high flow
environments are a place where the bamboo coral population can
grow with some refuge from colonization by the parasitic gold
coral, which once settled, subsumes the host rapidly as part of
the “midas” phase of its life history (Parrish, 2015). Patches of
bamboo colonies, free of gold, have been seen relatively close to
sites that are homogeneous patches of gold corals. It is likely that
sites dominated by gold coral are the result of lower flow that
(1) allows them to persist and grow to full size and (2) retains
the planula, enhancing localized recruitment of available host
colonies within the patch (Sammarco and Andrews, 1988; Todd,
1998). In a high flow patch, the full-size mature gold colonies
are limited by the intense flow rate, and if reproductively viable
colonies do grow, the planula are at risk of being blown out of the
patch before a suitable settlement site can be found (Kinlan and
Gaines, 2003; Hilario et al., 2015).

Flow and Scatter Strength of Water Mass

The organic component suspended in a passing water mass
influences the necessary flow rate to sustain suspension feeding
corals (Emery, 2001). This is best illustrated by patterns in
bamboo and gold corals because they occurred at all three patches
but were absent from each patches’ edge site. At the edge sites of
Barbers Pt. (Figure 6. instrument F3 = 8.3 cm/s) and Makapu‘u
Pt. (instrument F13B = 7.9 cm/s), the flow rates were much higher
than all the sites at Keahole Pt. (0.54-4.89 cm/s), including those
that had bamboo and gold colonies. However, the 1/3 greater
backscatter strength at Keahole Pt. (—29 vs. —42 dB) indicates
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that more food is carried by passing water and able to sustain
coral colonies at a lower delivery rate. If a high scatter strength
were present at the edge sites of the Barbers Pt. and Makapu‘u
Pt. patches, it would likely make those flow rates viable for coral
growth and the edge of the coral patches would still be expanding.

The reason for the higher backscatter at Keahole Pt. is unclear,
but it is the only patch with a backscatter pattern that suggests it
receives a tidal injection of nutrient rich biogenic water. Similar
tidal patterns have been documented in other deep-sea coral
studies (Hanz et al., 2019) and would explain the correlation
between the tidal pulse of the northern current and the temporary
reduction in scatter strength. The nutrient rich water comes from
the south, where the water column is more than 1000 m deep
and is likely part of the documented cyclonic eddy that pumps
upwelling in the lee of Hawai‘i Island (Bienfang and Szyper, 1981;
Calil et al., 2008; Jia et al., 2011). Daily monitoring at a depth of
674 m (~10 km from the Keahole Pt. coral patch) shows dissolved
nitrates and phosphates seven to eight times greater than that
found in the mixed layer (NELHA National Energy Laboratory
Hawaii Authority, 2015). As this water is forced shallower, it
enhances the production to the bathypelagic and slope benthic
communities (Bidigare et al., 2003). The inter-mixing of the deep
chlorophyll maximum with the rising inorganic nutrients creates
recurring localized patches of biologically enhanced seascape
(Seki et al., 2002). The greater observed backscatter at Keahole
Pt. patch indicates more zooplankton (lida et al., 1996) and thus
more food for corals (Orejas et al., 2003; Carlier et al., 2009;
Naumann et al., 2011). With this, the corals at the Keahole Pt.
patch can thrive at a flow rate that is insufficient for the Makapu‘u
Pt. and Barbers Pt. patches.

It is possible that conditions of high productivity water and
low flow are ideal to form full patches of red coral. Its delicate
skeletal structure seems adapted to a low flow that would require
a productive water mass. Recent work surveying the deep-sea
coral communities of the west Hawai‘i slope south of the Keahole
Pt. patch has identified numerous patches of red coral as an
early colonizing taxon with densities varying with the age of the
lava flows they colonize (Putts et al., 2019). Red corals are also
found on Cross Seamount (~100 nm) to the east (Grigg, 2002)
in the drift path of eddies that form in the island’s lee (Seki et al.,
2001; Yoshida et al., 2010). Other red coral patches, some sizable,
have been identified in the Northwestern Hawaiian Islands
(Grigg, 2002; Parrish, 2007; Waller and Baco, 2007) where ocean
productivity increases with latitude. The largest red coral patches
have been reported from the archipelago’s northernmost extreme
where they were commercially dredged by foreign fishing fleets
in the 1970s (Grigg, 1993). Recent work visually surveying
the impacted sites after decades of protection has documented
some recovery of these coral patches (Baco et al., 2019). More
environmental observations are needed from other coral patches
to build on the preliminary findings seen in this work.

Coral Community Effects

It is not known to what degree colonization by more and different
coral species changes the flow permeability of the patch canopy
(Rubol et al., 2018) and influences how the community develops.
This friction factor should be especially important for cold-
water coral species elsewhere in the world that form intertwined

reef frameworks (Davis et al., 2017). For the solitary individual
colonies addressed in this study, any drag effects on measured
flow are likely secondary to bathymetric influences. However,
modifications to the flow field from increasing density and
diversity of solitary colonies may contribute to long term changes
in the settlement, growth, and succession of the patch. Seben et al.
(1997) showed that with greater number and spacing of branches
in coral colonies flow is reshaped and changes the success of
particle capture. As of yet, the only attempt to look at these types
of cumulative effects for corals have been experimental efforts
measuring flow change in constructed patches using colony
skeletons in laboratory flumes (Mienis et al., 2019).

There are also other influences that might shape the coral
community. Field surveys have documented greater biodiversity
of fish, crustaceans, and invertebrates in more developed coral
communities that provide a greater range of structure (Baco,
2007; Parrish and Baco, 2007; Buhl-Mortensen et al., 2010).
Crinoids have been seen covering colonies of pink corals at the
Makapu‘u Pt. site (Parrish and Baco, 2007), likely increasing
effects of drag on colony growth. Colony damage can also occur
from swimming predators that strike the colony while hunting for
prey sheltering in the coral branches (Parrish et al., 2002; Putts
et al., 2019). In addition, a number of coral associated species
are coral predators. For example, cidarid urchins and sea stars
graze on the tissue of bamboo coral colonies leaving bare areas
of skeleton (Mah et al., 2010). This can be severe, denuding the
colony so it is lost, or partial predation that predisposes a coral
to being colonized by the parasitic gold coral and introduces a
new colony morphology to the spot. Future efforts examining the
relationship between flow and deep-sea coral may also want to
consider interactions with other species in the community that
could influence coral colonization and succession.

Flow vs. Temperature Dependence

While much about the distribution of deep-sea coral remains
elusive, here we show that the patterns of both flow speed and
food availability meaningfully impact the distribution of the
corals we observed. In each coral cluster, we examine (Figure 7)—
red vs. pink, bamboo, and gold, and the Narella spp. cluster—
depth and temperature apparently play a less significant role in
structuring habitat than does flow and food availability. Further
study with an increasingly comprehensive set of environmental
parameters will build toward a more comprehensive description
of suitable habitat, but based on the results presented here, habitat
modeling exercises should not ignore the important impacts of
flow on the distribution of deep-sea corals.
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