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ABSTRACT: The radial growth rates and ages of 3 differ­
ent groups of H awaiian deep-sea 'corals' w ere deter­
m ined using radiocarbon m easurem ents. Specimens 
of Corallium secundum , Gerardia sp., and Leiopathes 
glaberrima w ere collected from 450 ± 40 m depth  at the 
M akapuu deep-sea coral bed off the southeast coast of 
Oahu, Hawaii, USA, using a submersible vessel (PISCES 
V). Specimens of Antipathes dichotoma w ere collected 
at 50 m depth  off Lahaina, Maui, Hawaii. The primary 
source of carbon to the calcitic C. secundum  skeleton is 
in situ dissolved inorganic carbon (DIC). Using 'bomb
14C' time m arkers w e calculated radial grow th rates of 
-170 pm y u 1 and ages of 67 to 71 yr for specimens of C. 
secundum  up to 28 cm tail. Gerardia sp., A. dichotoma, 
and L. glaberrima have proteinaceous skeletons, and la­
bile particulate organic carbon (POC) is their primary 
source of architectural carbon. Using 14C w e calculated 
a radial grow th rate of 15 pm yr-1 and an age of 807 ± 
30 yr for a live collected Gerardia sp., showing that these 
organism s are extrem ely long lived. Radiocarbon m ea­
surem ents taken  from the inner and outer portions of 
basal cross sections of 4 sub-fossil Gerardia sp. samples 
showed grow th rates (range 14 to 45 pm y u 1) and ages 
(range 450 to 2742 yr) similar to that of the live collected 
sample. Similarly, w ith a grow th rate of <10 pm y u 1 and 
an age of -2377 yr, L. glaberrima at the M akapuu coral 
bed is also extremely long lived. In contrast, the shallow- 
collected A. dichotoma samples yielded grow th rates 
ranging from 130 to 1140 pm y u 1 (12 to 32 yr). These re ­
sults show that Hawaiian deep-sea corals grow  more 
slowly and are older than  previously thought.

KEY WORDS: D eep-sea coral • Age • Growth rate • 
Radiocarbon • Corallium secundum  ■ Gerardia sp. • 
Leiopathes glaberrima ■ A ntipathes dichotoma
__________  Resale or republication no t perm itted  w ithout _________

written consent of the publisher

R adiocarbon  d a tin g  show s th a t d e ep -se a  corals g row  m ore 
slow ly a n d  are  fa r o lder th a n  prev iously  th o u g h t. Som e sp e ­
cies, su ch  as gold coral Gerardia  sp. (above, sp ec im en  from  
C ross S eam oun t p ro b ab ly  d a m a g ed  by  fishery  long  lines), 
h a v e  life -spans of sev era l m illenia.

Photo: M axim ilian  C rem er  
(H aw aii U ndersea R esearch  Laboratory)

INTRODUCTION

Com pared to surface corals, little is known about the 
biology, grow th rates, and longevity of most deep-sea 
corals (DSC), in part due to difficulties w ith sampling 
and observation. Increased interest in the ecology and 
biology of DSC and the habitat that they provide for 
other organisms has occurred in response to an increas­
ing aw areness of the th reat of physical destruction 
caused by pelagic and benthic fisheries. M any DSC 
provide habitat im portant to adult or juvenile recru it-
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m ent of commercially im portant fish (Witherell & Coon 
2000, W itherell et al. 2000). D eep-sea trawling can 
cause extensive dam age to DSC and to the deep-w ater 
reefs they form (Krieger 2000, W itherell & Coon 2000, 
Hall-Spencer et al. 2002). Additionally, several DSC 
coral species are commercially harvested as part of the 
world-wide trade in precious corals used in jew elry and 
art industries (Grigg 1976, 1993, 2001). Geochemical 
and isotopic data  derived from DSC provide views of 
past climate and environm ental change as observed 
from the ocean interior, an area for which almost no 
other high resolution paleoclim ate records exist (e.g. 
Smith et al. 1997, Adkins et al. 1998, Smith et al. 2000, 
W einbauer et al. 2000, Smith et al. 2002, Frank et al. 
2004, Thresher et al. 2004). In order for the potential of 
this paleoceanographic archive to be fully realized, we 
must have a better understanding of grow th rates and 
longevity so that the most accurate and precise chrono­
logical control can be developed. In addition, con­
servation and m anagem ent of deep-sea ecosystems 
and DSC requires a know ledge of the grow th rates and 
longevity of these sessile denizens of the deep.

Growth rates and ages of individual deep-sea corals 
have been estimated and m easured by a variety of m eth­
ods. Methods include tagging (Grigg 1976, Stone & Wing 
2000), counting of skeletal rings that are assumed to form 
annually (Grigg 1974, 1976, Wilson et al. 2002), as well as 
applying radiometric techniques such as U/Th, 210Pb and 
radiocarbon dating  (Griffin & Druffel 1989, Druffel et 
al. 1990, Druffel et al. 1995, Cheng et al. 2000, Adkins et 
al. 2002, Andrews et al. 2002, Risk et al. 2002, Adkins 
et al. 2004). All methods estim ate the age or longevity of 
individual specimens or sections by extrapolating the 
calculated linear or radial grow th rates.

Here, w e present the results of radial growth rates 
and age estim ates from 4 different DSC species from 
Hawaiian waters, as determ ined by radiocarbon (14C) 
m easurem ents. We m ake use of both conventional 
radiocarbon ages as well as the time varying transient 
of 'bomb 14C' in the oceanic total dissolved C 0 2 pool. 
We focus on Corallium secundum  (pink coral), Gerar­
dia sp. (gold coral) and 2 species of antipatharians 
(black corals: Leiopathes glaberrima  and A ntipathes  
dichotoma) because they are abundant in Hawaiian 
w aters and have been studied as part of the precious 
coral fishery (Grigg 1976, 1993, 2001, 2002). Our 
results have significant implications for the conserva­
tion and m anagem ent of the Hawaiian precious coral 
fisheries as well as for regional deep-sea corals po ten­
tially im pacted by pelagic or benthic fisheries. In addi­
tion, our results establish a chronological framework 
for future paleoenvironm ental reconstructions using 
these deep-sea corals.

The deep-sea corals used in this study are from 
different orders. Corallium  spp. belong to the order

Gorgonacea. The black coral (order Antipatharia) is 
a hexacoral as is the gold coral, Gerardia sp. (order 
Zoantharia). Gerardia sp. is a colonial zoanthid an e ­
mone whose skeleton is m ade of a hard, dense, layered 
proteinaceous material. Gerardia sp. grows in a d en ­
dritic tree-like fashion to several m eters in height with 
trunks typically 3 to 15 cm in diameter. H awaiian black 
corals also have a proteinaceous skeleton that grows in 
tree-like shape to heights of almost 3 m, w ith basal 
diam eters of 1 to 15 cm. Corallium sp. is a branching 
coral w ith a skeleton composed of calcite. The coral 
grows in a fan-like shape to about 75 cm high, with 
main trunks 10 to 50 mm in diameter.

Previous age and grow th rate studies of Hawaiian 
deep-sea corals arose in part, because there is a local 
fishery harvesting Corallium  spp., Gerardia sp., and 
black corals, for the jew elry industry. The industry has 
operated interm ittently in H awaiian w aters since the 
mid 1960s (Grigg 1976, 1988, 1993, 2001, 2002). From 
1966 to 1969, tangle net dredges w ere used to collect 
the coral until more selective harvesting operations 
using subm ersible vessels w ere m andated. The US 
1983 Federal Fishery M anagem ent Plan included age 
and grow th estim ates using tagging and visual obser­
vations of black, pink and gold corals. This plan set the 
size and harvesting limits for the respective species, 
(e.g. for Corallium  a Hawaii-wide catch limit of 
2000 kg every 2 yr w ith a minimum 10 inch [= 25.4 cm] 
vertical height requirem ent). The establishm ent of the 
Coral Reef Ecosystem Reserve in the Northw estern 
Hawaiian Islands (NWHI) in 2000 further limited direct 
access to exploitable beds (Grigg 2002). Despite the 
current dorm ancy of the fishery, research continues on 
the ecology (Parrish et al. 2002) and m anagem ent of 
the precious coral beds, in part to identify new  beds 
and refine the maximum sustainable yields (MSY) 
should collection resum e (Grigg 1976, 1993, W estern 
Pacific Regional Fishery M anagem ent Council 2001, 
Grigg 2001, 2002, National M arine Fisheries Service 
(NMFS) 2002).

Early estim ates of grow th rate (linear extension rates) 
of H awaiian precious corals w ere m ade on individual 
colonies. Using 21 tagged colonies from w ater depths of 
-50 m Grigg (1976) m easured a linear extension rate of 
6.42 cm yr-1 for Antipathes dichotoma and 6.12 cm yr-1 
for A. grandis over a 3.5 yr study. This extension rate 
w as then applied to the whole colony to provide an age 
estim ate of -25 yr for colonies -1.5 m tail. The esti­
m ated age (based on extension rate) of these shallow 
dwelling colonies, coupled w ith the num ber of counted 
grow th bands in X -radiographs of 47 basal or stem 
cross-sections, suggested that the bands are deposited 
annually (Grigg 1976). Based on the inference that 
grow th bands in A. diochotoma are annual, Grigg 
(1976, 2002) assum ed that similar bands observed in
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Corallium secundum  and Gerardia sp. w ere also an ­
nual and provided estim ated linear grow th rates of 
0.9 cm yr-1 and 6.6 cm yr~\ respectively (Grigg 1976, 
2002). Using these grow th rates, the greatest ages re ­
ported w ere 45 yr (-40 cm tail) for C. secundum  (from 
350 to 475 m w ater depth) and 70 yr (-2.6 m tail) for 
Gerardia sp. (380 to 410 m depth) (Grigg 1976, 2002).

Druffel et al. (1990) used excess 210Pb m easurem ents 
to calculate a radial grow th rate of 0.11 mm yr-1 and an 
age of 180 ± 40 yr for a trunk of Corallium niobe  from 
the Atlantic Ocean. Radiocarbon m easurem ents 
(0.13 mm yr~\ 135 ± 90 yr) on the same sample, assum ­
ing a constant grow th rate and the fact that bomb car­
bon had  not been  detected  in the coral, agreed  with 
the 210Pb result (Griffin & Druffel 1989). Using similar 
assumptions, a 14C -based radial grow th rate of -5  pm 
yr-1 and a basal age of 1800 ± 300 yr w ere determ ined 
on an Atlantic Gerardia specim en (Druffel et al. 1995). 
Amino acid racem ization dating on this specimen 
yielded a maximum age of 250 ± 70 yr (Goodfriend
1997). However, the amino acid date was based  on 
racem ization rates determ ined by high tem perature 
heating  experim ents that may not extrapolate in a 
linear fashion to the low am bient tem peratures in 
which the coral grew.

Despite the uncertainty betw een the various m eth­
ods employed, including different species from differ­
ent oceans, it is clear that there are significant differ­
ences in the estim ated grow th rates and ages, 
particularly in the case of Gerardia sp. In an effort to 
refine and validate the ages and grow th rates of 
H awaiian Corallium spp., black corals, and Gerardia 
sp., we used high-resolution 14C m easurem ents to d e ­
term ine radial grow th rates and ages. Radial growth 
rates are im portant as radial sam pling across the basal 
section is the most likely source of paleo-environm en- 
tal proxy time-series, m uch like tree ring analyses. The 
derived colony ages can be correlated to specimen 
height for the purposes of m anagem ent censuses.

MATERIALS AND METHODS

Field collection. The majority of the samples used in 
this study w ere collected alive in 1997 from 450 ± 40 m 
depth using the PISCES V submersible vessel on M aka­
puu Bank off the island of O ahu (Fig. 1, Table 1). Exter­
nal tissues w ere rem oved aboard ship and intact 
skeletons returned  to the laboratory. Initial species 
identifications w ere at the time of collection by the 
divers (R. Dunbar, B. Linsley and R. Grigg) using visual 
characteristics. W here uncertainty existed, dive tapes 
and photographs have been  review ed and identifica­
tions confirmed by comparison with more recent sur­
veys of the M akapuu coral beds. Samples of Corallium
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Fig. 1. (A) T he H aw aiian  Islands show ing  th e  loca tion  of th e  
M a k a p u u  a n d  K eahole  d e ep -se a  corals b ed s, a n d  th e  location  
of 2 h y d ro g rap h ic  profiles, W OCE (W orld O cean  C ircu lation  
E xperim ent) S tn 17 an d  FG GE (First GARP [G lobal A tm os­
p h e ric  R esearch  Program ] G lobal E xperim en t 3094. (B) D e­
ta iled  m ap  of th e  M a k a p u u  b e d  (sh ad ed  reg ion) from  G rigg  
(1998). B athym etric  contours in  m eters . DSC = d e ep -se a  coral

secundum , Leiopathes glaberrima, and Gerardia sp. 
w ere all collected at the M akapuu bed  (Fig. 1, Table 1). 
Basal sections of additional samples collected by R. 
Grigg during the course of his research (Table 1) w ere 
also provided. While the A ntipathes dichotoma  (family 
Antipathidae: colloquially black corals) w ere collected 
alive from 50 m in the A u'au channel off Lahaina, Maui, 
the collection date was uncertain. The Gerardia sp. 
samples w ere collected dead  at -400 m from DSC beds 
off the island of Hawaii (Table 1). Samples collected 
alive have one known time marker: the date of collec­
tion. As a consequence, these samples w ere used pref­
erentially in the high-resolution sampling age models.

Sample preparation. Disks 3 to 10 mm thick w ere 
cut from the basal portion of all samples. The disks 
w ere m ounted on glass slides and w ere increm entally 
milled using a M erchantek com puter controlled m icro­
mill or m anual micromill along a radial transect from
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the outer edge to the center of the sample. The ad ­
vantage of the com puter controlled system is that the 
x-y-z stage directional control allows for sampling 
along straight or curved grow th contours w ith a p re ­
cision better than 5 pm. Corallium secundum  (Fig. 2) 
and Gerardia sp. samples w ere milled using the 
M erchantek micromill at -0 .5  mm and -0.5 to 0.6 mm 
increm ents respectively (Table AÍ Appendix 1 avail­
able in MEPS Supplem entary M aterial at: www. 
int-res.com/articles/suppl/m327p001_app.xls). The only 
exception is that the outermost sample of COR-RD97- 
01 (Table 1) was milled over a 1 mm increm ent. Black 
coral samples w ere milled at 0.5 to 0.7 mm increm ents 
using the m anual micromill. Only the outermost and 
central sections, as best identified by any visible b an d ­
ing structure, of the rem aining samples w ere milled 
using either the m anual micromill or a Dremel power 
tool, resulting in age determ inations on the inner (core) 
and outermost material. No more than 1 mm along the 
radial distance was sampled. Approximately 1.0 to 
4.0 mg per sample of carbonate m aterial was obtained 
from the C. secundum  samples, and -1.0 to 3.0 mg of 
proteinaceous m aterial was obtained from the Gerardia 
sp. and black coral samples.

Laboratory methods. Proteinaceous samples from 
the Gerardia sp. and black corals w ere decarbonated 
with w eak HC1, rinsed w ith deionized w ater and dried 
on a heating block. Samples w ere com busted and con­
verted  to C 0 2 in individually sealed quartz tubes with 
CuO and silver. C arbonate samples from Corallium 
secundum  w ere placed in individual reaction cells, 
evacuated, heated  and acidified w ith orthophosphoric 
acid at 90°C to produce C 0 2 (cf., Guilderson et al.
1998). The C 0 2 from carbonate and gorgonian samples 
was purified, trapped, and converted to graphite using 
an iron catalyst, following a m ethod similar to that 
described by Vogel et al. (1987). The graphite targets 
w ere analyzed at the C enter for Accelerator Mass 
Spectrometry, Lawrence Livermore National Labora­
tory. The 14C results are reported as A14C (%o) as 
defined by Stuiver & Polach (1977) and include 513C 
correction for isotope fractionation, and a blank sub­
traction based  on 14C-free calcite or coal depending on 
sample matrix. Stable isotopic transects near the 14C 
transects w ere m ade on both C. secundum  samples. 
The average 513C value of -5 .7  % o  for COR-RD97-01 
and -5 .8  %o for COR-RD97-02 w ere used for the isotope 
fractionation correction. 513C values of -16  % o  and 
-17  % o  w ere used for the isotope fractionation correc­
tion of the Gerardia sp. and black corals sample, 
respectively. W here appropriate, the 14C results are 
also reported  in 14C and calendar yr BP (before p re ­
sent) (Stuiver & Polach 1977). To convert the 14C age to 
a calendar age, a reservoir age correction must be 
applied. The reservoir age is a result of the depletion
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Stable isotope transect

Radiocarbon
Transect

Fig. 2. C orallium  secu n d u m . (A) D isk cut from  th e  b asa l p o rtio n  of a  sam ple  m o u n ted  on a  g lass slide, a n d  (B) com plete  sp ec im en  
w ith  a h e ig h t of 28 cm  an d  b asa l d iam ete r of 22 m m. T he rad io carb o n  a n d  stab le  iso tope sam p lin g  tracks a re  sh o w n  in  (A). N ote  
eac h  r id g e  in  th e  rad io carb o n  sam p lin g  trac k  is one sam ple . Dots a re  an  exam ple  of w h e re  in n er a n d  o u ter sam ples w e re  ta k e n

in the radiocarbon content of surface w aters brought 
about by the mixing of surface w aters equilibrated 
w ith the atm osphere w ith older w ater from subsurface 
depths. This m akes surface w aters appear older than 
the atm osphere. Typically, the reservoir age is calcu­
lated by assum ing a global average value of 404 14C yr 
and adding a regional reservoir correction (or AR 
value). All calibrations w ere done using a AR of -28  ± 4 
14C yr (Druffel et al. 2001), the CALIB 5.0 (Stuiver &
Reimer 1993) com puter calibration program  and the 
marine04 calibration dataset (Hughen et al. 2004)
(Table A2 in Appendix 1 available at: www.int-res.com/ 
articles/suppl/m327p001_app.xls). W hen determ ining 
grow th rates on live collected specimens we added 
47 yr to account for the time betw een collection and 
the radiocarbon 1950 reference year.

RESULTS

The outermost A14C values for 2 individuals of M aka­
puu Corallium secundum  (COR-RD97-01 and -02) w ere
3.5 ± 2 .2 %o and 5 ± 4%o, respectively (Fig. 3, Table 1). 
Approximately 4 mm inw ards from the surface, both 
corals had  similar values of ca. -100%o and w ith a 
few exceptions rem ained w ithin the 1 g error of the 
m easurem ents to the central core (Fig. 3, Table AÍ).

For the Gerardia sp. samples, the outermost A14C 
value along the radial transect of the GER-RD97-01 
sample was 71 ± 4%o, dropping to -6 0  ± 4%o (445 ±

0 WOCE 1993 value

-20

^10 COR-RD97-01
COR-RD97-02

O  -60

-80

-100

a  error
-120 GEOSECS 1973 value

0 2 4 6 8 10 12 14
Distance (mm)

Fig. 3. C orallium  secu n d u m . A14C rad ia l tran sec t across 2 p in k  
coral sam ples (COR-RD97-01 a n d  COR-RD97-02). B ased  on 
th e  G EO SECS (G eochem ical O cean  Sections Study) h y d ro ­
g rap h ic  profile , a  A14C v a lu e  of -1 0 0  % o  is a ssig n ed  a  tim e 
m ark e r of 1973 a n d  g row th  ra te s  w e re  ca lcu la ted  b y  lin ea r 
in te rp o la tio n  b e tw e e n  th a t p o in t a n d  th e  o u ter ed g e  w ith  a 
k n o w n  collection d a te  of 1997. Both sam ples h a d  a  rad ia l 

g ro w th  ra te  of 170 p m  yr-1 a n d  ages of -7 0  yr

http://www.int-res.com/
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100
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I 1 a  error50
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-100
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Distance (mm)

Fig. 4. Gerardia  sp. A14C ra d ia l tran sec t across a  go ld  coral 
sam ple  (GER-RD97-01). T he cen ter of th e  sam ple  h a d  a  14C 
ag e  of 1200 ± 25 14C yr a n d  a ca len d a r ag e  of 807 ± 30 yr 
re su ltin g  in  a  ca lcu la ted  rad ia l g row th  ra te  of -1 5  p m  y r 1.

1 0  e rro rs a re  no  la rg e r  th a n  sym bols

A. dichotoma (50 m)100

L. glaberrima (400 m)

1957

^  -100

-200

1 1 c  error
Collected -1 9 9 7

-300

Distance (mm)

Fig. 5. A n tip a th es  d ichotom a  an d  Leiopathes glaberrim a. A14C 
ra d ia l tran sec t across a n  A . d ichotom a  sp ec im en  (sam ple 
BC#3, ■) co llected  at 50 m  a n d  an  L. glaberrim a  spec im en  
(sam ple BC#5, O) co llected  at 450 m. A14C v a lu es > -5 0  %o a re  
in d ica tiv e  of bo m b  14C a n d  can  b e  u se d  to se t a n  in itial tim e 
m ark e r of 1957 for sam ple  BC#3. 1 0  e rro rs a re  no  la rg e r 

th a n  sym bols

35 14C yr) at the next sam pling interval. Over the 
rem aining 11 mm, A14C systematically decreased to 
-1 4 4  ± 2.4 %o at the center of the trunk (Fig. 4, Tables 1 
& A Í). This is equivalent to a 14C age of 1200 ± 25 yr. 
O uter values of the 4 additional living and dead  Gerar­
dia sp. samples ranged from m odern (post-bomb) to 
2390 ± 30 14C yr. Inner values of the same specimens 
range from 1150 ± 35 to 3200 ± 35 14C yr (Table 1).

The outer value of the radial transect across the 
Antipathes dichotoma sample (BC#3) collected at 50 m 
depth  was 107 ± 4%o. A14C decreased to a value 
of -5 7  ± 4%o over the first 5 mm, and rem ained 
unchanged over the inner -13  mm (Fig. 5, Tables 2 
& A Í). In contrast, the 'deep-w ater black coral', 
Leiopathes glaberrima (BC#5), collected at 450 ± 40 m 
showed a linear decrease from an outer value of -7 0  ± 
4%o to av a lu é  o f -280 .7  ± 2.9 %o (2600 ± 35 14C yr) at the 
center (Fig. 5, Table A Í). The rate of decrease was

slower over the innerm ost 5 mm (Fig. 5). The outer 
(inner) A14C values of specimens BC#1 and BC#2 of 
the shallow-collected A. dichotoma w ere 69 %o (143 %o) 
and 8 7 %o (140%o), respectively (Table 2).

DISCUSSION 

Sources of carbon

In order to calculate grow th rates and ages using 14C, 
it is necessary to determ ine the sources of carbon (and 
corresponding radiocarbon content) for the skeletal 
matrix or m aterial being analyzed. Potential sources of 
carbon utilized by DSC include particulate organic 
carbon (POC), dissolved inorganic carbon (DIC), sedi­
m entary organic carbon (SOC), and dissolved organic 
carbon (DOC). After exchange across the air-sea

T able  2. A n tip a th es  dichotom a. Sum m ary  of sam ple  in form ation , rad io carb o n  m easu rem en ts , ag es a n d  g ro w th  ra te s  of th e  b lack  corals
co llected  b y  R. G rigg

Sam ple D epth A14C (% o ) a  C alendar ag eb L ife-span Radius Grow th ra te  H eigh t Age, Age,
ID (m) Inner O uter Inner O uter M in M ax (mm) (pm y r 1) (cm) linear grow th

M in/M ax M ln/M ax M in M ax grow th ra tec b an d c

BC #1 50 ±5 143.0 69.4 1966/1972-1983 Post 1992/-1998 15 32 5.9 180 390 81.3 12 15
BC #2 50 ±5 140d 87d 1966/1972-1983 Post 1992/-1995 12 29 13.7 470 1140 129.5 20 25
BC #3 50 ±5 -5 7  ±4 107 ±4 pre  1957 1962/1992 25 109 13.6 130 560

aPost-bom b data  a re  reflected  by positive A14C values
bAD (Anno Domini) years w ere  de term ined  by com parision w ith a  H aw aiian  surface w ater A14C tim e-serles (see Fig. 8) 
cAge calculated  trom  linear grow th ra tes an d  on the relationship be tw een  an n u al grow th rings an d  he igh t (Grigg 1976) 
dBC#2 results a re  the  average  ot 2 in n er and  outer 14C m easurem en ts as the sam ple ap p ea red  to have 2 grow th centers fused together
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boundary, C 0 2 is hydrated and mixed in the upper 
layer of the ocean as DIC. DIC is then fixed by photo­
synthesis in the euphotic zone to POC with some 
recently fixed carbon leaking into the DOC pool. The 
operational definition of the difference betw een  POC 
and DOC is size dependent, w here POC is defined as 
particulate m atter larger than 1 pm in size that is sus­
pended  and sinking out of the ocean surface mixed 
layer, while DOC is organic m atter less than 1 pm in 
size suspended in the seaw ater (Druffel & Williams 
1990, Druffel et al. 1992). SOC is particulate organic 
m atter contained in sedim ents on the ocean floor 
that can be resuspended by bottom w ater currents 
or biological activity.

Radiocarbon m easurem ents of seaw ater samples col­
lected from depth  profiles in the North Central Pacific 
(NCP; 31° 00' N, 159° 0 0 'W) from the late 1980s re ­
vealed significant A14C differences w ith depth  and 
betw een the various sources of carbon (Druffel & 
Williams 1990, Druffel et al. 1992). The A14C values of 
DIC revealed the presence of bomb 14C above the 
main therm ocline (<400 m, and average A14C ~117%o), 
decreasing betw een -300 and -1000 m (to an average 
A14C value of ca. -240 %o), after which A14C was re la ­
tively constant down to 5700 m. Suspended POC A14C 
values at the surface and sinking POC (4200 m) w ere 
nearly equivalent to surface DIC A14C values, and 
suspended POC values decreased only slightly with 
depth. DOC A14C apparent ages w ere older, w ith an 
average A14C value of ca. -150 %o at the surface and 
significantly offset from the corresponding DIC A14C 
values, although the structure of the 2 curves was 
similar. SOC A14C values (ca. -500 %o ) at the sediment 
w ater interface w ere equivalent to DOC values at 
depth, after which they decreased by more than  250 %o 
w ithin the upper 10 cm of sedim ent (Druffel et al. 
1992). Based on m easurem ents m ade in the NCP du r­
ing 1992, typical A14C values of DIC, POC, and DOC in 
the upper 50 m of the w ater column w ere 132 %o, 139 ± 
9%o, and -163 ± 18%o A14C, respectively (Druffel et al. 
1992). Between 300 and 450 m, typical A14C values of 
DIC, POC, and DOC w ere 77 ± 3%  (300 m), 129 ± 11 % 
(450 m), and -363 ± 14 %o (300 m) A14C, respectively 
(Druffel et al. 1992). The A14C values of the different 
sources of carbon will change w ith time, but in most 
cases they w ere significantly and m easurably different 
from each other at any one time. As a consequence, 
one can use the radiocarbon values to distinguish 
betw een DIC, POC, and the significantly more n eg a­
tive DOC and SOC as the predom inant source of 
carbon to the deep-sea corals collected at 400 m.

For the live-collected DSC samples, it is possible to 
use the outer A14C m easurem ent in conjunction with 
the hydrograhic profiles of A14C values in the w ater 
column described above as an indicator of the most

recent source of carbon deposited in the skeleton. The 
outer A14C value of 2 live collected specimens of Coral­
lium  secundum  (5 ± 3%o, 3.5 ± 2 .2 %o), 1 Gerardia sp. 
(71 ± 4 %), and 1 black coral, Leiopathes glaberrima 
(-69 ± 4%o), are plotted in concert w ith w ater A14C 
from hydrocasts spanning the last 30 yr near Hawaii: 
GEOSECS (Geochemical O cean Sections Study), 
FGGE (First GARP [Global Atmospheric Research Pro­
gram] Global Experiment), and WOCE (World Ocean 
Circulation Experiment (Fig. 6; see Fig. 1 for locations 
of 2 FGGE and WOCE Stns). The outer values of 
3 A ntipathes dichotoma collected at 50 m are also 
plotted. The similarity of the outer A14C values of the 
2 C. secundum  m easured and the A14C value of DIC at 
-4 5 0  m suggest DIC is the prim ary source of carbon 
used for skeletogenesis. In contrast, the outer value of 
the -450  m Gerardia sp. sample is similar to the surface 
w ater DIC A14C value w hich will tag and be nearly 
equal to the A14C signature of recently exported and 
labile POC, the expected source of skeletal C for deep 
w ater proteinaceous corals.

By analogy, w e expected that the radiocarbon signa­
ture of the other proteinaceous corals, Leiopathes 
glaberrima and A ntipathes dichotoma, would also

0
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A14C (%o)
Fig. 6. W ater A14C from  h ydrocasts sp an n in g  th e  last 30 yr n e a r 
H aw aii: GEO SECS (G eochem ical O cean  Sections Study), 
FG GE (First GARP [G lobal A tm ospheric  R esearch  Program ] 
G lobal E xperim ent, a n d  W OCE (W orld O cean  C ircu lation  
E xperim ent), p lo tted  w ith  th e  o u ter A14C v a lu es of 2 Corallium  
se c u n d u m  sam ples, 1 Gerardia  sp. sam ple , 1 L eiopathes  
glaberrim a  sam ple  (collected  alive at 400 to 450 m) a n d  3 

A n tip a th es  d ichotom a  sp ec im en s (collected at 50 m)

GEOSECS Station 235 (12/73) 

♦  FGGE 3094 (5/79)

O  WOCE P16N Stn17  (5/92)

X  Gerardia sp.

® Antipathes dichotoma 

0  Leiopathes glaberrima 

Corallium secundum
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reflect a POC source. However, because of their 50 m 
collection depth  (where POC and DIC A14C are simi­
lar), it is not possible to distinguish the prim ary C 
source for the A. dichotoma samples analyzed here. 
The value of the outerm ost sample from the L. glaber­
rima specim en is also not simply diagnostic of the 
source of carbon, because the specim en grew  very 
slowly (5 pm yr-1; see 'Discussion; Black corals, 
Antipathes dichotoma  and Leiopathes glaberrima'). 
With such a slow grow th rate over the sam pling in ter­
val of 500 pm, the outer sample of the L. glaberrima 
specim en would be integrating 14C from the last 100 yr. 
To estim ate the in tegrated  14C of DIC in surface w ater 
over the last -100 yr, we averaged a A14C record from 
a surface coral from Keauhou Bay, Kona spanning the 
time period from 1893 to 1966 (Druffel et al. 2001). The 
in tegrated  14C values of surface w ater DIC over this 
time period should be nearly equal to the 14C values of 
POC, as POC is tagged  w ith the DIC 14C values, and 
quickly exported from surface waters. The average 
A14C from the Keauhou Bay record was -43  %o (Druffel 
et al. 2001), which is reasonably close to the m easured 
value of -6 9  %o, suggesting that POC is prim ary source 
of carbon for L. glaberrima. In addition it has been 
shown that other DSC with a proteinaceous skeleton 
such as bamboo corals and primnoids derive their 
carbon almost exclusively from POC, either directly or 
indirectly through active feeding on pelagic Zooplank­
ton over their entire life time (Gerardia sp., this study, 
Druffel et al. 1995; bamboo corals, Roark et al. 2005; 
Primnoa resedaeform is Sherwood et al. 2005). Nothing 
in this study suggests that either L. glaberrima  or 
A. dichotoma  would be any different.

Corallium secundum

Radial transects of A14C m easurem ents on discretely 
milled samples (0.5 mm intervals) from the outermost 
edge to the center of each specim en of Corallium  
secundum  w ere derived from 2 live collected indi­
viduals (COR-RD97-01 and COR-RD97-02) (Fig. 3). 
The results are com pared to w ater A14C from hydro­
casts spanning the last 30 yr near Hawaii: GEOSECS, 
FGGE, and WOCE (Fig. 6). The hydrographic profiles 
exhibit the characteristic penetration of bomb 14C into 
subtherm ocline waters. The Corallium secundum  p ro­
files show a similar rise in A14C values from -3.5 mm to 
the outer edge, w ith the outermost samples indistin­
guishable from the expected in situ w ater DIC A14C 
value. This implies that the C. secundum  skeleton 
carried the 14C signature of the surrounding seaw ater 
DIC pool. These results are in agreem ent w ith those 
of Griffin & Druffel (1989), who found that the outer 
A14C m easurem ents of C. niobe  from the Atlantic w ere

indistinguishable from values m easured at nearby 
GEOSECS stations. O ther DSC w ith carbonate skele­
tons, such as bamboo corals (Roark et al. 2005), D esm o­
phyllum  cristagalli (Goldstein et al. 2001, Adkins et al. 
2002), and Lophelia pertusa  (Frank et al. 2004), have 
shown similar results. The C. secundum  results sug­
gest a potential ability to explore past ocean dynamics 
as reflected in 14C DIC. For example, the A14C transect 
may be recording deep m ixing/entrainm ent events as 
indicted by the low A14C values at 9 and 10 mm in sam ­
ple COR-01. A similar decrease in A14C was seen in 
sample COR-02, suggesting that these events are not 
an artifact of sampling. To truly explore these 'events' 
will require a precise A14C-independent chronology.

In order to develop our 14C -based age model, we 
set an initial tim e-m arker using GEOSECS data and 
assigned a A14C value of -100%o to be no later than 
1973, the year in which bomb 14C penetrated  dow n­
w ard to 400 m (Fig. 6). Linear interpolation betw een 
the (inferred) 1973 A14C value at 3.5 mm and the outer 
edge with the known collection date in 1997 yields a 
-170 pm yr~4 radial grow th rate for sample COR-RD97- 
01 (Fig. 3). Applying this grow th rate to the entire 
radial diam eter of -12 mm suggests that this sample is 
71 ± 9 yr old. As docum ented by Stuiver & Quay (1981) 
am ong others, production rate variations and carbon 
cycle exchanges have interacted to m ake 14C dating 
insensitive betw een -1650 AD and the advent of the 
post-bomb era. This 'p lateau ' has a similar expression 
in the upper ocean (e.g. Druffel et al. 2001) and by 
extension, to the shallow sub-surface w aters w here 
Corallium  grew. The estim ated life span using the 
GEOSECS time m arker is completely consistent 
w ith the 14C history that we expect for (shallow) sub­
therm ocline waters, and does not require significant 
grow th rate changes w ithin the resolution of the dating 
during the life history of the Corallium  specimen. 
A similar calculation on COR-RD97-02 results in a 
grow th rate of -170 pm yr-1 and an age of 67 ± 9 yr. 
Given the rapid rise in A14C during the bomb curve, a 
conservative uncertainty of ± 0.5 mm in distance from 
the outer edge at which the 1973 A14C value is 
assigned results in an uncertainty of ± 20 pm yr-1 in 
these estim ated grow th rates. Uncertainty in the age 
(1973) assignm ent for the -100 %o A14C horizon of ±1 yr 
results in an additional uncertainty of less than 10 pm 
yr-1 in the grow th rate. The maximum grow th rates 
estim ated in this fashion are consistent betw een  the 2 
specim ens and the uncertainty estim ates are conserva­
tive estimates.

The Haw aiian Corallium secundum  growth rates are 
similar to the grow th rate of 110 pm yr~4 (± 20 pm yr-1) 
calculated from the best fit to an exponential curve 
through 210pbex values m easured on samples from 
Corallium niobe  from 600 m w ater depth  in the
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Atlantic O cean (Druffel et al. 1990). Grigg (1976, 2002) 
developed an equation correlating colony height 
(length) and age based on growth ring counts (using 
X-radiograph thin sections under a microscope) that 
w ere assum ed to be annual. Applying the Grigg eq u a­
tion to sample COR-RD97-01, w hich was 28 cm high, 
results in an age of 29 yr (vs. 71 yr by our A14C method). 
Examination of thin cross-section (pétrographie method) 
from COR-RD97-01 yielded a maximum of 7 density 
grow th rings. We therefore conclude that the rings 
observed in thin sections of our specim en are not 
annual in nature. Support for this conclusion is found 
in a study com paring the pétrographie m ethod of 
grow th ring counting to the counting of organic growth 
rings in Corallium rubrum  from the M editerranean, 
which showed that the pétrographie m ethod signifi­
cantly underestim ated by as m any as 10 yr the known 
age samples (20 yr old) (Marschal et al. 2004). In con­
trast, The counting of grow th rings from the staining of 
the organic matrix underestim ated the known age by 
3 to 4 yr, and resulted in grow th rates ranging from 
140 to 750 pm yr-1 (mean of 340 ± 150 pm yr-1) 
(Marschal et al. 2004), which is much closer to the A14C 
grow th rates we calculated. In addition, both radiom et­
ric techniques, A14C and 210pbex, support m uch lower 
grow th rates than those inferred from grow th ring-size 
relationships for H awaiian C. secundum  (Grigg 1976, 
2002), w hich appear to underestim ate the age of larger 
individuals by at least a factor of 2. Our results suggest 
that research into reproduction and recruitm ent that 
does not m ake use of the grow th ring-size relationship 
to estim ate age would improve our understanding of 
the biology of these organisms. While greater precision 
in A14C based  ages is certainly desirable, w e note the 
robust nature of the grow th rates calculated for the 
outer portion of the C. secundum  skeleton. There is no 
other reasonable explanation for the presence and 
interpretation of the bom b-14C history recorded in the 
carbonate skeleton. Counting organic grow th rings in 
C. secundum  may provide an independent estim ate of 
age and grow th rate that would allow the A14C to be 
used as a tracer of ocean circulation and further refine 
the age and grow th rate estimates.

Gerardia sp.

The outermost A14C value from the radial transect 
sam pled at 0.5 to 0.6 mm intervals of the live col­
lected Gerardia sp. specim en (GER-RD97-01) is 71 ± 
4 %o. This post-bomb A14C value is very close to the 
expected A14C of surface w aters at the time of collec­
tion, showing that young, surface derived POC is the 
prim ary source of carbon to the skeleton (Fig. 6). 
The subsequent pre-bom b decreasing linear trend in 
the A14C values suggests continuous and steady 
growth, w ith the center of the sample having a 14C 
age of 1200 ± 25 14C yr (-144.3 ± 2.4%  A14C; Fig. 4, 
Table AÍ). A calibrated age of 760 ± 30 cal yr BP was 
calculated for the central portion of GER-RD97-01 
(Table A2), yielding a life span of 807 ± 30 yr (1997 
to 1950 = 47). Interpolating betw een the inner (old) 
age and the known age of collection (1997) yields a 
radial grow th rate of 15 pm yr% The trend  in 14C 
and calibrated ages over the life span of this Gerar­
dia sp. implies a near constant radial grow th rate 
(Fig. 4). Inner and outer 14C m easurem ents on 5 other 
sub-fossil Gerardia sp. specimens confirm the longevity 
and slow growth rates of Gerardia sp. (Tables 1 & A2, 
Fig. 7).

The radiocarbon based estim ates of radial growth 
rate and longevity of an Atlantic Gerardia sp. (-5 to 
20 pm yr~\ -1800 years old; Druffel et al. (1995)) and 
those from this study are consistent. In contrast, 
Goodfriend (1997) calculated amino acid racem iza­
tion ages of 250 ± 70 yr on the same Atlantic speci­
m en studied by Druffel et al. (op. cit.). The amino 
acid racem ization m ethod relies upon a tem perature- 
dependent calibration of known age samples. In the 
case of the Atlantic Gerardia sp. sample, know n-age 
calibrations w ere not possible, rendering the esti­
m ated grow th rates suspect. Additional work on low 
tem perature racem ization rates of Gerardia sp. may 
improve the veracity of amino acid results. Until 
then, 14C derived ages and grow th rates are the best 
available.

In contrast to 14C-derived radial grow th rates and 
ages, Grigg (1976; 2002) estim ated radial growth

Fig. 7. Gerardia  sp. A ge ra n g es  in  ca len d a r yr BP 
(1950) b a se d  on th e  ou ter a n d  in n er 14C m e a su re ­
m en ts of 5 go ld  coral sam ples. R adial g row th  ra tes  
a re  b a se d  on lin ea r in te rpo la tions b e tw e e n  th e  outer 
an d  in n er ages. Sam ple  GER-RD97-01 w as co llected  
live in  1997. T he ou ter v a lu e  of sam ple  GER-2 h a d  
bom b 14C (> -5 0  % o ) a n d  th e  ag e  w as d e te rm in e d  by  
com parison  of th is v a lu e  w ith  a  A14C tim e series in  a 

0 500 1000 1500 2000 2500 3000 su rface  coral from  H aw aii (T. P. G u ilderson  & D. P.
Calendar yr BP (1950) Schrag  u n p u b l. data). See Fig. 8

GER-RD97-01 1997 A.D. 15 pm/yr -

GER-1 - 45 |jm/yr
-

GER-2 - 1962 A. D. 14 pm/yr

GER-4 - 31 |jm/yr

GER-RG-01 - 24 |jm/yr
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rates for Gerardia sp. in excess of 1 mm y r 1 from 
samples collected off Keahole Bay (380 to 410 m 
depth), w ith maximum ages on the order of 70 yr. 
Grigg's estim ate is based  on the assum ption that 
grow th banding observed in the gorgonian is annual 
in nature. This hypothesis or working assumption 
does not appear to be the case for many DSC. In 
addition to work on Corallium rubrum, in which cal- 
citic growth bands identified by the pétrographie 
m ethod are shown not to be annual (Marschal et al. 
2004), grow th bands in bamboo corals from the Gulf 
of Alaska (Roark et al. 2005) and grow th bands in 
Enallopsammia rostrata from the Atlantic O cean have 
also been shown not to be annual (Adkins et al. 
2004). The Gerardia sp. grow th rates estim ated by 
Grigg (1976; 2002) are 3 orders of m agnitude higher 
than that m easured by radiocarbon. Initially, Grigg 
(2002) attributed the different grow th rate/longevity 
to different periodicity of grow th bands in Atlantic 
Gerardia sp., and suggested that the 14C ages w ere 
skew ed because the colonies from the Atlantic w ere 
feeding on old particulate carbon, m aking the sample 
appear older. The results p resen ted  here on Pacific 
samples support the earlier Atlantic results and 
indicate that Gerardia sp. is an extrem ely long-lived 
organism  feeding on recently exported POC from 
surface waters.

With such great ages, the potential exists to use Ger­
ardia sp. for paleoenvironm ental reconstructions over 
centennial to millennial time scales. Since Gerardia sp. 
builds skeletal m aterial using POC, it is likely that 
615N and 513C values in its skeleton record long-term  
changes in surface productivity or ecosystem structure 
(Druffel et al. 1995). Heikoop et al. (2002) m easured 
513C and 615N in the polyp (animal) tissues and con­
tem poraneous proteinaceous fraction from a series of 
live collected Primnoa resedaeformis specimens from 
different ocean basins. Their results show no discern­
able difference betw een the proteinaceous skeleton 
and polyp tissue fractions. They also observed system ­
atic regional differences in proteinaceous 513C and 
615N that m irrored regional differences in the isotopic 
composition of surface POC. This suggests that stable 
isotopic m easurem ents from the proteinaceous skele­
tons of DSC may reflect variations in carbon cycle and 
nutrient utilization in surface waters. Longevity and 
slow grow th are not unknow n in deep-sea organisms. 
These (our) results beg additional research resulting in 
a more lucid understanding of the ecology (e.g. disper­
sal, recruitm ent, reproduction, mortality) not only of 
Gerardia sp. but also its relatives in the twilight ben- 
thic ecosystems of the ocean. With a fuller understand­
ing we can craft appropriate conservation protocols to 
protect not only individual species but also whole 
ecosystems.

Black corals, Antipathes dichotoma and 
Leiopathes glaberrima

The age and grow th rate of the black coral 
A ntipathes dichotoma collected at 50 m w ere signifi­
cantly different from the age and grow th rate of a 
'deep-w ater' black coral Leiopathes glaberrima col­
lected at 450 ± 40 m. A radial transect at 0.5 to 0.6 mm 
intervals across one of the A. dichotoma specimens 
(BC#3) showed decreasing bomb carbon values over 
the outer 4.5 mm, after w hich the A14C values did not 
change (Fig. 5, Table AÍ). The outer sample had a A14C 
value (107 ± 4 %) that was indistinguishable from sur­
face DIC (T. P. Guilderson & D. P. Schrag unpubl. data, 
Fig. 6). Using similar m ethods to those used for the 
Corallium secundum  samples discussed above, the 
date (1957) that the increase in bomb carbon began 
can be determ ined by the surface coral A14C time- 
series. The exact collection years of the A. dichotoma 
samples are unknown, thus the year of their 'death ' 
must also be estim ated from the surface coral A14C 
time-series. In the case of sample BC#3, the outerm ost 
value (107 ± 4 % o )  is equivalent to the year of -1965 or 
-1992 in the surface coral A14C tim e-series (Fig. 8). A 
linear interpolation betw een the increase in bomb 14C 
at 4.5 mm and the outerm ost edge (1957 to 1965 = 8 yr) 
gives a grow th rate of 560 pm yr-1 which, if assum ed to 
be constant over the entire grow th of the specimen, 
suggests that the sample was -25 yr old (Table 2). 
Alternatively, a grow th rate of 130 pm yr~4 and an age 
of -105 yr is calculated if the coral died in 1992. Inner 
and outer A14C m easurem ents on 2 other A. dichotoma 
samples (BC#1 and BC#2) w ere all above -5 0  %o and 
thus incorporated bomb 14C. Com paring these bomb 
14C values to the surface coral A14C time-series, the 
shortest and longest lifespan (growth rate) possible for 
BC#1 is -  15 to 32 yr (390 to 180 pm yr-1) and the life­
span (growth rate) of BC#2 is -12 to 29 yr (1140 to 
470 pm yr-1) (Table 2, Fig. 8). In view of these results 
an age of -25  yr (560 pm yr-1) for BC#3 is the most 
probable.

Using 21 tagged  colonies of A ntipathes dichotoma, a 
linear grow th rate of 6.42 cm yr-1 w as m easured over a
3.5 yr time span (Grigg 1976). In the same study, the 
height of A. dichotoma  was also correlated to the 
assum ed annual grow th rings (Grigg 1976). Using the 
linear grow th rate on samples whose height was 
known, w e estim ated the age of sample BC#1 to be 
-12 yr and sample BC#2 to be 20 yr (Table 4). Using 
the linear relationship betw een  height and growth 
rings yr-1, BC#1 and BC#2 w ere estim ated to be 15 and 
25 yr old (Table 4), respectively. The minimum and 
maximum ages using the bomb 14C m ethod bracket 
these ages (Table 4), supporting the linear grow th rate 
and the annual grow th band estim ates (Grigg 1976).
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Fig. 8. A14C tim e-se ries in  a  su rface  coral (solid line) 
from  th e  is lan d  of H aw aii (T. P. G u ilderson  & D. P. 
S chrag  u n pub l. data). In n er a n d  o u ter A14C values 
of A n tip a th es  d ichotom a  (BC#1, BC#2, a n d  BC#3, 
T able  2) a n d  th e  ou ter v a lu e  of a  Gerardia  sp. sam ­
p le  (GER#2, T ab le  1) a re  p lo tte d  so th a t ca len d ar 
d a tes m ay  b e  estim ated . W here  th e  D SC A14C v a lu e  
is e q u a l to th e  su rface  coral A14C v alue , an  ag e  can  
b e  estim ated . U ncerta in ties  in  th is m e th o d  exist 
w h e n  th e  su rface  w a te r  14C is no t ch an g in g  quickly, 
re su ltin g  in  la rg e  ag e  estim a te  (e.g. in n er BC#1 an d  
BC#2 ag e  ran g e) a n d  w h e re  one A14C v a lu e  can  b e  
a sso c ia ted  w ith  2 tim e m ark ers  (e.g. ou ter BC#3 
age). T he p re -b o m b  A14C v a lu es of BC#3 w e re  a s­
s ig n ed  an  age  of 1957 (see Fig. 5). T he o u ter age  
(1962) of GER#2 w as u se d  to  d e te rm in e  th e  age  

an d  g ro w th  ra te  of th e  sam ple  in  Fig. 7

All 3 m ethods could be refined by the collection of live 
samples and reconstruction of the bomb curve using 
m aterial from individual grow th bands.

The A14C values along the radial transect of Leio­
pathes glaberrima collected at -450 m (BC#5) decreased 
gradually from a A14C value of -69  ± 4 %o at the outer 
edge to a value of -280.7 ± 2 .9 % o  (2600 ± 35 14C yr) at 
the center (Fig. 5, Table 3). Calibration of the 14C ages 
resulted in an age of 2320 +10/-20 calendar yr BP at 
the center (Fig. 9, Tables 1 & A2), yielding a life span 
of 2377 yr and a grow th rate of -5  pm yr-1. However, 
the grow th rate was not constant, w ith faster growth 
occurring w hen the sample was younger (Fig. 9).

There are no other age or grow th rate estim ates for 
Leiopathes glaberrima  that we are aw are of. It is inter-
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Fig. 9. L eiopa thes glaberrim a. 14C rad ia l tran sec t across a 
b lac k  coral sam ple  (BC#5, O) co llected  a t 450 m. A n  ag e  of 
-2377  yr w ith  a  g ro w th  ra te  <10 p m  yr-1 w as calcu la ted . O ver 
th e  first 6 m m  of g row th , th e  g row th  ra te  w as ap p aren tly  

faste r th a n  over th e  o u ter 8 m m

esting that species from the same family have such dif­
ferent growth rates, though it should not be surprising 
as there are significant differences betw een life at 
50 m versus 450 m. Food availability (POC and p lank­
ton) and/or tem perature (15°C difference betw een 
50 m and 420 m (www.soest.hawaii.edu/HOT_W OCE/) 
may, in part, explain the differences in grow th rates. In 
H aw aiian w aters A ntipathes dichotoma is not found 
below 110 m near the top of the main thermocline 
(Grigg 1976, 2001), thus it is possible that environ­
m ental differences may be im portant factors governing 
grow th rates. Ecological differences betw een and 
w ithin DSC beds and their relationship to different 
species is an im portant area of further study from both 
the geochem istry and m anagem ent standpoints.

Management and conservation

The m anagem ent of the precious coral fishery in 
H aw aiian w aters is a complex issue, in part because of 
multiple jurisdictions (e.g. Federal and State), and 
because each DSC bed is treated  as distinct m anage­
m ent units. The largest complicating factor is that 
m any aspects of the biology, including grow th rates, 
and ecology of all DSC rem ain open areas of research 
and thus any new  results may impact the precious 
coral fishery m anagem ent plan. For example, the h a r­
vest quota of 2000 kg 2 y u 1 for Corallium  spp. (pink 
coral) at the M akapuu DSC bed  includes a minimum 
size limit of 10 inches (25.4 cm) that is based the exist­
ing maximum sustainable yields (MSY) that use a 
linear increase in colony height of 0.9 cm y u 1 (Grigg 
1976, 2001; discussed above) to determ ine an age- 
frequency distribution (Western Pacific Regional Fish­

http://www.soest.hawaii.edu/HOT_WOCE/
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ery M anagem ent Council 2001, National M arine Fish­
eries Service (NMFS) 2002). The grow th rate and age 
estim ates reported  in this paper for Corallium secun­
dum  from Hawaii are significantly slower and older 
than those used in the MSY calculations. Thus, a 
revised and more conservative MSY based on the 
slower grow th rates may be more appropriate for the 
sustainable m anagem ent of the fishery.

The very slow grow th rates and extrem ely old ages 
reported  above for Leiopathes glaberrima  and Gerar­
dia sp. suggest harvesting of these species in any loca­
tions is unlikely to be sustainable. Currently, L. glaber­
rima is not part of the black coral fishery, but given the 
m uch slower grow th rates com pared to A ntipathes  
dichotoma  it is clear that different species of black 
coral should be m anaged differently and L. glaberrima 
should not be commercially harvested. Currently the 
harvesting of Gerardia sp. has been  suspended at the 
M akapuu bed  until additional information is available 
on the impact of harvesting on subsequent recru it­
m ent (Western Pacific Regional Fishery M anagem ent 
Council 2001, National M arine Fisheries Service 
(NMFS) 2002). H arvesting is still allowed at other beds 
although a moratorium is being considered by the 
W estern Pacific Regional Fishery M anagem ent Coun­
cil until better research exists on age/height relation­
ships and recruitm ent/reproductive biology to better 
calculate an MSY. The current MSY (e.g. Keahole 
Point DSC bed  MSY is 20 kg yr-1) is based entirely on 
the assumption that commercial sized individuals are 
40 yr of age. Our results show grow th rates that are 10 
to 70 times slower than those predicting 40 yr ages and 
thus these individuals are actually more than 400 yr old 
(with life-spans up to -2700 yr). There is also some dis­
crepancy in the reported  recruitm ent, w ith the gold 
coral stocks at the M akapuu Bed having reportedly 
experienced little to no recruitm ent and re-grow th 
(Western Pacific Regional Fishery M anagem ent Coun­
cil 2001), while Grigg (2002) reports a relative increase 
in the recruitm ent of young colonies at the same bed 
betw een 1997 and 2001. Irrespective of these discrep­
ancies, and on the basis of the ages we report here, it is 
our firm belief that commercial harvesting of Gerardia 
sp. is not sustainable. The longevity of these am azing 
life forms and their role in m aintenance of habitat and 
ecosystem health  also requires consideration of closing 
areas to long lining and trawling and a frank and 
earnest discussion of any fisheries plans' incidental 
dam age.

CONCLUSIONS

Here, we report radial grow th rates and ages of the 
Hawaiian DSC, Corallium secundum, Gerardia sp.,

Leiopathes glaberrima, and Antipathes dichotoma, 
based  on radiocarbon m easurem ents, w ith the follow­
ing results
• The prim ary source of carbon used for skeletogenesis 

by Corallium secundum  is seaw ater DIC. Using time 
m arkers associated w ith the tim e-dependent bomb 
14C content of the North Pacific, we determ ine radial 
grow th rates of -170 pm y r 1 and colony ages of 67 to 
71 yr for samples -28 cm in height and -12 mm in 
diam eter

• The prim ary source of carbon used for skeletogene­
sis by Gerardia sp. is POC. A grow th rate of 15 pm 
y r 1 and an age of 807 ± 30 yr was calculated from a 
high resolution 14C radial transect on a live collected 
Gerardia sp. specimen. Inner and outer 14C m ea­
surem ents on 4 sub-fossil Gerardia sp. samples sup­
port the low grow th rates (range 14 to 45 pm yr-1) 
and great ages (range 450 to 2742 yr) for this o rgan­
ism. One organism  was determ ined to have lived 
2742 yr

• Similarly, w ith a growth rate of -5  pm yr-1 (basal 
radial diam eter -12 mm) and an estim ated colony 
age of -2377 yr, the deep dwelling black coral Leio­
pathes glaberrima is also extrem ely long lived

• In contrast, A ntipathes dichotoma specim ens from 
50 m depth  ranged in age from 12 to 32 yr, with
grow th rates on the order of 180 pm y u 1 to 1140 pm

_1  yr .
These results show that these DSC grow more 

slowly and are older than  previously thought, e sp e ­
cially the Gerardia sp. and Leiopathes glaberrima 
samples. As a result, fishing practices and the MSY 
calculations for the precious coral fishery in Hawaii 
(and likely elsewhere) should be re-evaluated  for 
preservation of the fishery and for the conservation of 
the DSC. The 14C chronologies presen ted  here  are 
accurate enough for studies of m ulti-decadal variabil­
ity w ithin the ocean interior. Thus, there is great 
potential to use long-lived DSC species in paleocli- 
m ate reconstructions.

A ck n o w led g e m e n ts .  W e th a n k  T. Kerby, th e  H aw aii U n d e r­
se a  R esearch  L abora tory  Pisces IV a n d  V pilots an d  e n g i­
n ee rs , a n d  th e  cap ta in  a n d  crew  of th e  R/V 'K a'im ikai-o- 
K analoa ' for th e ir h e lp  in  collecting  coral sam ples. W e a re  
g ra te fu l to R. G rigg  for p ro v id in g  ad d itio n al coral sam ples. 
W e especially  th a n k  th e  7 anonym ous rev iew ers for p ro v id ­
in g  constructive  a n d  u sefu l com m ents a n d  th e  su p p o rt of 
M EPS ed ito r Dr. B irkeland. F u n d in g  for th e  collection  of 
sam ples u s in g  th e  'PISCES V ' w as p ro v id ed  b y  N O A A / 
HURL in  a  g ran t to R.D. an d  B. Linsley. F u n d in g  for EBR an d  
14C analyses w as p ro v id ed  by  th e  U niversity  of C alifornia 's 
Office of th e  P re sid en t's  CAM S m in ig ran t p ro g ram  to B.L.I. 
a n d  T.P.G. R adiocarbon  analyses w e re  p e rfo rm ed  u n d e r  th e  
au sp ices of th e  US D ep artm en t of E n erg y  b y  th e  U niversity  
of C alifo rn ia  L aw rence  L iverm ore N ationa l L aboratory  (con­
trac t W -7405-Eng-48).



R oark e t al.: H aw aiian  d e ep -se a  coral ag e  a n d  g row th  ra tes 13

LITERATURE CITED

A dkins JF, C h en g  H, Boyle EA, D ruffel ERM, E dw ards RL 
(1998) D eep -sea  coral ev id en ce  for ra p id  ch an g e  in  v e n ti­
la tio n  of th e  d e ep  N o rth  A tlantic  15,400 y ears ago. 
Science 280:725-728  

A dkins JF, Griffin S, K ash g arian  M , C h en g  H, D ruffel ERM, 
Boyle EA, E dw ards RL, Sh en  C (2002) R adiocarbon  d a tin g  
of d e ep -se a  corals. R adiocarbon  44 :567-580  

A dkins JF, H en d erso n  GM , W ang SL, O 'S h ea  S, M o k ad em  F 
(2004) G row th  ra te s  of th e  d e ep -se a  sc leractin ia  D esm o ­
p h y llu m  cristagalli a n d  E nallopsam m ia rostrata. E arth  
P lan e t Sei Lett 227:481-490  

A n d rew s AH, C ordes EE, M ahoney  M M , M u n k  K, C oale  KH, 
C ailliet GM , H eifetz J  (2002) A ge, g ro w th  a n d  rad iom etric  
ag e  va lid a tio n  of a  d e ep -se a  h ab ita t-fo rm in g  go rg o n ian  
(Primnoa rededaeform is) from  th e  G ulf of A laska. H ydro- 
b io log ia  471:101-110  

C h en g  H, A dkins J , E d w ards RL, Boyle EA (2000) U -T h d a tin g  
of d eep -sea  corals. G eochim  Cosm ochim  A cta  64:2401-2416 

D ruffel ERM, W illiam s PM  (1990) Iden tification  of a  d eep  
m arin e  sou rce  of p a r ticu la te  o rgan ic  carbon  u s in g  bom b 
14C. N a tu re  347:172-174 

D ruffel ERM, K ing LL, B elastock RA, B uesse ler KO (1990) 
G row th  ra te  of a  d e ep -se a  coral u s in g  Pb-210 a n d  o ther 
iso topes. G eochim  C osm ochim  A cta  54:1493-1500 

D ruffel ERM, W illiam s PM , B auer JE , E rtel JR  (1992) C ycling 
of d isso lved  a n d  p a r ticu la te  o rgan ic  m atte r  in  th e  open  
ocean. J  G eophys Res (C O ceans) 97:15639-15659 

D ruffel ERM, Griffin S, W itter A, N elson  E, S ou thon  J, K ash­
g a ria n  M , V ogel J  (1995) Gerardia: B ristlecone p in e  of th e  
d eep -sea?  G eochim  C osm ochim  A cta 59:5031-5036 

D ruffel ERM, G riffin S, G u ilderson  TP, K ash g arian  M, 
Sou thon  JR, Schrag  DP (2001) C h an g es of sub trop ica l 
N o rth  Pacific rad io carb o n  a n d  co rre la tion  w ith  clim ate 
variability . R ad iocarbon  43 :15-25  

F ran k  N, P a te rn e  M, Ayliffe L, v a n  W eering  T, H en rie t JP, 
B lam art D (2004) E aste rn  N orth  A tlan tic  d e ep -se a  corals: 
tra c in g  u p p e r  in te rm ed ia te  w a te r  A14C d u rin g  th e  Holo- 
cene. E arth  P lan e t Sei Lett 219:297-309  

G oldste in  SJ, L ea DW, C h ak rab o rty  S, K ash g arian  M, M urre ll 
M T (2001) U ran ium -series a n d  rad io carb o n  g eo ch ro n o ­
logy  of d e ep -se a  corals: im plications for S o u th ern  O cean  
v en tila tio n  ra te s  a n d  th e  oceanic carb o n  cycle. E arth  
P lan e t Sei Lett 193:167-182 

G oodfriend  GA (1997) A spartic  acid  racem iza tio n  a n d  am ino 
acid  com position  of th e  o rgan ic  en d o sk e le to n  of th e  deep- 
w a te r  colonial an em o n e  Gerardia: d e te rm in a tio n  of lo n g e ­
vity  from  k inetic  experim en ts. G eochim  C osm ochim  A cta 
61:1931-1939

G riffin S, D ruffel ERM (1989) Sources of carb o n  to d e ep -se a  
corals. R adiocarbon  55 :533-542  

G rigg  RW (1974) G row th  rings: a n n u a l period icity  in  tw o 
g o rg o n ian  corals. Ecology 55:876-881 

G rigg  RW (1976) F ishery  m an a g em e n t of p recious a n d  stony 
corals in  H aw aii. R eport No. UNIHI-SEAGRANT-TR-77- 
03, U niversity  of H aw aii S ea  G ran t P rogram , H onolulu , HI 

G rigg  RW (1988) R ecru itm en t lim ita tion  of a  d e ep  ben th ic  
h a rd -b o tto m  octocoral p o p u la tio n  in  th e  H aw aiian  Islands. 
M ar Ecol P rog  Ser 45 :121-126  

G rigg  RW (1993) Precious coral fisheries of H aw aii a n d  th e  
U.S. Pacific Islands. M ar F ish  Rev 55 :50-60  

G rigg  RW (2001) B lack coral: H istory  of a  su s ta in ab le  fishery  
in  H aw ai'i. Pac Sei 55:291-299 

G rigg  RW (2002) Precious corals in  H aw aii: d iscovery  of a 
n e w  b e d  a n d  rev ised  m an a g em e n t m easu re s  for ex isting  
b eds. M ar F ish  Rev 64:13-20

G u ilderson  TP, S chrag  DP, K ash g arian  M, Southon  J  (1998) 
R adiocarbon  variab ility  in  th e  w e s te rn  eq u ato ria l Pacific 
in fe rred  from  a  h ig h -reso lu tio n  coral re co rd  from  N a u ru  
Island. J  G eophys Res 103:24641-24650 

H all-S p en cer J , A llain  V, Fossa JH  (2002) T raw ling  d am ag e  to 
N o rth east A tlan tic  an c ien t coral reefs. Proc R Soc Lond, 
Ser B: Biol Sei 269:507-511 

H eikoop  JM , H ickm ott DD, Risk M J, S h ea re r CK, A tudore i V 
(2002) P o ten tia l clim ate s ignal from  th e  d e ep -se a  go r­
g o n ian  coral Prim noa resedaeform is. H ydrobio log ia  471: 
117-124

H u g h e n  KA, Baillie M GL, B ard  E, Bayliss A a n d  23 others 
(2004) M arine04  M arine  rad io carb o n  ag e  calibra tion , 
26-0 k a  BP. R adiocarbon  46 :1059-1086 

K rieger KJ (2000) C oral (Prim noa ) im p ac ted  b y  fish ing  g ear 
in  th e  G ulf of A laska. In: W illison JH M , H all J , G ass 
SE, K ench ing ton  ELR, B utler M, D oherty  P (eds) First 
in te rn a tio n a l sym posium  on d e e p -se a  corals. Ecology 
A ction C en te r a n d  N ova Scotia  M useum , Halifax,
p 106-116

M arsch al C, G a rrab o u  J, H arm elin  JG , P ichón M  (2004) A 
n e w  m eth o d  for m easu rin g  g ro w th  a n d  ag e  in  th e  p recious 
re d  coral C orallium  ru b ru m  (L.). C oral Reefs 23 :423-432  

N a tional M arine  F isheries Service (NM FS-NOAA) (2002) 
F isheries off w est coast s ta te s  a n d  th e  w e s te rn  Pacific; 
p recio u s corals fisheries; h a rv es t quotas, defin itions, size 
lim its, g ear restric tions, a n d  b e d  classifications. F ed eral 
R egister 67:11941-11945 

P arrish  FA, A b e rn a th y  K, M arshall GJ, B uhleier BM (2002) 
H aw aiian  m o n k  sea ls (M onachus schauinslandi) fo rag ing  
in  d e ep -w a te r  corals b eds. M ar M am m  Sei 18:244-258 

Risk M J, H eikoop  JM , Snow  M G, B eukens R (2002) L ifespans 
a n d  g ro w th  p a tte rn s  of tw o d e ep -se a  corals: Primnoa  
resedaeform is  a n d  D esm o p h yllu m  cristagalli. H ydrobio lo­
g ia  471:125-131 

R oark  EB, G u ilderson  TP, F lood-Page SR, D u n b ar RB, Ing ram  
BL, Fallon  SJ, M cC ulloch M T (2005) R ad io carb o n -b ased  
ages an d  g row th  ra te s  for b am boo  corals from  th e  Gulf 
of A laska. G eophys Res Lett 32:L04606, doi:04610.01029/ 
02004GL021919 

S herw ood  OA, H eikoop  JM , Scott DB, Risk M J, G uilderson  
TP, M cK inney RA (2005) S tab le  istopic com position  of 
d eep  sea  g o rg o n ian  corals Primnoa  spp.: a  n e w  arch ive 
of su rface  p rocesses. M ar Ecol P rog  Ser 301:135-148  

Sm ith  JE , Risk M J, Schw arcz HP, M cC o n n au g h ey  TA (1997) 
R apid  clim ate ch an g e  in  th e  N o rth  A tlantic  d u rin g  th e  
Y ounger D ryas re co rd e d  by  d e e p -se a  corals. N a tu re  386: 
818 -8 2 0

Sm ith  JE , Schw arcz HP, Risk M J, M cC o n n au g h ey  TA, Keller 
N  (2000) P a leo tem p era tu res from  d e ep -se a  corals: O v er­
com ing 'v ita l effects '. Palaios 15:25-32 

Sm ith  JE , Schw arcz HP, Risk M J (2002) P a tte rn s of isotopic 
d isequ ilib ria  in  azo o x an th e lla te  coral ske letons. H y d ro ­
b io log ia  471:111-115 

S tone R, W ing B (2000) G row th  a n d  rec ru itm en t of a n  A lask an  
sh a llow -w ater gorgon ian . In: W illison JH M , H aii J, G ass 
SE, K ench ing ton  ELR, B utler M, D oherty  P (eds) First 
in te rn a tio n a l sym posium  on d e e p -se a  corals. Ecology 
A ction C en te r a n d  N ova Scotia M useum , H alifax, p  8 8 -9 4  

S tuiver M, Po lach  HA  (1977) D iscussion  a n d  re p o rtin g  of 14C 
data. R adiocarbon  19:355-363 

S tuiver M, Q uay  PD (1981) A tm ospheric  14C ch an g es re su lt­
in g  from  fossil fu e l C 0 2 re le a se  a n d  cosm ic ray  flux v a ri­
ability. E arth  P lan e t Sei Lett 53:349-362  

S tuiver M, R eim er P J (1993) E x ten d ed  14C d a ta b ase  an d  
rev ised  CALIB rad io carb o n  ca lib ra tion  p rogram . R adio­
carbon  35 :215-230



14 M ar Ecol P rog  Ser 327: 1 -14 , 2006

T h resh er R, R intoul SR, Koslow JA , W eidm an  C, A dkins JF, 
Proctor C (2004) O ceanic  ev id en ce  of c lim ate  ch an g e  in 
so u th e rn  A u stra lia  over th e  last th re e  cen tu ries. G eophys 
Res Lett 3LL07212, doi:07210.01029/02003G L018869 

V ogel JS , S outhon  JR, N elson  DE (1987) C ata lyst a n d  b in d er 
effects in  th e  u se  of filam entous g rap h ite  for AMS. 
N u c lea r in stru m en ts  a n d  m eth o d s in  physics re se a rc h  B 
29 :50-56

W ein b au er M G, B ran d sta tter F, V elim irov B (2000) O n th e  
p o ten tia l u se  of m ag n esiu m  a n d  stron tium  concen tra tions 
as ecological ind ica to rs in  th e  calcite sk e le to n  of th e  re d  
coral (C orallium  rubrum ). M ar Biol 137:801-809 

W estern  Pacific R egional F ishery  M an ag em en t C ouncil (2001) 
A fram ew ork  ad ju s tm en t to  m easu re s  in  th e  fishery  m a n ­
ag em en t p la n  for th e  p recious coral fisheries of th e  W est-

Editorial responsib ility: C harles B irke la n d  (C ontribu ting  
Editor), Elonolulu, H aw aii, USA

e rn  Pacific Region: re g a rd in g  h a rv es t quo tas, definitions, 
size lim its, g e a r restric tions, a n d  b e d  classifications. 
W estern  Pacific R egional F ishery  M an ag em en t C ouncil, 
H onolulu, HI

W ilson MT, A n d rew s AH, B row n AL, C ordes EE (2002) Axial 
ro d  g ro w th  a n d  ag e  estim ation  of th e  se a  p en , H alipteris  
w illem oesi Kolliker. H ydrobio log ia  471:133-142  

W itherell D, C oon C (2000) P ro tecting  G org o n ian  corals off 
A laska  from  fish ing  im pacts. In: W illison JH M , H aii J , G ass 
SE, K ench ing ton  ELR, B utler M , D oherty  P (eds) First in te r­
n a tio n a l sym posium  on d e e p -se a  corals. Ecology A ction 
C en te r an d  N ova Scotia  M useum , H alifax, p  117-125 

W itherell D, C laren ce  P, F lu h arty  D (2000) A n ecosystem - 
b a se d  ap p ro ach  for A laska  g ro u n d fish  fisheries. ICES J  
M ar Sei 57:771-777

S u b m itted : Ja n u a ry  13, 2006: A ccep ted : S e p te m b e r  14, 2006  
Proofs re c e ive d  from  author(s): N o v e m b e r  3, 2006


