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Abstract

The depth of the thermocline and associated nitricline in the western Pacific warm pool (WPWP) vary
over time in response to changes in larger ocean-atmosphere climate patterns. A shoaling of the nitricline in
the WPWP brings nitrate-rich seawater (NO; >4 umol kg~ ') above the base of the euphotic zone, stimulating
primary productivity. Here, we test if decadal variability in the nitricline depth is driving changes in regional
primary productivity and source nitrate dynamics. We use the nitrogen isotopic composition (6'°N) of amino
acids in the skeleton of a proteinaceous coral collected from the base of the euphotic zone in the WPWP. In
proteinaceous corals, as in most organic life, the 6'°N of phenylalanine matches that of the ambient nitrate
while the '°N of trophic amino acids reflect subsequent trophic transfer of the nitrogen prior to incorpora-
tion into the coral’s food, suspended particulate organic matter. Consistency of the trophic position of the
coral calculated from the §'°N composition of the coral skeletal amino acids over its 56 yr lifespan suggest
that decadal variability in nitricline depth and subsequent shifts in nitrate availability to the euphotic zone
have not impacted primary productivity offshore of Palau in the WPWP. This is important when considering
the current external forcing of Pacific Ocean climate patterns and the resulting impacts on the global carbon
cycle in the Palau region of the WPWP.

In the western Pacific warm pool (WPWP), the barrier seawater with nitrate higher within the euphotic zone, creat-
layer formed between the base of the shallow halocline and ing a significant sub-surface chlorophyll maximum, which
the top of the thermocline at the bottom of the mixed layer  alters the soft tissue carbon pump, and regional CO, dynam-
suppresses the upward flux of nutrients (Fig. 1) (Keeling and ics (Omta et al. 2007; Turk et al. 2011; Gierach et al. 2012;
Revelle 1985; Lukas and Lindstrom 1991; Feely et al. 2006). Valsala et al. 2014). Despite this, shoaling of the 1 uM nitrate
This results in nutrient poor, oligotrophic surface waters. isopleth did not substantially change depth-integrated pri-
However, a slight chlorophyll maximum forms in the barrier = mary productivity between La Nina to El Nino events from
layer at the intersection of sufficient light and nutrients for 1994 to 2003 (Matsumoto and Furuya 2011). Thus, nitricline
primary productivity (Matsumoto et al. 2004; Turk et al. depth variability on interannual timescales is thought to
2011). Seasonally and during El Nino events, the eastward leave primary production unaltered. The depth of the ther-
movement of the warm, fresh surface water combined with mocline and thus nitricline also significantly varies on deca-
turbulent vertical mixing and wind-driven upwelling in the dal timescales (Zhang et al. 2007). Yet, due to the lack of
WPWP, reduces the depth of the barrier layer. This brings long term records, the impact of these decadal variations on

primary productivity in the WPWP is unknown.
After the Pacific Decadal Oscillation regime shift in 1977,

*Correspondence: bwilliams@kecksci.claremont.edu the walker circulation weakened (Gierach et al. 2012), caus-
Additional Supporting Information may be found in the online version of ing the thermocline/nitricline to shoal in the WPWP
this article. (McPhaden and Zhang 2002; Zhang and Busalacchi 2007).
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Fig. 1. Cartoon of vertical profile of nitricline depth variability, moving above and below the depth of the collected corals. NEC = North Equatorial
Current, NECC = North Equatorial Countercurrent, and M = Mindanao Current. Nitrate concentrations obtained from Matsumoto et al. (2004) and

Yoshikawa et al. (2006).

Since 1999, corresponding to a possible Pacific Decadal Oscil-
lation shift, trade winds have increased and there has been a
deepening the thermocline and nitricline in the WPWP
(Yang and Wang 2009; Trenberth and Fasullo 2013; de
Boisséson et al. 2014). This 1999 shift also corresponded to a
period of increased frequency of central Pacific-El Nino
events rather than the canonical eastern Pacific events (Yeh
et al. 2009; Lee and McPhaden 2010). These multidecadal
shifts could be part of the natural variability in the Pacific
ocean-atmosphere climate system (McPhaden et al. 2011;
Newman and Shin 2011), or part of a larger anthropogenic
shift in our climate (Yeh et al. 2009). Regardless of the cause,
the potential influence of the decadal timescale shoaling and
deepening of the nitricline on primary productivity in the
WPWP is unknown.

To test if primary productivity in the WPWP has varied
on decadal timescales, we measured the §'°N composition of
individual amino acids (3'°N,,) in the skeleton of the heter-
otrophic deep-sea proteinaceous coral Muricella sp. to test for
changes in coral’s trophic position. In the proteinaceous cor-
als, skeletal 6'°N, serves as a proxy for the 6'°Na, composi-
tion of its food source (Sherwood et al. 2011, 2013), which
to the Muricella coral is suspended particulate organic matter
from seawater that was produced in situ toward the base of
the euphotic zone (Williams and Grottoli 2010a,b). The
0'°Nja of the organic matter in turn reflects the 6'°N com-
position of the nitrate supporting primary productivity and
subsequent isotopic enrichment of the nitrogen with trophic
transfer (McClelland and Montoya 2002; McCarthy et al.
2007; Chikaraishi et al. 2009). We can separate the relative
influences of the 6'°N of the source nitrate and subsequent
0'SN enrichment with trophic transfer that drive the organic

matter 8'"°N,, because the §'°N composition of the trophic
amino acids (3"°Naa.1;) are enriched in N by 3-89, during
trophic transfer while the §'°N of the amino acid phenylala-
nine (6"°Npy.) display little isotopic enrichment in N with
trophic transfer (0.4%,*+ 0.5%,) (Chikaraishi et al. 2015 and
references therein). Thus, the 5 Nphe composition of the
coral skeleton serves as a measure of the isotopic composi-
tion of the source nitrate to the food web at the base of the
euphotic zone. The trophic position of the coral calculated
from the 9'°N,, composition determines if the ratio of auto-
trophic and heterotrophic-derived material contributing to
the coral’s food had remained constant over time. If con-
stant, this suggests that there has been no change in autotro-
phic material in the POM that the coral feeds on reflecting
variable phytoplankton primary productivity. As such, here
we use the 6"°N of coral skeletal amino acids to test for deca-
dal timescale changes in primary productivity offshore of
Palau in the WPWP.

Methods

We measured the 6'°N of the amino acids alanine (Ala),
proline (Pro), glutamic acid (Glu), valine (Val), leucine (Leu),
phenylalanine (Phe), and glycine (Gly) in the skeleton of the
azooxanthellate proteinaceous coral Muricella to reconstruct
past in situ organic matter 6'°N composition, the XV param-
eter which is a measure of potential microbial resynthesis of
organic matter, coral trophic position, and potential changes
in primary production in the WPWP. The coral was collected
live from 105-m depth from Short Drop Off Reef (7°16.4'N,
134°31.4'E), an underwater scarp located 2-km offshore of
Palau in 2008 (Fig. 1). Thick cross-sections of the basal trunk
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of the skeleton were cleaned in an ultrasonic bath and air
dried. Working from the outer (youngest) to the center (old-
est) part of the skeleton, coeval skeletal samples were drilled
at six separate intervals using a hand-held Dremel drill with
a drill bit diameter of 0.9 mm for §'°Ny4 analysis.

The coral skeletal samples were prepared for 6'°N,, analy-
sis after HCl hydrolysis and N-pivaloyl/isopropyl (Pv/iPr)
derivatization, according to the procedure in (Chikaraishi
et al. 2009, 2010). Briefly, the 6'°N composition of seven
amino acids (Ala, Pro, Glu, Val, Leu, Phe, and Gly,) was
determined by gas chromatography/isotope ratio mass spec-
trometry (GC/IRMS) using a 6890N GC (Agilent Technolo-
gies) instrument coupled to a DELTAplus XP IRMS
instrument through combustion (950°C) and reduction
(550°C) furnaces, countercurrent dryer (Permeable mem-
brane, Nafion'™), and liquid nitrogen CO, trap via a GC-C/
TC III interface (Thermo Fisher Scientific, Bremen, Ger-
many). These amino acids were chosen because they have
relatively constant recovery (< * 10%) among replicate anal-
yses in this method. The area data of each AA from GC/
IRMS chromatograms was used to approximate quantifica-
tion of AAs. To assess the reproducibility of the isotope mea-
surement and to obtain the isotopic composition, reference
mixtures of nine amino acids (alanine, glycine, leucine, nor-
leucine, aspartic acid, methionine, glutamic acid, phenylala-
nine, and hydroxyproline) with known #'°N values (ranging
from —25.99, to +45.6%,), Indiana University, Bloomington,
IN, SI science, Sugito-machi, Japan (Sato et al. 2014) were
analyzed after every five to eight samples runs, and three
pulses of reference N, gas were discharged at the beginning
and end of each chromatography run for both reference
mixtures and samples. The §'°N composition of the coral
skeletal amino acids was reported relative to air on scales
normalized to known §'°N values of the reference amino
acids. The accuracy and precision for the reference mixtures
were always 0.0%, (mean of A) and 0.4-0.79%, (mean of 1o)
for sample sizes of >1.0 nmol N, respectively. We report this
analytical error (the accuracy and precision) because the
numbers are well known based on the large number of runs
of the reference mixtures. This precision is similar to that
reported by recent studies (i.e., Sherwood et al. 2011; Bradley
et al. 2015) for samples measured in triplicate (<1.0%,). A
sample chromatogram demonstrates the quality of the deri-
vatization process of the coral skeleton (Supporting Informa-
tion Fig. S1). The size of the drill bit used and the radial
growth rate of the coral [~0.19 mm yr ' (Williams and Grot-
toli 2010a)] results in samples with a resolution of ~5 yr per
measurements. A '*C-bombcurve-derived chronology for the
same coral presented in Williams and Grottoli (2010a) served
as a reference chronology to assign time to the §'°N,, meas-
urements with an uncertainty of = 2 yr.

To test for changes in the isotopic composition of the
base nitrate to the food web, we measured the §'°N of the
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source amino acid Phe (6"°Nppe). The '°N of Gly (5'°Ngyy)
was also measured to test for its use as a source amino acid.

To test for potential microbial resynthesis of organic mat-
ter in the coral’s food, we calculated the XV parameter as the
average deviation in the 6'°N values of the Tr-AA Ala, Pro,
Glu, Val, and Leu,

XV = 1/nXAbs(yan), 1)
where y (deviation) of each Tr-AA = [6'°Ny, — average 6"°N
(Ala, Pro, Glu, Val, and Leu)], and n = the total number of
Tr-AA used in the calculation. The equation has been modi-
fied from McCarthy et al. (2007) to account for the trophic
amino acids measured here.

To determine the trophic structure of the coral and its
food source, we calculated the average 6'°N of the five
trophic amino acids Ala, Pro, Glu, Val, and Leu (5'°Nya.1p).
The uncertainty of the averaged 0N, value was deter-
mined using the standard error of the average of the individ-
ual §'°N of the trophic amino acids. Following (Chikaraishi
et al. 2009), we used the relationship between Glu and Phe
to determine the trophic position of the DSC,

TP = ((6"Ngu— 0" Nphe) —3.4)/7.6 + 1, 2)
where 3.4 is the f value of the difference between §"°Ng,
and 6"°Npp, in primary producers for aquatic cyanobacteria
and algae and 7.6 is the average trophic enrichment factor
(TDF) between Glu and Phe for each trophic position
(Chikaraishi et al. 2009). The trophic position was calculated
a second way making use of all of the measured trophic
amino acids,

TP = (6" Nave aa-Tr— 0"°Nppe)— 2.4/6.38 + 1, (3)
where 2.4 is the f value of the difference between the aver-
age 3" Naarr and 6" Nppe in primary producers (from Bradley
et al. 2015 based on published values from Chikaraishi et al.;
McClelland and Montoya 2002; McCarthy et al. 2013) and
6.38 was determined by calculating the average TDF values
between each Tr-AA and Phe (from Bradley et al. 2015).

Results

The relative amount of each amino acid present in the
coral skeleton varied (Fig. 2). Phe was present in the smallest
amounts (average of 1% for all samples), followed by Pro
(5%), Glu (5.2%), Leu (6.3%), Ala (9.0%), Val (9.6%), and
Gly (46.5%).

The 6"Npn. composition (0.6%, to 4.8%,) differed from
that of the 0"Njar, values, which themselves closely
grouped together and all had overlapping ranges (total range
13.5%, to 24.49%,) (Figs. 3a, 4b). On average, the >N r; val-
ues were isotopically more enriched than 6'°Npy. by 14.29%,.
The average 515NGly composition was between that of
0" Nppe and the average 0'°Naarr values (Figs. 3a, 4b). The
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Fig. 2. The relative amount of each amino acid in the skeleton determined
from the area data from the GC combustion IRMS chromatograms.
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Fig. 3. (a) 6'°N values for six amino acids sampled at six time intervals
over the coral’s lifespan. Leu was not measured for the 1996 time inter-
val. (b) Trophic position determined for the same six time intervals as
(a) based on Eq. 1 in the main text. Uncertainty was less than size of
the symbol for (a) and (b).

calculated average trophic position over the lifespan of the
coral determined from Eq. 2 was 2.3 and determined from
Eq. 3 was 2.8 (Figs. 3b, 4d).

The 0'°N values of the bulk coral skeleton and the average
0" Naa.r: values significantly decreased from 1945 to 2005
(slope = —-0.01 £0.001, p<0.0001 and slope=—0.086*
0.022, p=0.018, respectively) (Fig. 4a,b). In addition to the
long-term trend, the average SN s values declined from
19.2%, to 14.0%, from the late 1970s to the late 1990s, then
increased to 14.6%, to 2005 (Fig. 4b). The 6'°Npy. value
increased from 2.79, to 4.89,, from 1945 to the early 1960s
then significantly declined from 4.89, to 0.6%, from the
early 1960s to 2005 (slope = —0.093 =0.003, p <0.0001) (Fig.
4b). The §'°Ngyy record did not significantly change linearly
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over the duration of the record, instead increased from 6.79,
to 14.89%, from the start of the record to the mid-1980s, and
then decreased to 7.39, followed by an increase to 9.49, (Fig.
4b). The XV parameter declined significantly over the record
from 0.46 to 0.14 (slope = —0.004, SE = 0.001, p-value = 0.040)
when all trophic amino acids were included. However, the £V
parameter did not significantly change over time if Leu was not
included in the calculation of the £V parameter due to the one
high 0'°N., value in 1945 (slope = —0.002, SE = 0.003, p-val-
ue = 0.53) (Fig. 4¢). The trophic position of the coral was stable
over the duration of the record when determined from Eq. 2
(slope=—0.002, SE=0.002, p-value= 0.33) and Eq. 3
(slope = —0.0065, SE = 0.004, p-value= 0.15) (Fig. 4d).

Discussion

The calculated trophic position of the coral was 2.3 and
2.8 determined using the Glu-Phe Eq. 2 and the average Tr-
AA - Phe Eq. 3, respectively (Fig. 3b). The coral will feed on
food one trophic position below itself, which suggests a food
source to the coral of trophic position 1.3. This trophic posi-
tion is typical for particulate organic matter (McCarthy et al.
2007; Batista et al. 2014) and consistent with coral feeding
on suspended particulate organic matter at the base of the
euphotic zone (Williams and Grottoli 2010a,b). This trophic
position calculated for the Muricella coral was higher than
that calculated for deep-sea black corals from the Gulf of
Mexico at 300-m depth of ~2 determined using Glu-Phe Eq.
2 (Prouty et al. 2014) but less than that reported for the gold
coral Kulamanamana haumeaae specimens from the Island of
O’ahu in the Hawaiian Islands at 450-m depth with an aver-
aged calculated trophic position of 3.0 using Glu-Phe Eq. 2
and 2.7 using Eq. 3 with all available trophic and source
amino acids (Sherwood et al. 2013). These deep-sea corals,
located hundreds of meters deep in the water column, feed
on sinking particulate organic matter exported out of the
euphotic zone (Williams et al. 2007; Roark et al. 2009) in
contrast to the Muricella coral analyzed here, located at the
base of the euphotic zone with a diet of suspended particu-
late organic matter produced in situ (Williams and Grottoli
2010b). Thus, while azooxanethallate proteinaceous corals
are deriving food from the particulate organic matter in the
water column, there are notable differences in the form and
composition of the specific food types feeding the corals
depending on taxa and/or depth.

The stable trophic position of the Muricella coral over the
duration of the entire record (Fig. 4d) suggests no change in
autotrophic to heterotrophic ratio comprising the suspended
particulate organic matter available to the coral for food.
Thus, these data suggest that no substantial shift in primary
productivity on decadal timescales occurred in the WPWP
including no variability in response to the strong PDO shift
in 1977. This is further supported by the general stability
between the 6'°Naa.r; and 6"°Npye offset (within analytical
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Fig. 4. (a) Bulk skeletal 5'°N composition for the same coral (data from Williams and Grottoli 2010a), (b)'® of the trophic amino acids (AA) Val, Leu,
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and statistical error, and particularly if the one high Leu
value in 1945 is discarded) in the coral skeleton (Fig. 4b). In
contrast, the small but significant decrease in the XV
parameter indicates decreasing microbial resynthesis of
organic matter that contributes to the corals food over its
lifespan (Fig. 4c). The lack of a trend in the XV parameter
without Leu, however, suggests that this result may be an
artifact of the one high Leu value in 1945. Regardless, the
low value of the XV parameter indicates overall minimal
degradation of the organic matter and is a value consistent
with that measured in algae from culturing experiments and
the central Pacific Ocean (McCarthy et al. 2007). This sup-
ports a large contribution of fresh organic matter to the sus-
pended POM feeding the Muricella coral and thus the coral is
capturing in its skeleton in situ changes in the organic mat-
ter. In contrast, the average XV parameter of 3.14 deter-
mined for the Hawaiian K. haumeaae is indicative of sinking
POM reaching the base of the mixed layer (McCarthy et al.
2007; Sherwood et al. 2013). These results further support
that food sources to proteinaceous corals differs with taxa
and/or depths.

The largest concentration of amino acid in the skeleton
was Gly (Fig. 2), consistent with K. haumeaae coral but not
the gorgonian coral Primnoa resedaeformis from the NW
Atlantic Ocean, the latter of which had the highest molar
concentrations of Ala followed by aspartic acid and then Gly
(Sherwood et al. 2006, 2013). The §'°Ng, composition of the
Muricella coral here varied by more than double any of the
other amino acids over the coral’s lifespan, and largely
explains the variability in the 6'°Nu. values (Fig. 4a,b).
While Gly has traditionally been classified as a source amino
acid (Popp et al. 2007; Sherwood et al. 2011), Gly has multi-
ple biosynthetic and metabolic pathways and the behavior
of 6" N across trophic levels in food webs is complex (Chi-
karaishi et al. 2007). Recent studies indicate §'°Ng, enrich-
ment occurs with trophic transfer in organisms with
substantial lack of dietary protein and thus §'°Ng, may not
reflect the 6'°N of the source nitrate (Chikaraishi et al. 2015;
McMahon et al. 2015). The enriched §'°Ny;, composition rel-
ative to 0'°Npp. measured in the coral is consistent with
alteration of §'°Ng, during trophic processing, as the §'°N
value of the Phe and Gly would be expected to be the same
if they were both reflecting only the baseline §'°N values. In
the Hawaiian K. haumeaae coral and the NW Atlantic P. rese-
daeformis coral, 8'*Ng, is elevated relative to 6'*Nppe yet still
follows the same trend trends over the lifespan of the corals
analyzed (Sherwood et al. 2011, 2013). In contrast in the
deep-sea black corals, '"°Nppe and 6'°Ng, are the same
(Prouty et al. 2014). Thus, the enrichment of 5'°Ny, relative
to 0"°Npp. may reflect either regional nitrogen dynamics or
coral-taxa variability.

Comparisons of §'°Npy. with baseline '°N values in pro-
teinaceous corals and other marine organisms support the
use of 6" Npp,e as a single source amino acid because its dom-
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inant metabolic processes does not form or cleave bonds
associated with the nitrogen atom (Chikaraishi et al. 2009,
2015; Sherwood et al. 2013; McMahon et al. 2015). In addi-
tion, the 6"°Np,. composition measured in the coral (Figs.
3a, 4b) is consistent with low §'°N of nitrate at the base of
the euphotic zone in the WPWP (Yoshikawa et al. 2006).
Thus here, we use the Muricella coral 5"*Npy,. composition to
track changes in baseline §'°N values at one site in the
WPWP.

The maximum 6 Npp. value, and thus baseline §'°N val-
ues, in the early 1960s followed by the decline to 2007 is
intriguing. There are three potential mechanisms that could
drive the variability in the baseline nitrate isotopic composi-
tion in the WPWP euphotic zone base: (1) changes in nitrate
utilization, (2) changes in the source nitrate to the region,
and (3) changes in atmospheric nitrogen to the WPWP. The
shallow 0.1 uymol kg~ ! nitricline in the WPWP means that
low levels of nitrate are available at the base of the euphotic
zone to support primary productivity (Yoshikawa et al. 2006)
(Fig. 1). A shoaling of the 4 ymol kg~ ! nitricline increases
nitrate concentrations at the base of the euphotic zone. This
decreases isotopic fractionation related to nitrate assimila-
tion by primary producers because the relative nitrate utiliza-
tion would be lower, and thus decreasing the §'°N values of
the organic matter produced in situ (Altabet and Francois
1994; Yoshikawa et al. 2006). Thus, a shoaling of the nitri-
cline decreases skeletal 6'°N values and a deepening of the
nitricline will increase skeletal 3'°N values. The measured
decrease in coral 0N,k values and 6'°Na, is consistent
with the documented shoaling of the thermocline from the
late 1970s to late 1990s and subsequent suggestion of an
increase in 6"Npyx values and 6'°Nj,r, is consistent with
the deepening of the thermocline post-late 1990s (Fig. 4a,b).
However, the variability in 6'*Npy. is not consistent with the
thermocline/nitricline depth variability, indicating other
influences on the §'°N of nitrate at the base of the euphotic
zone in the WPWP.

The relative contribution of the different water masses
with unique 515NN05 values bathing Palau determines the
source nitrate 6'°N in the region. The 515NNO3— -enriched
North Equatorial Current [515NN05 =7.5%,+0.1 at 7°N,
155°W, n=2; (Rafter et al. 2012)] feeds into the Mindanao
Eddy, which in turn also supplies the nitrate-poor North
Equatorial Counter Current (NECC), and bathes Palau
(Heron et al. 2006). In contrast, nitrogen fixation in the far
western equatorial Pacific supplies water with 515NNO3—-
depleted values (Yoshikawa et al. 2006). Thus, changing the
ratio of the 515NN03— -enriched water from the North Equato-
rial Current relative to the 515NN03— -depleted water from the
far western equatorial Pacific could potentially explain vari-
ability in the 0'°N values. In fact, an increase in eastern
Pacific-El Nino intensifies and shifts NECC southward during
the latter part of the calendar year which would drive varia-
tion in the 515NNO§ reaching the euphotic zone around
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Palau (Hsin and Qiu 2012). This would increase the contri-
bution of Mindanao Eddy 4'°N-sourced nitrate with poten-
tially higher 6'°N. There were strong eastern Pacific El Nino
events between the early 1980s and late 1990s (McPhaden
et al. 2011), coinciding in timing with the declining §'°N
values. Therefore, attributing the change in Muricella coral
3" Npuk and 6"°Naa skeletal values to shifts in the NECC is
not consistent with the interannual drivers of variability in
the NECC and changes in the source nitrate to the region
also do not clearly explain the coral skeletal 6'°Nppe
variability.

A third explanation for the decreasing 6'°Npn. is an
increase in atmospheric nitrogen via nitrogen fixation to the
WPWP. Sherwood et al. (2013) report an increase in nitrogen
fixation starting in the mid-1800s, at the end of the Little
Ice Age, in the subtropical North Pacific Ocean contributing
low 6'°N to the base of the food web. The multidecadal vari-
ability found in the Palauan coral ¢'*Np,. may be part of
this multicentennial variability. Additional older coral speci-
mens from the WPWP are required to test if the trend meas-
ured here is part of longer term and broader pattern in
environmental variability in the tropical Pacific Ocean.

Implication

Our results highlight the potential of compound specific
stable isotope measurements in proteinaceous corals to
unravel changes in nitrogen dynamics and primary produc-
tivity. While this is a relatively new technique, the consis-
tency in the trophic position of the coral over time despite
decadal timescale changes physical oceanography indicates
that there is no resulting variability in primary productivity
altering the trophic position of the gorgonian coral. There-
fore, based on these data we highlight the need for a reap-
praisal of the importance of decadal nitricline variability
when investigating carbon cycling around Palau in the
WPWP, particularly in light of current external forcing of
the Pacific Ocean.

References

Altabet, M., and R. Francois. 1994. Sedimentary nitrogen iso-
topic ratio as a recorder for surface ocean nitrate utiliza-
tion. Global Biogeochem. Cycles 8: 103-116. doi:10.1029/
93GB03396

Batista, F., A. Ravelo, J. Crusius, M. Casso, and M. McCarthy.
2014. Compound specific amino acid '°N in marine sedi-
ments: A new approach for studies of the marine nitrogen
cycle. Geochim. Cosmochim. Acta 142: 553-569. doi:
510.1016/j.gca.2014.1008.1002

Bradley, C. J., N. J. Wallsgrove, C. A. Choy, ]J. C. Drazen, E.
D. Hetherington, D. K. Hoen, and B. N. Popp. 2015.
Trophic position estimates of marine teleosts using amino
acid compound specific isotopic analysis. Limnol. Ocean-
ogr.: Methods 13: 476-493. do0i:10.1002/lom3.10041

405

Western Pacific variability from coral composition

Chikaraishi, Y., Y. Kashiyama, N. Ogawa, H. Kitazato, and N.
Ohkouchi. 2007. Metabolic control of nitrogen isotope
composition of amino acids in macroalgae and gastro-
pods: Implications for aquatic food web studies. Mar.
Ecol. Progr. Ser. 342: 85-90. doi:10.3354/meps342085

Chikaraishi, Y., and others. 2009. Determination of aquatic
food-web structure based on compound-specific nitrogen
isotopic composition of amino acids. Limnol. Oceanogr.:
Methods 7: 740-750. doi:10.4319/lom.2009.7.740

Chikaraishi, Y., Y. Takano, N. Ogawa, and N. Ohkouchi.
2010. Instrumental optimization for compound-specific
nitrogen isotope analysis of amino acids by gas chroma-
tography/combustion/isotope ratio mass spectrometry, p.
367-386. In Earth, Life, and Isotopes. Kyoto University
Press.

Chikaraishi, Y., S. Steffan, Y. Takano, and N. Ohkouchi.
2015. Diet quality influences isotopic discrimination
among amino acids in an aquatic vertebrate. Ecol. Evol.
5: 2048-2059. doi:10.1002/ece1003.1491

de Boisséson, E., M. Balmaseda, S. Abdalla, E. Kallén, and P.
Janssen. 2014. How robust is the recent strengthening of
the Tropical Pacific trade winds? Geophys. Res. Lett. 41:
4398-4405. doi:4310.1002/2014GL060257

Feely, R., T. Takahashi, R. Wanninkhof, M. McPhaden, C.
Cosca, S. Sutherland, and M. E. Carr. 2006. Decadal vari-
ability of the air-sea CO, fluxes in the equatorial Pacific
Ocean. J. Geophys. Res. 111: C08S90. doi:10.1029/
2005JC003129

Gierach, M., M. Lee, D. Turk, and M. McPhaden. 2012. Bio-
logical response to the 1997-98 and 2009-10 El Nino
events in the equatorial Pacific Ocean. Geophys. Res. Lett.
39: L10602. doi:10610.11029/12012GL051103

Heron, S., E. Metzger, and W. Skirving. 2006. Seasonal varia-
tions of the ocean surface circulation in the vicinty of
Palau. J. Oceanogr. 62: 413-426. doi:10.1007/s10872-006-
0065-3

Hsin, Y. C., and B. Qiu. 2012. The impact of Eastern-Pacific
versus Central-Pacific El Ninos on the North Equatorial
Countercurrent in the Pacific Ocean. ]J. Geophys. Res.
117. doi:10.1029/2012JC008362

Keeling, C., and R. Revelle. 1985. Effects of El Nino/southern
oscillation on the atmospheric content of carbon dioxide.
Meteoritics 20: 437-450.

Lee, T., and M. McPhaden. 2010. Increasing intensity of El
Nino in the central-equatorial Pacific. Geophys. Res. Lett.
37: L14603. doi:14610.11029/12010GL044007

Lukas, R., and E. Lindstrom. 1991. The mixed layer of the
western equatorial Pacific Ocean. ]J. Geophys. Res. 96:
3343-3357. doi:3310.1029/3390JC01951

Matsumoto, K., K. Furuya, and T. Kawano. 2004. Association
of picophytoplankton distribution with ENSO events in
the equatorial Pacific between 145°E and160°W. Deep-Sea
Res. I. 51: 1851-1871. d0i:10.1016/j.dsr.2004.07.015


http://dx.doi.org/10.1029/93GB03396
http://dx.doi.org/10.1029/93GB03396
http://dx.doi.org/510.1016/j.gca.2014.1008.1002
http://dx.doi.org/10.1002/lom3.10041
http://dx.doi.org/10.3354/meps342085
http://dx.doi.org/10.4319/lom.2009.7.740
http://dx.doi.org/10.1002/ece1003.1491
http://dx.doi.org/4310.1002/2014GL060257
http://dx.doi.org/10.1029/2005JC003129
http://dx.doi.org/10.1029/2005JC003129
http://dx.doi.org/10610.11029/12012GL051103
http://dx.doi.org/10.1007/s10872-006-0065-3
http://dx.doi.org/10.1007/s10872-006-0065-3
http://dx.doi.org/10.1029/2012JC008362
http://dx.doi.org/14610.11029/12010GL044007
http://dx.doi.org/3310.1029/3390JC01951
http://dx.doi.org/10.1016/j.dsr.2004.07.015

Williams et al.

Matsumoto, K., and K. Furuya. 2011. Variations in phyto-
plankton dynamics and primary production associated
with ENSO cycle in the western and central equatorial
Pacific during 1994-2003. J. Geophys. Res. C12042. doi:
12010.11029/12010JC006845

McCarthy, M., R. Benner, C. Lee, and M. Fogel. 2007. Amino
acid nitrogen isotopic fractionation patterns as indicators
of heterotrophy in plankton, particulate, and dissolved
organic matter. Geochim. Cosmochim. Acta 71: 4727-
4744. doi:10.1016/j.gca.2007.06.061

McCarthy, M. D., ]J. Lehman, and R. Kudela. 2013. Com-
pound-specific amino acid §'°N patterns in marine algae:
Tracer potential for cyanobacterial vs. eukaryotic organic
nitrogen sources in the ocean. Geochim. Cosmochim.
Acta 103: 104-120. doi:10.1016/j.gca.2012.10.037

McClelland, J., and J. Montoya. 2002. Trophic relationships
and the nitrogen isotopic composition of amino acids in
plankton. Ecology 83: 2173-2180. doi:10.1890/0012-
9658(2002)083[2173:TRATNI]2.0.CO;2]

McMahon, K., S. Thorrold, T. Elsdon, and M. McCarthy.
2015. Trophic discrimination of nitrogen stable isotopes
in amino acids varies with diet quality in a marine fish.
Limnol. Oceanogr. 60: 1076-10887. doi:10.1002/
Ino.10081

McPhaden, M., and D. Zhang. 2002. Slowdown of the merid-
ional overturning circulation in the upper Pacific Ocean.
Nature 415: 603-608. doi:10.1038/415603a. [11832936]

McPhaden, M., T. Lee, and D. McClurg. 2011. El Nino and
its relationship to changing background conditions in the
tropical Pacific. Geophys. Res. Lett. 38: L15709. doi:
10.1029/2011GL048275

Newman, M., and S. I. A. M. A. Shin. 2011. Natural variation
in ENSO flavors. Geophys. Res. Lett. 38: L14705. doi:
10.1029/2011GL047658

Omta, A., B. Kooijman, and H. Dijkstra. 2007. Influence of
(sub)mesoscale eddies on the soft-tissue carbon pump. J.
Geophys. Res. 112: C11009. doi:10.1029/2007]C004189

Popp, B., B. Graham, R. Olson, C. Hannides, M. Lott, and G.
G. M. F. Lépez-Ibarra. 2007. Insight into the trophic ecol-
ogy of yellowfin tuna, Thunnus albacares, from
compound-specific nitrogen isotope analysis of proteina-
ceous amino acids, p. 173-190. In T. Dawson and R. Sieg-
wolf [eds.], Stable isotopes as indicators of ecological
change. Academic Press.

Prouty, N., and others 2014. Deep-sea coral record of human
impact on watershed quality in the Mississippi River
Basin. Global Biogeochem. Cycles 28: 29-43. doi:10.1002/
2013GB004754

Rafter, P.,, D. Sigman, C. Charles, J. Kaiser, and G. Haug.
2012. Subsurface tropical Pacific nitrogen isotopic compo-
sition of nitrate: Biogeochemical signals and their trans-
port. Global Biogeochem. Cycles 26: GB1003. doi:
1010.1029/2010GB003979

406

Western Pacific variability from coral composition

Roark, E., T. Guilderson, R. Dunbar, S. Fallon, and D.
Mucciarone. 2009. Extreme longevity in proteinaceous
deep-sea corals. Proc. Natl. Acad. Sci. USA 106: 5204-
5208. doi: 5210.1073/pnas.0810875106

Sato, R., H. Kawanishi, A. Schimmelmann, Y. Suzuki, and Y.
Chikaraishi. 2014. New amino acid reference materials for
stable nitrogen isotope analysis. Bunseki Kagaku 63: 399-
403 (in Japanese).

Sherwood, O., D. Scott, and M. Risk. 2006. Late Holocene
radiocarbon and aspartic acid racemization dating of
deep-sea octocorals. Geochim. Cosmochim. Acta 70:
2806-2814. doi:10.1016/j.gca.2006.03.011

Sherwood, O., M. Lehmann, C. Schubert, D. Scott, and M.
McCarthy. 2011. Nutrient regime shift in the western
North Atlantic indicated by compound-specific §'°N of
deep-sea gorgonian corals. Proc. Natl. Acad. Sci. USA 108:
1011-1015. doi:1010.1073/pnas.1004904108

Sherwood, O., T. Guilderson, F. Batista, J. Schiff, and M.
McCarthy. 2013. Increasing subtropical North Pacific
Ocean nitrogen fixation since the Little Ice Age. Nature.
doi:10.1038/nature12784

Trenberth, K., and J. Fasullo. 2013. An apparent hiatus in
global warming? Earth’s Future 1: 19-32. doi:10.1002/
2013EF000165

Turk, D., C. Meinen, D. Antoine, M. McPhaden, and M.
Lewis. 2011. Implications of changing El Nino patterns
for biological dynamics in the equatorial Pacific Ocean.
Geophys. Res. Lett. 38: 123603. doi:10.1029/
2011GL049674

Valsala, V., M. Roxy, K. Ashok, and R. Murtugudde. 2014.
Spatiotemporal characteristics of seasonal to multidecadal
variability of pCO, and air-sea CO, fluxes in the equato-
rial Pacific Ocean. J. Geophys. Res.: Oceans 119: 8987-
9012. doi:10.1002/2014JC010212

Williams, B., M. Risk, S. Ross, and K. Sulak. 2007. Stable iso-
tope records from deep-water antipatharians: 400-year
records from the south-eastern coast of the United States
of America. Bull. Mar. Sci. 81: 437-447.

Williams, B., and A. Grottoli. 2010a. Recent shoaling of the
nutricline and thermocline in the western tropical Pacific.
Geophys. Res. Lett. 37: L22601. doi:10.1029/
2010GL044867

Williams, B., and A. Grottoli. 2010b. Variability in '°N and
0'3C values of alcyonacean and antipatharian corals from
the western equatorial Pacific. Geochim. Cosmochim.
Acta 74: 5280-5288. doi:10.1016/j.gca.2010.06.026

Yang, H., and F. Wang. 2009. Revisiting the thermocline
depth in the Equatorial Pacific. J. Climate 22: 3856-3863.
doi:10.1175/2009]CLI2836.1

Yeh, S. W, J. S. Kug, B. Dewitte, M. H. Kwon, B. Kirtman,
and F. F. Jin. 2009. El Nino in a changing climate. Nature
461: 511-514. doi:10.1038/nature08316 [19779449]

Yoshikawa, Y., Y. Yamanaka, and T. Nakatsuka. 2006.
Nitrate-nitrogen isotopic patterns in surface waters of the


http://dx.doi.org/12010.11029/12010JC006845
http://dx.doi.org/10.1016/j.gca.2007.06.061
http://dx.doi.org/10.1016/j.gca.2012.10.037
http://dx.doi.org/10
http://dx.doi.org/10.1002/lno.10081
http://dx.doi.org/10.1002/lno.10081
http://dx.doi.org/10.1038/415603a
http://dx.doi.org/10.1029/2011GL048275
http://dx.doi.org/10.1029/2011GL047658
http://dx.doi.org/10.1029/2007JC004189
http://dx.doi.org/10.1002/2013GB004754
http://dx.doi.org/10.1002/2013GB004754
http://dx.doi.org/1010.1029/2010GB003979
http://dx.doi.org/5210.1073/pnas.0810875106
http://dx.doi.org/10.1016/j.gca.2006.03.011
http://dx.doi.org/1010.1073/pnas.1004904108
http://dx.doi.org/10.1038/nature12784
http://dx.doi.org/10.1002/2013EF000165
http://dx.doi.org/10.1002/2013EF000165
http://dx.doi.org/10.1029/2011GL049674
http://dx.doi.org/10.1029/2011GL049674
http://dx.doi.org/10.1002/2014JC010212
http://dx.doi.org/10.1029/2010GL044867
http://dx.doi.org/10.1029/2010GL044867
http://dx.doi.org/10.1016/j.gca.2010.06.026
http://dx.doi.org/10.1175/2009JCLI2836.1
http://dx.doi.org/10.1038/nature08316

Williams et al.

western and central equatorial pacific. J. Oceanogr. 62:
511-525. doi:10.1007/s10872-006-0072-4

Zhang, R. H., and A. X. Y. Busalacchi. 2007. Decadal change
in the relationship between the oceanic entrainment tem-
perature and thermocline depth in the far western tropi-
cal Pacific. Geophys. Res. Lett. 34: 1L.23612. doi:10.1029/
2007GL032119

Acknowledgments

We thank the National Cancer Institute marine collections contract for
collection of the coral specimen.

407

Western Pacific variability from coral composition

Conflict of Interest
None declared.

Submitted 13 November 2015
Revised 01 March 2016; 22 April 2016
Accepted 26 April 2016

Associate editor: James Falter


http://dx.doi.org/10.1007/s10872-006-0072-4
http://dx.doi.org/10.1029/2007GL032119
http://dx.doi.org/10.1029/2007GL032119

	l

