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[1] To demonstrate the utility of coral skeletons as a recorder of nitrate dynamics in the
surface ocean, we collected coral skeletons of Porites lobata and determined their
nitrogen isotope composition (d15Ncoral) from 2002 to 2006. Skeletons were collected at
Okinotori Island in southwestern Japan, far from any sources of terrestrial nitrogen.
Nitrogen isotope compositions along the growth direction were determined at 800 mm
intervals (∼1 month resolution) and compared against the skeletal carbon isotope
composition (d13Ccoral‐carb), barium/calcium ratio (Ba/Ca), and Chlorophyll‐a
concentration (Chl‐a). From 2002 to 2004, ratios of the d15Ncoral varied between
+0.8 and +8.3‰ with inverse variation to SST (r = −0.53). Ba/Ca ratios and Chl‐a
concentrations were also observed to be high during seasons with low SST. These
results suggested that the vertical mixing that occurs during periods of low SST carries
nutrients from deeper water (d15NDIN; +5∼+6‰) to the sea surface. In 2005 onward,
d15Ncoral and Ba/Ca ratios also had positive peaks even in high SST during periods of
transient upwelling caused by frequent large typhoons (maximum wind speed 30 m/s). In
addition, low d15Ncoral (+0.8∼+2.0‰) four months after the last typhoon implied
nitrogen fixation because of the lack of typhoon upwelling through the four years record
of d15Ncoral. Variations in the d13Ccoral‐carb and d15Ncoral were synchronized, suggesting
that nitrate concentration could control zooxanthellae photosynthesis. Our results
suggested that d15Ncoral holds promise as a proxy for reconstructing the transport
dynamics of marine nitrate and thus also a tool for estimating nitrate origins in the
tropical and subtropical oceans.
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1. Introduction

[2] Coral skeleton has been proposed to be a high‐
resolution recorder of past nutrient dynamics in the open
ocean with a time scale of decades to millennia. Coralline
Ba/Ca and Cd/Ca ratios have been used as recorders of
upwelling events in the tropical ocean [e.g., Lea et al.,
1989; Shen et al., 1987, 1991, 1992; Matthews et al.,
2008]. Concentrations of Ba and Cd increase with depth

as nutrients distribute through the water column. LaVigne
et al. [2008] reported that P/Ca ratios could be a direct
nutrient proxy, observing that P/Ca cycles in a coral skeleton
tracked variations in past seawater phosphate abundance in
synchrony with seasonal upwelling.
[3] In addition to upwelling, nutrient concentrations in

the surface ocean are determined by other processes such
as ocean circulation, mixed‐layer dynamics, atmospheric
deposition, and the influences of biological pump. Con-
ventional nutrient proxies have limitations in reconstructing
these various nutrient sources. The nitrogen isotope of
organic matter contained in coral skeletons (d15Ncoral) has
the potential to record the origin of nitrogenous nutrients with
their own nitrogen isotope compositions. Organic matrix in
coral skeletons is biosynthesized in a prerequisite step of the
calcification process [Allemand et al., 1998], and preserved
over a timescale of centuries [Ingalls et al., 2003]. Reef‐
building corals seem well adapted to life in tropical waters that
are poor in suspended particulate food. The d15Ncoral in sym-
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biotic corals (+4.09 ± 1.51‰) was substantially lower than that
in non‐symbiotic corals (+12.25 ± 1.81‰) because the former
exhibit both phototrophic and heterotrophic nutritional life-
styles [Muscatine et al., 2005]. According to Rahav et al.
[1989], 90% of the nitrogen assimilated by zooxanthellae is
generated by the recycling of organic nitrogen within the host,
and 10% is new nitrogen thatmust be assimilated fromexternal
sources to support new growth. These results imply that the
nitrate absorbed by symbiotic algae is one of the main nutrient
sources for corals.
[4] Previous studies have suggested that the time series of

d15Ncoral through the coral skeletons represent the history of
nitrogen isotope in dissolved inorganic nitrogen (d15NDIN).
Marion et al. [2005] reported that agricultural fertilizer
flowing into a coral reef changed the d15Ncoral, while 30 year‐
tracks of the d15Ncoral were found to decline with the
increased introduction of chemical fertilizers with a low
d15N value (−0.8‰). In the results of Marion et al. [2005],
the temporal resolution of the d15Ncoral was 3 to 6 months
because the nitrogen abundance in the coral skeleton was too
low (10 to 500 ppm) to be analyzed at a higher resolution;
therefore, they targeted baseline changes in the d15Ncoral at an
annual time step. Uchida et al. [2008] analyzed 2 year‐
changes in the d15Ncoral in Palau coral with a higher resolution
(8 points/year) and suggested that the d15Ncoral could be
controlled by the seasonal mixing of a 15N‐depleted com-
ponent from N2 fixation and 15N‐enriched nitrate from the
tropical open ocean. However, they did not demonstrate the
occurrence of seasonal mixing with any observation data and
other coral proxies.

[5] In this study, we measured the d15Ncoral in a Porites
lobata coral from Okinotori Island, a site located in the open
ocean in the tropical western Pacific. Okinotori Island is an
isolated island far removed from any sources of anthropo-
genic contamination. Coral reefs are mainly found in coastal
areas that have been greatly affected by terrestrial inputs
[Bell, 1992; Fabricius, 2005] and groundwater [Szmant,
2002], and these rich nutrient sources might mask the
driving factor in the d15Ncoral variability. However, in the
Okinotori coral reef, nitrogen inputs come mainly from
upwelling water and nitrogen fixation. The d15Ncoral of
Okinotori coral was analyzed at a high temporal resolution
(approximately 1 month) to determine the seasonal variation
of the d15Ncoral and demonstrate the possibility of using
d15Ncoral as a new proxy for reconstructing nutrient transi-
tion in the oceans. Additionally, the Ba/Ca ratio was ana-
lyzed in parallel with the d15Ncoral to detect upwelling water.
We also used carbon isotopes in coral aragonite skeletons as
a proxy for the photosynthetic activity of Okinotori coral.
These coral geochemical data were compared with satellite
data of Chl‐a concentrations.

2. Materials and Methods

2.1. Okinotori Coral

[6] A specimen of a living coral colony of Porites lobata
was collected at 2m depth in the coral reef of Okinotori Island
(20°25′N, 136°05′E) in Japan (Figure 1). Okinotori Island is
the southernmost island in Japan and a solitary sea mountain
with an elevation of 5700m in the western Pacific Ocean. The

Figure 1. (a) Location of Okinotori Island (20°25′N, 136°05′E) and station 5‐1 (open circle; 19°59′N,
137°01′E) during R/V Hakuhoumaru cruise KH‐06‐2. (b) Submarine topography in a bird’s‐eye view
around Okinotori Island (Hydrographic and Oceanographic Department, Japan Coast Guard, 1991).
The angle of depression is 45° northward in submarine topography.
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island consists of two small tops over the sea surface inside a
reef with a periphery of 11 km. Coral sampling was per-
formed by scuba diving on June 5th, 2006, during cruise
KH‐06‐2 of the Research Vessel (R/V) Hakuhoumaru.
Figure 2 shows the vertical distributions of dissolved inor-
ganic nitrogen and Chl‐a near Okinotori Island (19°58.96′N,
137°00.87′E) on June 7th, 2006 (H. Ogawa, personal com-
munication, 2008). Nitrate concentrations were below the
detection limit in the euphotic zone (0 to 200 m depth) and
increased in deeper layers. Okinotori coral is thus appropriate
for estimating the origins of nitrogen uptake into corals and of
nitrogenous nutrient dynamics in the tropical western Pacific.

2.2. Isotope Analysis

[7] An entire colony with a 60 cm wide diameter was
sliced and ground to a thickness of 7 mm. X‐ray photo-
graphs were taken at 55 kV, 3.5 mA, with an exposure time
of 45 s. Based on visual inspections of the x‐ray photo-
graphs, 28 annual bands were observed, and analytical lines
were determined along the major growth axis (45.5 mm long
from the coral surface). A 5 cm wide slab was cut from the
sliced coral and further ground to a thickness of 3 mm; this
thickness corresponds to the size of three individual cor-
allites. The coral slab was cleaned by Milli‐Q water in an
ultra sonic bath for 20 min. The cleaning was repeated four
times. The slab was dried in a 40°C oven. Microsampling
for d13C and d18O analysis was conducted at 1 mm thickness
from the slab edge, along a 1 mm width of the analysis line,
and at 0.2 mm intervals toward the growth axis (corre-
sponding to a temporal resolution of less than 1 week).
Powdered samples (80 to 100 mg) were reacted with phos-
phoric acid at 70°C in a carbonate reaction device (Kiel
device II). The CO2 gas produced in this reaction was then
introduced into a coupled mass spectrometer (Finnigan
MAT 251). The d13C and d18O values were calibrated
against NBS‐19 and reported in standard d notation relative
to the Vienna Pee Dee Belemnite (VPDB) standard. Ana-
lytical error was estimated by 15 replicate measurements of
a homogenized powder of crushed coral. The standard
deviations (2s; 95% confidence) are 0.05‰ and 0.08‰ for
the d13C and d18O, respectively [Watanabe et al., 2001].
[8] Powdered samples for the d15N and total nitrogen

(TN) were obtained from a line parallel to the one used to

collect the d13C and d18O samples. The total amount of
nitrogen constituents in coral aragonite has been estimated
to range from 0.001 to 0.05 wt% [Marion et al., 2005]. The
d15N and TN were microsampled from a 3 mm thick ledge
every 0.8 mm (approximately 1 month resolution) to a depth
of 3 mm, so as to obtain 3 mg of carbonate powder. To
ensure no nitrogen loss during sample preparation, the
skeletal powders were folded in tin capsules. We measured
bulk d15N and TN in coral skeleton that includes both the
soluble and the insoluble matrices. Previously, the insoluble
matrix of nitrogen isotopes has been used as an indicator of
marine pollution by Marion et al. [2005]. However, the
soluble matrix of coral skeletons is rich in acidic amino
acids [Mitterer, 1978; Young, 1971; Cuif et al., 1999]. We
therefore tried to detect the bulk d15Ncoral. The d

15N and TN
were measured using an online system of a Finnigan Delta
Plus XP isotope‐ratio mass spectrometer coupled to a Flash
EA 1112 Automatic Elemental Analyzer through a Con‐Flo
III interface [Ohkouchi et al., 2005; Ogawa et al., 2010].
Isotope compositions were expressed in conventional d
notation against atmospheric N2 for nitrogen. The analytical
error for d15N was estimated to be within 0.2‰.

2.3. Analysis of Barium/Calcium Ratios

[9] Barium and calcium concentrations were analyzed along
the same sampling line that was used for nitrogen isotope
sampling. Concentrations were measured using laser ablation‐
inductively coupled plasma‐mass spectrometry (LA‐ICP‐MS)
[Agilent 7500CS ICP‐MS coupled with a 213 nm Nd‐YAG
laser ablation system (New Wave Research)]. The flow rate
for the laser ablation cell output gas (He) was 600 ml/min.
Ablated sample was also mixed with additional Ar before
injection into the mass spectrometer. The slab sample was
ablated using a 30 mm laser spot at 50 mm intervals. All laser
spots avoided pores on the coral skeletons (Figure S1 in the
auxiliary material).1 The distance from the top of the slab to
each ablation spot was calculated as if each spot was on a
straight line. Before data acquisition, the sample surface was
cleaned by five seconds of pre‐ablation. The calibration of the
signal intensity to the Ba/Ca ratio was performed using three

Figure 2. Vertical distribution of inorganic nitrogen (NO3
−, NO2

− and NH4
+) and Chl‐a at station 5‐1.

The concentrations of nutrients were very low and near the detection limit, especially in the surface
layer (0 to 200 m) of the water column (euphotic zone).

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JG001697.
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standard materials: NIST 612 standard glass distributed by
the National Institute of Standards and Technology, pressed
pellets of certified reference materials of powdered coral
(JCp‐1), and powdered giant clam (JCt‐1), both distributed
by the National Institute of Advanced Industrial Science and
Technology [Shirai et al., 2008]. The isotope 44Ca was used
as an internal standard, and 138Ba was expressed in terms of
its molar ratio to 44Ca. The analytical error for the Ba/Ca ratio
was 0.42 mmol/mol (n = 34, 1s), estimated by replicate
measurements of JCp‐1. The Ba/Ca data were filtered
through a five‐point running median function to remove the
occasional extreme outliner points resulting from dust or
other discrete particle contamination entering the plasma

[Sinclair et al., 1998]. The resolution of the filtered Ba/Ca
data was approximately 10 days.

2.4. Environmental Data

[10] Data on temporal chlorophyll‐a concentrations (8‐day
binned data available at NASA’s Ocean Color Web, http://
oceancolor.gsfc.nasa.gov/) were obtained from a 9 km by
9 km pixel containing Okinotori Island in SeaWiFS (Sea‐
viewing Wide Field‐of‐view Sensor) [McClain et al.,
2004]. Isotopic and elemental analyses were converted
to time series using the relationship between the skeletal
d18O and sea surface temperature (SST) observed by the
Japan Agency for Marine‐Earth Science and Technology
(SST data available at the JAMSTEC Okinotorishima
Web site, http://www.jamstec.go.jp/j/database/okitori/index.
html). The SST was measured at intervals of either 40 min or
1 h at an automatic observatory in Okinotori Island. These
data were converted to weekly averages to better compare
with the temporal resolution of the isotope analysis. The
d15Ncoral and TN were also plotted with the outgoing long‐
wave radiation (OLR) obtained from satellite observation
data collected by the National Oceanic and Atmospheric
Administration (NOAA) [Liebmann and Smith, 1996]. The
OLR is the intensity of infrared emission from the ocean
surface, which decreases with increasing cloud cover. Sur-
faces covered by clouds emit relatively short‐wave radiation,
reflecting the cooling temperature of the cloud surface. In
contrast, long‐wave radiation is emitted from warming sur-
faces. The OLR could be used as an indicator of high
sunlight‐like OLR in strong sunlight [Shupe and Intrieri,
2004]. We also described typhoon passed over Okinotori
Island. Typhoons defined from the past positions of typhoons
(Japan meteorological agency) and wind speed at Okinotori
Island observed by JAMSTEC (wind speed data available at
http://www.jamstec.go.jp/j/database/okitori/index.html).

2.5. Chronology for Okinotori Coral

[11] The age model was established using the relationship
between the coral d18O profiles and SST (Figures 3d and
3h). The d18O profile was compared with density bands in
x‐radiographs to detect annual variations. High‐density

Figure 3. Time series of coral isotope analysis and meteo-
rological data for Okinotori Island. Duration of the typhoons
passing above Okinotori Island was shown as black circles
(maximum wind speed larger than 30 m/s) and gray circles
(maximum wind speed larger than 20 m/s) above the x axis.
(a) Nitrogen isotope ratio in the organic matrix of coral ske-
letons (d15Ncoral), (b) total nitrogen in coral skeletons (TN),
(c) row plots of coral skeletal Ba/Ca ratios; solid line, and
12 samples/yr resampling; thin line, (d) oxygen isotope ratio
in skeletal carbonate (d18Ocoral‐carb.), 12 samples/yr resam-
pling; open circle with solid line, row plots; thin line,
(e) carbon isotope ratio in skeletal carbonate (d13Ccoral‐carb.),
12 samples/yr resampling; open circle with solid line,
row plots; thin line, (f) Chl‐a concentration calculated from
8‐day composite images of SeaWiFS, (g) weekly outgoing
long‐wave radiation (OLR) from satellite data of NOAA,
and (h) weekly sea surface temperature (SST) from the
observatory of the Japan Agency for Marine‐Earth Science
and Technology (JAMSTEC).
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bands appeared at the minima of the d18O (high SST). The
skeletal d18O variation in Okinotori coral included both
positive and negative spikes. To clarify the seasonal varia-
tion of the d18O, the data were resampled at a resolution of
12 points/year. The majority of the seasonal variation of the
d18O in coral was between −5.4 and −4.5‰. The resampling
profile was compared against the SST. As time control
points, the minima and maxima for the d18O were tied to the
maxima and minima for SST, respectively. To convert dis-
tances into dates, the growth rate was assumed to be con-
stant during each of the tied points.

3. Results

3.1. d15Ncoral and TN in Okinotori Coral

[12] Figure 3 shows the analytical results of the Okinotori
coral analysis and meteorological data for Okinotori Island.
The d15Ncoral profile from May 2002 to June 2006 showed
seasonal variations ranging between +0.8 and +8.3‰
(Figure 3a). The average values of the d15Ncoral (+3.7‰)
agree with the symbiotic coral skeletal value (+4.09 ±
1.51‰) reported by Muscatine et al. [2005]. The d15N in
coral tissues and skeletons has been used as an indicator of
the d15NDIN [Sammarco et al., 1999; Heikoop et al., 2000;
Risk et al., 1994; Marion et al., 2005; Uchida et al., 2008].
The DIN assimilated by zooxanthellae is assumed to be the
main source of nitrogen for coral, according to D’Elia and
Cook [1988]. At the subtropical North Pacific Station
ALOHA, the d15N values of DIN increase from +1.9‰ at a
150 m depth to +7.1‰ at a 500 m depth [Casciotti et al.,
2008]. In deeper water (below 500 m), the d15NDIN is typ-
ically +5 to +6‰ in the north Pacific [e.g., Cline and
Kaplan, 1975; Liu et al., 1996; Sigman et al., 2005;
Casciotti et al., 2008]. Previous studies have suggested that
the DIN sources for surface water in the subtropical North
Pacific are biological fixation of N2 and nitrate from deep
water upwelling [e.g., Liu et al., 1996; Dore et al., 2002;
Casciotti et al., 2008]. The d15NDIN from N2 fixation was
assumed to be around 0‰, and the d15NDIN from deeper
water was assumed to be +5 to +6‰. The d15NDIN in sub-
surface water depends on the mixing ratio of these two
sources as well as biological fractionation in the euphotic
zone [Sigman et al., 1999]. The d15Ncoral of the Okinotori
coral (+0.8∼+8.3‰) varied within a similar range of
d15NDIN in tropical and subtropical North Pacific. The
d15Ncoral values obtained intra‐annual highs when SSTs were
low (29°C below): in the summer of 2002, the beginning of
2003, the beginning of 2004, May to September in 2004, and
the beginning of 2005 (Figure 3h). From June of 2002 to
November of 2004, monthly d15Ncoral and SST had negative
correlation (r2 = 0.28, p < 0.003) (Figure S2). In this term,
d15Ncoral had gradually decreasing with increasing annual
mean SST (27.7°C in 2002, 27.9°C in 2003, and 28.4°C in
2004). On the other hand, from November of 2004 onward,
monthly d15Ncoral and SST had positive correlation (r2 = 0.43,
p = 0.01) although significance (p‐value) was smaller than
the former term. This correlation mainly attribute to the
positive peaks (∼5‰) of d15Ncoral in summer of 2005, when
Ba/Ca had positive peaks similarly. The d15Ncoral values
were extremely low (between +0.8 and +2.0‰) in May 2003,
April and November 2004, and February 2005.

[13] The total nitrogen (TN) content in coral ranged from
0.007 to 0.048%, with a mean value of 0.015% (Figure 3b).
The mean value of TN agrees with that of the previous
studies (0.001 ∼ 0.1‰ [Marion et al., 2005; Uchida et al.,
2008]). The TN profile generally trended high with high
d15Ncoral values, with the exception of August 2003. The TN
could capture the quantity of nitrogenous nutrients assimi-
lated by corals. Absorption of nitrogen by symbiotic algae
could cause coral metabolism to be more active and con-
sequently lead to organic nitrogen being fixed in coral
skeletons. In addition to physiological changes, higher TN
values might also be caused by organic matter such as
endolithic algae adhering to the surface of the skeletons
[e.g., Odum and Odum, 1955; Fork and Larkum, 1989].
However, we did not find algae on the skeletal surface
under the microscope. We also have to consider that
whether TN changed with the skeletal density. Extension
rate in massive Porites is inversely related to average
skeletal density [Lough and Barnes, 2000]. From 2003 to
2005, annual extension rate and annual average of TN
were 13.6 mm/year −0.016%, 10.2 mm/year −0.012%, and
12.5 mm/year −0.013%, respectively. TN increased with
increasing extension rate; decreasing skeletal density. This
result suggested an accumulation of skeletal organic matter
was not dependent on the skeletal structure in Okinotori coral.

3.2. Ba/Ca in Okinotori Coral

[14] The Ba/Ca in Okinotori coral ranged from 5 to
14 mmol/mol and averaged 6.6 mmol/mol (Figure 3c).
The Ba/Ca had the highest peak in August to September
2004 when six typhoons passed across Okinotori Island in
succession. The Ba/Ca ratios were also high during each of
the typhoon seasons from 2002 to 2005. Okinotori Island
rises steeply from the deep sea (approximately 2500 m)
(Figure 1), which causes upwelling [Genin and Boehlert,
1985]. Typhoons formed off the equatorial areas often pass
across Okinotori Island as they move toward East Asia.
According to Price [1981], the heavy winds that occur during
these hurricanes cause upwelling. The Ba/Ca was high during
periods of low SST and low during periods of high SST, with
the exception of May to August 2003. The Ba/Ca profile also
oscillated with temporal variations in Chl‐a (Figure 3f).
When the Ba/Ca, Chl‐a and SSTwere converted to a monthly
resolution by resampling at 12 points/yr, correlation coeffi-
cients (r2) were 0.27 and 0.26 for coral Ba/Ca versus Chl‐a
and Ba/Ca versus SST, respectively, with the exception of
six typhoons in September 2004. From April to September
of 2005, Ba/Ca has continuously more than 6 mmol/mol
even in summer, when large typhoons (maximum wind
speed >30 m/s) passed on Okinotori Island every month
(April to September) and cooled SST 29°C below.

3.3. Seasonal Variation in the d13Ccoral‐carb and
d15Ncoral

[15] Skeletal d13C has previously been used as a proxy of
solar irradiance [e.g., Fairbanks and Dodge, 1979]. Annual
variation of the d13Ccoral‐carb did not, however, display any
oscillation with OLR (Figures 3e and 3g). The d13Ccoral‐carb

positively correlated with the d15Ncoral, and this correlation
was 0.27 (r2) from October 2003 onward. Similar variations
between the d13Ccoral‐carb and d15Ncoral, with the exception
of a low d15Ncoral period in May 2003, suggest that the
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d13Ccoral‐carb changes with nutrient concentration. The
d13Ccoral‐carb is determined by the d13C of DIC and isotope
fractionation—kinetic and metabolic fractionation. Rapid
skeletal calcification often appears to be associated with
strong kinetic disequilibria [McConnaughey, 1989b].
Kinetic fractionation during CO2 hydration and hydrox-
ylation produces a simultaneous depletion of 13C and 18O
[McConnaughey, 1989b]. No correlation between the
d18Ocoral‐carb and d13Ccoral‐carb in Okinotori coral (r2 =
0.02) suggested that metabolic effects might control the
d13Ccoral‐carb variation much more strongly than kinetic
fractionation. Metabolic fractionation produces the skele-
tal d13Ccoral‐carb changes that reflect those in symbiont
photosynthesis and host respiration [Swart, 1983;Muscatine
et al., 1989;McConnaughey, 1989a, 1989b;McConnaughey
et al., 1997; Grottoli and Wellington, 1999]. Because a low
rate of photosynthesis decreases the d13Ccoral‐carb values,
the values have been used as a proxy of solar irradiance
[Cole and Fairbanks, 1990; Grottoli and Wellington, 1999;
Reynaud‐Vaganay et al., 2001; Grottoli, 2002]. However,
the d13Ccoral‐carb of Okinotori coral was high during the
season with low sunlight. Synchronous variation of the
d15Ncoral and d13Ccoral‐carb suggested that the d13Ccoral‐carb

was controlled by photosynthesis and that zooplankton
consumption of coral varied with nutrient concentration.
High nutrient concentrations enhance coral symbiont pho-
tosynthesis, and the d13Ccoral‐carb values will increase with
increasing nitrogen assimilation. Grottoli and Wellington
[1999] reported that the d13Ccoral‐carb values significantly
increased when zooplankton (d13C; −14 to −25‰) density
was reduced. Increases in zooplankton resulting from a
nutrient rich environment must decrease the d13Ccoral‐carb if
zooplankton concentration is the main factor controlling
the d13Ccoral‐carb. The d13Ccoral‐carb in Okinotori coral,
however, increase with increased d15Ncoral values. This
result implies that photosynthesis was activated with
nitrogen assimilation because of increasing nutrient supply
and that zooplankton consumption did not affect the
d13Ccoral‐carb variations. The d13Ccoral‐carb and d15Ncoral

were synchronized, suggesting that the nitrate concentra-
tion could control zooxanthellae photosynthesis in nutrient‐
limited and isolated environments.

4. Discussion

4.1. Possible Factors Controlling d15Ncoral

[16] Nitrogen sources for reef corals include seawater DIN
assimilated by zooxanthellae, coral consumption of PON
(particulate organic nitrogen, e.g., zooplankton) and DON
(dissolved organic nitrogen), and nitrogen fixation of sym-
biotic cyanobacteria [Rahav et al., 1989; Heikoop et al.,
1998; Lesser et al., 2004, 2007]. The d15Ncoral might
depend on 1) the flux and d15N of DIN from terrestrial, open
ocean, and atmospheric sources into coral reefs; 2) nitrogen
fixation due to nutrient depletion in coral reefs; and 3) the
proportional changes of autotrophic and heterotrophic
metabolism in corals. In the Okinotori coral reef, new DIN
supplies are derived from nitrate upwelling in the open
ocean and/or atmospheric anthropogenic nitrogen [e.g.,
Doney et al., 2007; Duce et al., 2008]. According to Duce
et al. [2008], the ratio of total atmospheric nitrogen (NOx,
NH3, organic N) to upwelled DIN into the upper 130 m of

the ocean was 0.11 to 0.30 in the eastern tropical Pacific
around Okinotori Island, making upwelled DIN dominant
over atmospheric inputs. Nitrogen fixation is also a major
source of new nitrogen for tropical coral reefs. In coral
reefs, significant nitrogen fixation is activated by micro-
algae living in the reef sediment and by other reef organisms
having the capability to fix nitrogen [Wiebe et al., 1975;
Larkum et al., 1988]. Corals also have symbiotic cyano-
bacteria [Lesser et al., 2004, 2007]. Coral consumption of
plankton might increase the d15Ncoral. The d15N of phyto-
plankton and zooplankton are +3 to 12‰ and +5 to 14‰,
respectively [Owens, 1985]. The autotrophic status of the
coral‐algal symbiosis must exhibit the stepwise trophic d15N
enrichment (+3.4‰) characteristic of nitrogen across trophic
levels in food webs [Minagawa and Wada, 1984]. However,
Yamamuro et al. [1995] reported the d15N of coral tissue in
Ishigaki and Palau (+4 to +6‰) and suggested that zoo-
plankton were not the main source of nitrogen for corals.
Uchida et al. [2008] suggested that feeding PON may not
affect the d15Ncoral in more insolated environments because
photoautotrophy was suggested for symbiotic coral living at
0 to 30 m water depth, while heterotrophy was suggested for
coral at 50 m for a reef in Jamaica [Muscatine and Kaplan,
1994]. As the insolation for Okinotori coral (2 m depth)
may have been enough for photoautotrophy, heterotrophy
might not exert a controlling effect on the d15Ncoral. For
Okinotori coral, possible factors controlling the d15Ncoral

were DIN from the upwelling of nitrate and/or nitrogen
fixation in the coral reef.

4.2. Nitrate Supply From Deeper Water

[17] Nitrates supplied by vertical mixing in periods of low
SST might control seasonal variation of the d15Ncoral.
Because of the similarity between the vertical distributions
of Ba and nutrients [e.g., Lea et al., 1989], the Ba/Ca ratio in
the coral skeleton has also been used as a tracer of vari-
ability in upwelling and entrainment of nutrient‐rich sub-
surface water to the surface ocean. Alibert and Kinsley
[2008a, 2008b] reported that coralline Ba enrichment dur-
ing low SST seasons was caused by thermocline shoaling,
allowing cold, deep, and Ba‐rich waters to mix into the
surface layer. These authors suggested that the Ba/Ca ratio
might be a tracer of vertical mixing. The vertical flux of
nitrate from the deeper layer through eddy diffusion and
turbulent mixing is generally considered to be the main
source of new nitrogen in highly stable, non‐upwelling,
open‐ocean regions [Lewis et al., 1986]. Seasonal variations
in 8‐day averaged Chl‐a concentrations were also higher
during low SST seasons. These data indicated that primary
production during low SST periods was active around
Okinotori Island. Not only seasonal vertical mixing, tran-
sient upwelling of typhoon could also supply nitrate to
ocean surface. d15Ncoral and Ba/Ca had positive peaks from
April to September in 2005 with large typhoons. From June
of 2002 to November of 2004, d15Ncoral and SST correlation
coefficient without typhoon months was 0.35 (r2, P <
0.003). These results suggested that nitrate supply due to
typhoon upwelling could influence on d15NDIN in ocean
surface. As the d15NDIN beneath the thermocline is +5 to
+7‰, the positive d15Ncoral values from 2003 to 2006
(+4.6 ∼ +5.3‰) imply that subsurface nutrient‐rich water
was supplied to the surface water and mixed with 15N‐
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depleted water fromN2 fixation. d
15Ncoral showed decreasing

trend with increasing annual mean SST except 2005, indi-
cating that the influence of nitrogen fixation became stronger
through the three years. It is also important to consider that
the isotope fractionation associated with the nitrate assimi-
lation by zooxanthellae may change the d15Ncoral values
[Muscatine and Kaplan, 1994; Heikoop et al., 1998]. When
nitrogen assimilation is enhanced as a result of elevated
nutrient concentrations, the 15N‐discrimination becomes low
[Muscatine and Kaplan, 1994; Heikoop et al., 1998] and the
d15Ncoral is increased by the d

15NDIN value in seawater. Such
fractionation is expected to be minimal because DIN is
rapidly incorporated into internal coral pools typical to
N‐limited coral reef waters [Marion et al., 2005; Heikoop
et al., 2000].

4.3. N2‐Fixation

[18] Nitrogen input from marine N2‐fixation enhances
primary production in subtropical oceans [Karl et al., 1997;
Capone et al., 2005; Casciotti et al., 2008]. In coral reefs,
N2‐fixation of free‐living or benthic cyanobacteria supplies
both dissolved and particulate organic nitrogen, and coral reef
ecosystems act as sustainable organic matter producers in
oligotrophic tropical oceans [Wiebe et al., 1975; Yamamuro
et al., 1995]. The d15N of new nitrogen from N2 fixation is
close to that of atmospheric N2 (−2 to 0‰) [Hoering and
Ford, 1960; Minagawa and Wada, 1986; Carpenter et al.,
1997]. The d15NDIN of the surface ocean will therefore
decrease as N2 fixation increases relative to the d

15N of mean
ocean NO3

− (+5‰) [Knapp et al., 2008]. The d15Ncoral was
extremely low in May 2003 (+2.0‰), April 2004 (+0.8‰),
February 2005 (+1.3‰), and February to March 2006 (+1.5
to +1.6‰). These periods each occurred four months after a
typhoon. Typhoon upwelling supplies nutrients to the sea
surface and enhances ocean primary production [Lin et al.,
2003; Toratani, 2008]. In high SST periods, nutrient starva-
tion could occur outside of the typhoon season and trigger
decreases in the coral d15N due to nitrogen fixation.
[19] From October 2004 to February 2005, the d15Ncoral

values continued to be low (+1.3∼+1.9‰) even though six
typhoons had successively passed through the area from

August to October 2004, and the maximum values of Ba/Ca
were seen during this period. In addition, Ba/Ca and Chl‐a
values remained high during this period, indicating large
nutrient concentrations. Except for nitrogen fixation, the
external source of low d15N for the open ocean is atmo-
spheric deposition [Duce et al., 2008]. The d15N composi-
tion of rain NO3

‐ is −15 to +3.6‰ [e.g., Peterson and Fry,
1987; Paerl and Fogel, 1994; Hastings et al., 2003]. The
large amounts of precipitation caused by typhoons might
supply rich nitrogenous components and decrease the d15N
at the sea surface.

4.4. Nitrate Dynamics in Okinotori Coral Reef

[20] The d15Ncoral in Okinotori coral exhibited the
potential to record the history of the d15NDIN in the tropical
open ocean (Figure 4). Higher values of the d15Ncoral

coinciding with periods of low SST suggest that vertical
mixing brought nutrients up from the subsurface water to
the sea surface. The d15Ncoral maxima from late 2003 to
2006 were approximately +5.0‰, implying the existence
of new nitrogen production. The largest d15Ncoral value of
+8.3‰ occurred in February 2003 and is attributed to the
d15NDIN‐water increasing by isotopic fractionation via phy-
toplankton in the euphotic zone during a few month ver-
tical mixing with no typhoon upwelling. Concentrations of
coralline Ba and Chl‐a increased in seasons with low SST
and in typhoon seasons, which indicated the timing of
nitrate supply from the deeper ocean layer. However, high
SST might also prevent the upwelling of deeper water. The
sea surface then becomes nutrient poor, triggering N2

fixation in the sea surface and in the coral reef. Mixing of
the d15NDIN from the deeper ocean layer (+5‰∼) and N2

fixation (−2∼0‰) made the d15NDIN range from 0 to +5‰
in the surface water, which yielded low d15Ncoral.

5. Conclusions

[21] We presented seasonal variations of d15Ncoral com-
pared with coralline Ba/Ca, skeletal d13C, and detailed
observation data ‐ SST, Chl‐a, OLR, and typhoon records.
In Okinotori Island, d15Ncoral and SST had an inverse rela-

Figure 4. Schematic diagram of nitrate dynamics recorded in Okinotori coral (d15Ncoral). d
15Nnitrate

referenced from ALOHA station [Casciotti et al., 2008].
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tionship seasonally and inter‐annually from 2002 to 2004.
This result suggested that nitrate in ocean surface was
supplied by vertical mixing from cold 15N‐rich water from
deeper layer and by N2 fixation due to nutrient deficiency in
high SST. Transient upwelling with typhoons could influ-
ence d15Ncoral changes depending on typhoon frequency and
wind strength in Okinotori Island. Although preservation of
organic matter required examining for further works to
apply d15Ncoral to long cores or fossils, this study suggested
that d15Ncoral record nutrient dynamics in open oceans for
decade to millennia scales.
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