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The North Pacific Subtropical Gyre (NPSG) is the largest continuous ecosystem on Earth and is a critical 
component of global oceanic biogeochemical cycling and carbon sequestration. We report here multi-
millennial-scale, sub-decadal-resolution records of bulk stable nitrogen (δ15N) and carbon (δ13C) isotope 
records from proteinaceous deep-sea corals. Data from three Kulamanamana haumeaae specimens from 
the main Hawaiian Islands extend the coral-based time-series back ∼5000 yrs for the NPSG and bypass 
constraints of low resolution sediment cores in this oligotrophic ocean region. We interpret these records 
in terms of shifting biogeochemical cycles and plankton community structure, with a main goal of placing 
the extraordinarily rapid ecosystem biogeochemical changes documented by recent coral records during 
the Anthropocene in a context of broader Late-Holocene variability.
During intervals where new data overlaps with previous records, there is strong correspondence in 
isotope values, indicating that this older data represents a direct extension of Anthropocene records. 
These results reveal multiple large isotopic shifts in both δ15N and δ13C values similar to or larger 
in magnitude to those reported in the last 150 yrs. This shows that large fluctuations in the isotopic 
composition of export production in this region are not unique to the recent past, but have occurred 
multiple times through the Mid- to Late-Holocene. However, these earlier isotopic shifts occurred over 
much longer time intervals (∼millennial vs. decadal timescales). Further, the δ15N data confirm that the 
extremely low present day δ15N values recorded by deep sea corals (∼8�) are unprecedented for the 
NPSG, at least within the past five millennia.
Together these records reveal centennial to millennial-scale oscillations in NPSG biogeochemical cycles. 
Further, these data also suggest a number of independent biogeochemical regimes during which δ15N 
and δ13C trends were synchronous (similar to recent coral records) or distinctly decoupled. We propose 
that phytoplankton species composition and nutrient source changes are the dominant mechanisms 
controlling the coupling and de-coupling of δ15N and δ13C values, likely primarily influenced by changing 
oceanographic conditions (e.g., stratification vs. entrainment). The decoupling observed in the past further 
suggests that oceanographic forcing and ecosystem responses controlling δ15N and δ13C values of export 
production have been substantially different earlier in the Holocene compared to mechanisms controlling 
the present day system.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Modern subtropical gyres are characterized by low nutrient 
concentrations and low primary production, with biogeochemi-
cal cycles typically dominated by microbial loop dynamics (Karl, 
1999). These oligotrophic gyre systems comprise around 60% of 
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the global oceans and are critical components of the global ma-
rine biogeochemical balance (Karl, 1999). It is now recognized that 
aggregate open-ocean oligotrophic regions, due to their vast ex-
tent, contribute the bulk of marine productivity and account for 
a substantial amount of global ocean export (Karl et al., 1997;
Martin et al., 1987).

The North Pacific Subtropical Gyre (NPSG) is the largest con-
tiguous ecosystem on earth, and remote sensing indicates that it 
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is rapidly expanding (Polovina et al., 2008). In contrast to global 
trends of declining marine productivity, phytoplankton communi-
ties of the NPSG are increasing in both biomass and productivity 
(Boyce et al., 2010; Corno et al., 2007; Karl et al., 2001). This is 
due to changes in plankton community structure, which appear 
to be linked to the addition of new nutrient sources from ex-
panding communities of nitrogen-fixing diazotrophs, selected for 
by increased stratification (Karl et al., 1997, 2001, 2011). As such, 
understanding how algal community structure and nutrient sup-
ply have responded to physical forcing in the past is critical to 
understanding future changes in the ecosystem dynamics of these 
critical open ocean systems. As part of the Hawaiian Ocean Time-
Series (HOT) program, instrumental observations taken at Station 
ALOHA (22◦45′N, 158◦W) suggest that variability in physical and 
biological attributes of the NPSG are coupled to inter-annual cli-
mate variability superimposed upon longer term, basin-wide vari-
ability (Corno et al., 2007; Di Lorenzo et al., 2008). While much 
can be gained from detailed instrumental records at ALOHA and 
other time-series stations, the short timescale of these records is 
inadequate to understand the coupling of biogeochemical cycles to 
long term climate forcing. Further, the low sedimentation rate in 
oligotrophic regions, such as the NPSG, means the entire Holocene 
is recorded in ∼10 cm of bioturbated sediments, leading at best to 
uncertain, low resolution sediment records.

Cosmopolitan deep-sea proteinaceous corals are unique bio-
genic archives that can provide centennial to millennial-scale 
records at sub-decadal resolution of past ocean conditions. These 
azooxanthellate corals are low-order consumers which feed on 
recently exported particulate organic matter (POM), and record 
the isotopic signatures of this food source into the accretionary 
growth layers of proteinaceous skeletons (Roark et al., 2009;
Sherwood et al., 2014; McMahon et al., 2017). The horny pro-
teinaceous skeleton is composed of a fibrillar protein framework 
(Ehrlich et al., 2006) that is resistant to degradation (Sherwood 
et al., 2006). The Hawaiian gold coral Kulamanamana haumeaae, 
a colonial zoanthid, is extraordinarily long-lived, thus providing 
a bioarchive on multi-millennial timescales for the NPSG region 
with average radial growth rates in the low tens of microns per 
year (Guilderson et al., 2013; Roark et al., 2009).

Previous deep-sea coral records from the NPSG Hawaiian Is-
lands spanning the last ∼1000 yrs have shown dramatic decreases 
in both nitrogen (δ15N; Sherwood et al., 2014) and carbon (δ13C; 
McMahon et al., 2015) isotopic values since the Little Ice Age 
(∼1850 CE) by ∼1.5� and ∼1.2� for δ15N and Suess-corrected 
δ13C respectively. These data indicate that both δ15N and δ13C 
values of exported primary production have strongly decreased, 
commensurate with 20th century warming and gyre expansion. 
Sherwood et al. (2014) used a multi-proxy compound-specific sta-
ble isotope approach to show that the declining deep-sea coral 
δ15N values were indicative of an increase in the relative contri-
bution of nitrogen fixation supporting export production in the 
NPSG over the last 150 yrs. McMahon et al. (2015) then used a 
compound-specific stable isotope δ13C fingerprinting approach to 
show a concurrent shift towards more N2-fixing cyanobacteria in 
the phytoplankton community supporting export production over 
this time period, consistent with the conclusions of Sherwood and 
co-authors.

Together, these records indicate dramatic responses in both 
broad algal community structure and fundamental biogeochemi-
cal cycles to shifting climate states of the NPSG. Specifically, these 
data have suggested: 1) direct coupling in major changes of pri-
mary production δ15N and δ13C values over the last ∼1000 yrs, 2) 
that present primary production δ15N and δ13C values are the low-
est in at least a millennium, 3) the variability in δ15N and δ13C of 
export production is driven primarily by algal community structure 
shifts, and 4) that stratification may be a major driver for these 
Fig. 1. Study location. A) SeaWIFS ocean color globe of chlorophyll during boreal 
summer with Hawaiian Islands squared in red. B) An annual SST (◦C) map of Hawaii 
using World Ocean Atlas 1955–2015 annual data, with arrows pointing to the two 
coral collection locations on the eastern side of Oahu Island; L for Lanikai (this 
study), M for Makapu’u (Sherwood et al., 2014), and two sediment core locations 
P17 and P20 from Lee et al., 2001. Also shown is Station ALOHA from the HOTS 
program (open circle). (For interpretation of the colors in the figures, the reader is 
referred to the web version of this article.)

changes in plankton community dynamics (Sherwood et al., 2014;
McMahon et al., 2015). However, in order to assess these hypothe-
ses within the broader context of the Holocene, longer records 
are required to better understand the potential drivers for recent 
variability and to potentially facilitate predictions of ecosystem re-
sponses to future change.

The main goal of this study was to determine if the dra-
matic changes documented in the last 150 yrs are in fact unique 
or if similar coupled δ15N and δ13C shifts are typical on mil-
lennial timescales. To answer these objectives, we report bulk 
stable nitrogen and carbon isotope records extending into the 
Mid-Holocene (∼5000 yrs ago), from proteinaceous deep-sea coral 
specimens collected from offshore Oahu, Hawaii. Proteinaceous 
deep-sea coral skeletons’ bulk δ15N and δ13C stable isotope val-
ues are a reliable proxy of baseline isotope dynamics represented 
by source and essential amino acid values (e.g., Schiff et al., 2014;
Sherwood et al., 2014; McMahon et al., 2015, 2017). These new 
records are used to examine the stability of historical baselines in 
export production δ15N and δ13C values.

2. Materials and methods

Three sub-fossil K. haumeaae deep-sea coral samples were col-
lected from ∼400 m depth offshore of Lanikai on the island of 
Oahu, Hawaii (21◦24.4′N, 157◦38.6′W; Fig. 1). In the results and 
discussion below, we refer to individual specimens as Lanikai 1, 
2, and 3 (L1, L2, and L3). Skeletons were washed with seawater 
then fresh water before being air-dried on deck. Cross section disks 
∼0.7 cm thick were cut from close to the basal attachment, pol-
ished, and mounted onto glass plates. A computerized Merchanteck 
micromill was used to isolate 2–3 mg of proteinaceous coral skele-
ton at 0.1 mm increments along radial transects from the outer 
edge to the center. The disk radius for L1, L2, and L3 were 17.5, 
13.0, and 27.6 mm respectively. A subset of samples (1–2 mg each, 
5–6 per coral) were acidified in 1N HCl for 20 hours under refriger-
ated conditions, filtered onto a 0.22 μM GFF which was then dried 
overnight at 45 ◦C before being scraped off into a tin capsule for 
EA analysis.

Bulk δ15N and δ13C analyses were conducted on ∼0.3 mg raw 
material using a Carlo Erba 1108 elemental analyzer coupled to a 
ThermoFinningan Delta Plus XP isotope ratio mass spectrometer 
at the UCSC Stable Isotope Laboratory, following the lab’s stan-
dard bulk stable isotope protocols (https://websites .pmc .ucsc .edu /
~silab /EA _Protocol .php/). Results are reported in conventional per 
mil (�) notation relative to air and VPDB standards for δ15N and 
δ13C, respectively. Laboratory error is 0.2� for both δ15N and δ13C, 
with duplicate coral analyses (n = 28) indicating 0.11� and 0.14�
reproducibility for δ15N and δ13C, respectively. Coral C:N values 
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have a laboratory error of 0.1 as determined from repeated mea-
surements of co-analyzed acetanilide.

Radiocarbon analyses were performed on 7–11 acid-pretreated 
sub-samples per specimen. Age models were determined for each 
specimen using Bacon, a Bayesian modeling approach (Blaauw and 
Christensen 2011), with Marine13 (Reimer et al., 2013), with more 
information available in supplemental materials. Isotopic regime 
shifts were detected using the methodology of Rodionov (2004), 
with a significance level of 0.1, cut off length of 10, and a Huber’s 
weight parameter of 1. The regime shift program uses a sequential 
t-test to determine regimes and can detect shifts in both the mean 
level of fluctuations and the variance (Rodionov, 2004).

For comparison with published bulk sediment δ15N records, 
marine sediment cores whose chronology were 14C based were 
updated using Marine13 (Reimer et al., 2013; details in supple-
mentary file). The δ15N records from the NICOPP database (Tesdal 
et al., 2013) were differenced against the mean of each individ-
ual record for the last 6000 yrs, and datasets were combined to 
determine a regional, composite response. Sediment records were 
restricted to those that had more than two δ15N sampling points 
in the last six millennia. Simple bivariate linear regressions were 
performed using JMP Pro® version 12 on both coral and sediment 
records to examine long-term trends and probabilities.

3. Results

3.1. Timescale and resolution

The 95% confidence interval for the individual age models aver-
aged 98 ± 15 yrs (Fig. S1, Table S1). The L1 record (1510 to 220 
CE) partially overlaps with the coral record from an adjacent loca-
tion (M; Fig. 1B) in Sherwood et al. (2014) but extends the record 
by nearly 1000 yrs. L1 had an estimated average radial growth rate 
of 14 μm yr−1, such that isotope samples averaged 7 yrs. The L2 
coral spanned ∼565 yrs (−20 to −580 CE) with a growth rate of 
21 μm yr−1 and isotope data averaging 5 yrs. L3 was the oldest 
coral and spanned ∼1420 yrs (−1540 to −2960 CE). L3 had an 
estimated growth rate of 19 μm yr−1, with isotope data averaging 
5 yrs.

3.2. Stable isotope results

Stable isotope data and C:N ratios as a function of radial dis-
tance and age are reported in Supplementary Table S2.

3.3. C:N ratio and acidification test as a screening tool

All samples from the live-collected Makapu’u coral skeleton in 
Sherwood et al. (2014) have an invariant C:N ratio of 2.86 ± 0.04, 
consistent with the 2.8–3.0 range previously reported for modern 
specimens (Druffel et al., 1995). A C:N of 2.86 ± 0.04 therefore 
represents the expected range for fresh coral skeletal material. 
While the average of all C:N values for the three fossil Lanikai 
corals are within error of this value (L1 2.89 ± 0.09, L2 2.90 ±
0.15, and L3 2.92 ± 0.06), there is also a persistent increase in C:N 
values for some samples in the outermost layers (Table S2). Com-
parison of acidified versus non-acidified duplicate samples from all 
three corals shows increases in both C:N and δ13C values in only 
the outermost layers (Fig. S2, Table S2), with the distance of this 
effect increasing with time since the death of the colony and thus, 
seawater exposure time. The youngest fossil coral specimen (L1) 
showed no difference between acidified and non-acidified samples 
δ13C values, however elevated C:N ratios in the outer 1.3 mm may 
suggest some skeletal degradation. For skeletons L2 and L3 the 
outer 1 mm δ13C bulk values average + 0.8� more positive com-
pared with acidified samples. Differences in δ13C decline steadily 
Fig. 2. Late Holocene bulk coral δ15N records compared with selected climactic and 
sedimentary δ15N records. A) Three new bulk coral δ15N records from Lanikai (col-
ors indicate coral; see legend); blue shading indicates previously published records 
(Makapu’u) from the same region. B) Mid-month insolation 15◦N for July which is 
primarily driven by changes in solar precession cycles (Berger and Loutre, 1991). 
Also shaded are major ENSO periods where most proxy records agree (Lu et al., 
2018). C) Data from bulk δ15N sediment records from the North East Pacific binned 
by 250 yr time steps from 3 records from offshore Mexico (22 to 23◦N), 5 off Cen-
tral America (7 to 16◦N), and 4 in the Eastern Tropical Pacific (ETP, 0 to 1◦N). Data 
from the NICOPP database from Tesdal et al., 2013; see supplemental file for more 
information. Error bars indicate standard deviation.

toward the coral center, and both acidified vs. non-acidified values 
overlap within error in L2 by 2.2 mm and in L3 by 3.9 mm.

Based on these results and to be conservative in our interpre-
tation, we have excluded samples from layers in which the C:N 
values or δ13C values were influenced by acidification (Fig. S2, red 
shading). Further, throughout the entire remaining data set any 
sample for which C:N values were outside analytical error (±0.1) of 
the live collected Makapu’u coral values (<2.72 or >3.0) were ex-
cluded (Table S2). In the remaining data set (for which all samples 
had C/N values consistent with fresh coral skeletal material) when 
data for each coral is considered independently there remains a 
weak correlation between δ13C and C:N ratio for two specimens 
(L1, R2 = 0.23; L2, R2 = 0.12). Therefore, while we cannot rule out 
the influence of diagenesis in our data set, the magnitude of poten-
tial δ13C influence based on these regressions (∼0.2� and ∼0.1�
of total δ13C record variation, respectively) is very similar to ana-
lytical error relative to the larger coral δ13C record trends and so 
should not influence the interpretations reported below.

3.4. Nitrogen stable isotopes

L1 δ15N values overlap data from a specimen from nearby 
Makapu’u, presented in Sherwood et al. (2014), for nearly 170 yrs
(Fig. 2A). L1 δ15N values vary by ∼2� from a low of 8.8� in 240 
CE to a high of 10.8� in 1400 CE. There appears to be δ15N os-
cillations around 9.4 ± 0.3� (n = 66) between 220 CE and 580 
CE, followed by a large increase of ∼1.2� from 660 CE to a high 
of 10.3� in 680 CE. δ15N values then decline to an average of 9.9 
± 0.2� (710 CE and 1260 CE, n = 62) before increasing ∼0.8�
over the next two decades to overlap Makapu’u values.

The L2 coral (−70 to −580 CE) exhibits no clear secular trend 
but has substantial oscillations (range ∼1.6�) about the mean 
δ15N value of 9.2 ± 0.3� (n = 101, Fig. 2A), similar to the values 
at the start of L1 300 yrs later. Regime detection (Fig. S3) notes pe-
riods of high δ15N values during −420 to −450 CE (9.8 ± 0.2�, 
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Fig. 3. Late Holocene bulk coral δ13C records compared with selected climatic data, 
sedimentary and atmospheric δ13C records. A) Bulk coral carbon isotope record, 
with blue shading depicting extent of previous coral records from the region, black 
lines representing a 5 point moving average. B) Alkenone SST records for the 2 sed-
iment cores (P17, P20) collected near Oahu, Hawaii (Lee et al., 2001) believed to be 
representative of wintertime SST conditions in the NPSG. C) Atmospheric CO2 con-
centration from Antarctic ice core records (Monnin et al., 2004). D) Red sediment 
color intensity record (gray), interpreted to be driven by El Niño Southern Oscilla-
tion with the black line designating a 20 yr moving average (Moy et al., 2002).

n = 6) and −300 to −340 CE (9.5 ± 0.1�, n = 10). The highest 
δ15N value was 10.0� (−430 CE). Lower δ15N values occurred be-
tween −190 and −100 CE (8.8 ± 0.4�, n = 18), reaching 8.4�
in −180 CE.

The Mid-Holocene L3 coral (−1650 to −2960 CE) has substan-
tially more positive δ15N values (10.8 ± 0.3�, n = 225) compared 
to all of the Late-Holocene and near modern coral data (Fig. 2A). 
From −2940 to −2600 CE δ15N increases 0.02� decade−1 (R2 =
0.51, P < 0.0001) from 10.3� to 10.9�, while reaching its lowest 
value of 10.0� in a brief excursion near −2720 CE.

3.5. Carbon isotope results

We observe a ∼2� total range in coral δ13C values, with low 
δ13C values very similar to present day occurring multiple times 
since the Mid-Holocene (in L1 ∼200 CE; in L2 ∼ −800 CE; in L3 
∼ −2800 CE, Fig. 3A). L1 δ13C values begin low at −17.1 ± 0.1�
(n = 43) between 220–460 CE, before increasing by ∼0.4� over 
the next few decades to an average of −16.7 ± 0.1� (480–1400 
CE, n = 110). L1 coral δ13C values overlap within 0.3� with 
previously published Makapu’u δ13C records from 1230–1400 CE 
(McMahon et al., 2015).

The L2 δ13C values range by ∼1� from −16.9� (−370 CE) to 
−15.8% (−80 CE) over the length of the ∼510 yr record (Fig. 3A). 
From a relatively stable 16.6 ± 0.1� (n = 27, −580 to −430 CE), 
δ13C values increase towards the outer layers of the coral at a rate 
of 0.01� per decade (R2 = 0.48, P < 0.0001). The L2 record indi-
cates a large isotopic discontinuity in δ13C values from the end of 
L2 to the more recent L1 δ13C record.

The Mid-Holocene L3 record (−1650 to −2960 CE) is marked 
by a large and statistically significant, nearly unidirectional, δ13C 
shift of ∼1.6� (∼0.01� decade−1, R2 = 0.84, p < 0.0001) with 
values ranging from −15.2� (−1540 CE) to −17.2� (−2860 CE) 
(Fig. 3A). Regime detection suggests this increase occurred be-
tween plateaus of more constant values (Fig. S3), from −16.6 ±
0.1� (−2680 to −2300 CE, n = 49), to −16.3 ± 0.1� (−2290 to 
Fig. 4. Coupled vs. decoupled changes in δ15N and δ13C bulk isotope values of ex-
port production in NPSG through the Late-Holocene. Bulk nitrogen and carbon iso-
topic records from K. haumeaae (A and B; as presented in prior figures) are overlain 
to indicate distinct periods of coupling vs. decoupling in isotopic change. Unshaded 
period indicates where δ15N and δ13C are decoupled (DC1, DC2), while red shad-
ing indicates coupling as the isotope systems trend in the same direction (C1, C2), 
and blue shading is unknown (??). Grey dashed arrows indicate the hypothesized 
trend in isotope values during discontinuities in our current records while black 
lines designate the 5 point moving average.

−2080 CE, n = 41), before reaching a third plateau of −15.8 ±
0.1� (−1940 to −1630 CE, n = 64).

3.6. Coupling vs. decoupling of nitrogen and carbon isotope records

The combined isotope records show several distinct periods of 
coupling where δ13C and δ15N values trend similarly, correspond-
ing closely to what has been observed in records from this region 
in the last millennium. However, equally common in the longer 
Holocene records are periods where δ13C and δ15N variability is 
decoupled, with little change in δ15N while δ13C changes dramat-
ically. Unlike the most recent ∼1400 yrs with coupled δ13C and 
δ15N, for more than a thousand years (−580 to 670 CE) δ13C and 
δ15N values are generally decoupled, suggesting a different regime 
than modern (Fig. 4, “DC1”, representing L2 and part of L1). As 
noted previously, the δ15N values throughout this period (−580 to 
670 CE, including the gap between L1 and L2 records) remained 
relatively constant (mean of 9.3 ± 0.3�), while in contrast the 
δ13C values increased in L1 and L2 corals (from −430 to −70 CE 
and 250 to 670 CE), with an additional large decline in δ13C val-
ues (∼1�) required to connect values between these two records. 
Further back in the ∼1000 yr period between L3 and L2 (Fig. 4, 
“??”), the offset between coral records suggests an overall shift in 
both δ15N and δ13C to much lower values from past to present. 
The Mid-Holocene trends in δ13C and δ15N values are decoupled 
once again from −2550 to −1650 CE, with δ15N values averaging 
10.9 ± 0.3�, while δ13C values increase by ∼1.5�. Finally, in the 
earliest part of this L3 records (−2950 to −2550 CE), both δ15N 
and δ13C values again trend in the same direction.

4. Discussion

4.1. Nitrogen isotopic records

The records exhibit a surprisingly wide range in δ15N values 
of about 3.5�, marked by several distinct regimes, with the most 
positive δ15N values seen in the Mid-Holocene and lowest in the 
present day (Fig. 2). Using this new 5000 year δ15N dataset for 
context, it is clear that the rate of the post-1850 decline (1.5�
in 150 yrs) is unique. More common in the coral data are long 
periods of relative stability, with millennial-scale plateaus of sim-
ilar δ15N values in three intervals (from approximately −2960 to 
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−1650 CE, −580 to 660 CE, and from 660 to the 1800s; Fig. 2). 
While there are no direct coral data for the millennial-scale gap 
from −1530 to −580, the offset between L2 and L3 indicates that 
a ∼1.5� shift in δ15N must have occurred in this period. How-
ever without more data it is not possible to determine if the shift 
in the δ15N value of export production occurred rapidly, like the 
change in the last 150 yrs, or was more drawn out or variable over 
∼1000 yrs (Fig. 2A).

Since nitrate is fully utilized on an annual scale in the NPSG, 
isotope mass balance requires that the overall δ15N value of au-
totrophs represents an integrated signal of the δ15N value of their 
nitrogen sources. Thus, gyre-based paleo-δ15N records can be in-
terpreted in terms of the relative balance of isotopically distinct 
nutrient sources supporting export production (e.g., Altabet, 2006;
Dore et al., 2002; Sherwood et al., 2014). The large ∼3.5� vari-
ability in δ15N values recorded in these corals could therefore be 
driven by either changing phytoplankton communities (i.e., relative 
importance of diazotroph N2-fixation), and/or shifts in the source 
δ15N value of advected nitrate. This latter aspect includes both 
the water mass being entrained during mixing due to changes in 
stratification as well as changing δ15NNO3 values sourced from the 
margins. Both situations could have been influenced by changes in 
water column stability and ocean-biogeochemistry dynamics.

In the NPSG near the Hawaiian islands nitrogen fixation leads 
to characteristically low δ15N values (∼0�) in the upper euphotic 
zone, while mesopelagic nitrate sources have much higher values 
(Dore et al., 2002; Casciotti et al., 2008). By assuming mass balance 
based on a two-component mixing model, with δ15NN2-fix = 0�
and δ15NNO3 = 6.5�, and a sinking particulate bulk δ15N value 
of 3.5 ± 0.2� at 300 m (Casciotti et al., 2008; Dore et al., 2002;
Karl et al., 1997), around half (∼46%) of present-day exported pro-
duction is supported by N2 fixation. The amino acid phenylalanine 
δ15Nphe values in Hawaiian proteinaceous corals have been used 
as a proxy for baseline nitrate and average 2.5 ± 0.3� over the 
late 20th and early 21st century (n = 7; Sherwood et al., 2014;
McMahon et al., 2017), which implies a similar, albeit slightly 
higher (∼60%) fraction of export production supported by nitrogen 
fixation. As documented by Sherwood et al. (2014), there is a very 
strong 1:1 relationship (R2 = 0.77) between bulk skeleton δ15N 
and δ15Nphe in K . haumeaae. Assuming that this 1:1 covariance 
is maintained in the Lanikai specimens, it is possible to directly 
transform (interpret) changes in bulk coral δ15N variability into 
baseline variability.

Water column denitrification discriminates strongly against the 
heavier 15N isotope, leaving seawater nitrate more positive in δ15N, 
and ocean circulation patterns can transport this isotopic signal 
from the Eastern Tropical Pacific throughout the Pacific (Altabet, 
2006; Sigman et al., 2009). Analysis of North Pacific sediment 
records (n = 30) indicates an overall decline of ∼0.5� in bulk 
sediment δ15N values since the Mid-Holocene (Figs. S4, S5). The 
decline in sedimentary δ15N is assumed to reflect changes in 
source nitrate values and has been attributed to a decline in water 
column denitrification through the Holocene (Jia and Li, 2011 and 
references therein). However, a gradual ∼0.5� decline in North 
Pacific Ocean δ15NNO3 values clearly cannot be the primary driver 
of δ15N values in our coral records, which exhibit significant vari-
ability in δ15N values rather than a monotonic change. There is 
also little variability in sedimentary δ15N values from source re-
gions of the Eastern Pacific that intersect water-masses (isopycnals) 
ventilating the NPSG interior (Fig. 2C), which corresponds to vari-
ability in δ15N export production as reconstructed by coral data. 
We are thus left with two potential mechanisms that drive the 
variability we observe. The first is a change in plankton community 
structure with variable importance of nitrogen fixing diazotrophs 
and the second is a change in the source of water being entrained 
into the mixed layer that provides nitrate to the NPSG. It is likely 
that the physical forcing for these two aspects is related: a more 
stratified ocean has diminished input from deeper water masses 
and could provide an expanded niche for diazotrophs (Karl et al., 
2001; McMahon et al., 2015).

Mid-Holocene δ15N values from the L3 specimen average 
10.8� with sustained positive values in excess of 11�. Within the 
context of the modern endmember model previously discussed, 
a value of 11� implies that ∼80% of the export production is 
supported by subsurface nitrate (i.e., only ∼20% supported by ni-
trogen fixation). By −580 CE, the NPSG contribution of N2-fixation 
to export production is close to equal with the contribution of 
subsurface nitrate. By the beginning of the Little Ice Age (∼1450 
CE), a return to production supported more by nitrate (∼70%) 
than nitrogen fixation (∼30%) appears likely. The value of en-
trained nitrate could be altered if there were 1) simply a higher 
concentration of NO−

3 sourced from similar present-day depth, 2) 
more positive δ15NNO3 entrained from deeper isopycnals, or 3) a 
different source origin. Deepening of the mixed-layer due to cool-
ing and/or more frequent storm events (windiness) is an obvious 
mechanism to reduce stratification and increase the vertical flux 
of NO−

3 into the mixed-layer. In the modern NPSG, stratification is 
the most common underlying driver associated with shifts in di-
azotroph communities and rates of nitrogen fixation (Karl et al., 
2001). Increased rates of N2-fixation with abundant populations of 
Trichodesmium have been found to occur during the El Niño warm 
phase of El Niño Southern Oscillation (ENSO; Karl et al., 1995;
Corno et al., 2007) when persistent subsidence leads to decreases 
in cloud cover, rainfall, and storminess in the Hawaiian Islands 
(Diaz and Giambelluca, 2012 and references within). A coupling 
of warm sea surface temperatures and increased stratification is 
likely associated with less cloudiness and reduced storminess, 
which should correspond to lower δ15N values. Thus, on millennial 
timescales, the balance of nitrogen supporting export production 
likely reflects the large-scale circulation patterns associated with 
coupled ocean-atmosphere dynamics which follows summer inso-
lation (Fig. 2B), affecting the descending limb of the Hadley Cell, 
which can impact ENSO and the migration of the Intertropical Con-
vergence Zone (ITCZ, Clement et al., 2000; Schneider et al., 2014;
Lu et al., 2018).

Solar forcing influences the position of the ITCZ by modulating 
its latitudinal extent (Clement et al., 2000; Schneider et al., 2014;
Lu et al., 2018), which can influence NPSG surface ocean currents. 
Sediment δ15N varies by latitude, with values ∼2.5� more pos-
itive offshore of Mexico in comparison to the equator (Fig. 2C). 
A southward ITCZ is expected to enhance equatorial upwelling 
(Schneider et al., 2014) and may impact the δ15N of gyre wa-
ters by changing the source region of nitrate. When the ITCZ is 
located more southward such as during the Late-Holocene, water 
advects from lower latitudes in the Eastern Tropical Pacific which 
have comparatively more negative δ15N values than higher lati-
tudes (Fig. 2C). During the Mid-Holocene, a northward ITCZ may 
transport waters from latitudes with more positive nitrate δ15N 
values. Future work modeling nitrate advection may help deter-
mine the contribution of nitrogen fixation versus a change in the 
source water impacting these coral isotopes.

4.2. Carbon isotopic records

The ∼2� range in coral δ13C values across our 5000 year 
record also appear to occur within a number of discrete cycles, 
with low δ13C values similar to present day having occurred mul-
tiple times since the Mid-Holocene (in L1 ∼ 200 CE; in L2 ∼ −800 
CE; in L3 ∼ −2800 CE, Fig. 3A). Bulk coral δ13C values have a 
strong, positive relationship with essential amino acid δ13C val-
ues in K. haumeaae, particularly the δ13C value of phenylalanine 
(R2 = 0.69, McMahon et al., 2015), which indicates that most bulk 
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δ13C variability can be tied to changes in the source carbon at the 
base of the food web. However, it should be noted that variations 
in bulk δ13C values are typically muted in magnitude compared 
to the δ13C signal from essential amino acids (Schiff et al., 2014;
McMahon et al., 2015), thus suggesting bulk coral δ13C records 
may underestimate the full extent of variability in baseline export 
changes.

There are multiple factors influencing planktonic δ13C values 
in the marine environment, but on long timescales the dominant 
controls include SST, ambient CO2 (aq.) concentrations, the δ13C 
of dissolved organic carbon (DIC), and taxon-specific fractionation 
values (εf) (Rau et al., 1996; Young et al., 2013; McMahon et 
al., 2015, Table S3). Given that these factors can be inter-linked, 
definitively assigning causes to past changes in export produc-
tion δ13C values is challenging. Increased CO2 availability, whether 
through increased atmospheric CO2 concentrations or increases in 
[DIC], generally results in decreased phytoplankton δ13C values and 
a greater isotopic discrimination between the phytoplankton and 
source CO2 (Rau et al., 1989; Young et al., 2013). However, from 
the Mid-Holocene to the Little Ice Age, the concentration of CO2
in the atmosphere has increased by only ∼10 ppm, with little 
to no change in atmospheric δ13C (Fig. 3C; Monnin et al., 2004), 
suggesting that the signal being recorded in these corals is not 
mainly due to pCO2 change. The low sensitivity of plankton δ13C 
to changes in pCO2 (0.0003� ppm−1; Young et al., 2013) would 
further indicate that atmospheric δ13C value is not a main driv-
ing mechanism for the large changes in our coral records. Base-
line changes in the δ13C of DIC are also likely to be too small 
to be driving the trends in coral δ13C (Quay and Stutsman, 2003;
Monnin et al., 2004).

Laboratory and field experiments document that temperature 
exerts an important control on phytoplankton and exported or-
ganic matter δ13C values (Table S3, and associated references). In 
general, warmer conditions contribute to more positive exported 
organic δ13C values. Multiple approaches have attempted to quan-
tify the effects of temperature on the δ13C values of primary 
production, including estimates of the effect of temperature on 
fractionation factors in culture (εp; +0.12�/◦C), on natural phy-
toplankton δ13C (+0.11–0.23�/◦C), and on suspended particulate 
organic carbon δ13C (+0.41�/◦C) in natural ocean systems (Ta-
ble S3). Mid- to Late-Holocene SST estimates using both the Mod-
ern Analog Technique and alkenone-SST relationships in sediment 
cores near Oahu indicate temperatures within 1◦C of early 20th 
century data (Fig. 3B, Lee et al., 2001). These estimates are similar 
to higher resolution Northern Hemisphere reconstructions (e.g., Pei 
et al., 2017). A ≤1◦C SST change would only account for ∼0.4�
or less of the 2� δ13C variability, suggesting temperature alone is 
only partially responsible for the trends in coral δ13C.

Shifting plankton community composition, implicitly including 
size/morphology and growth rate, is the most likely explanation for 
the large changes in δ13C values of our coral records over the last 
5000 years. Different phytoplankton species have unique carbon 
isotope fractionations during photosynthesis (Laws et al., 1995;
Rau et al., 1996), and thus a shifting phytoplankton community 
composition can be a major driver behind changes in δ13C of ex-
port production over time (McMahon et al., 2015). Prokaryotic 
cyanobacteria (e.g., Prochlorococcus, Synechococcus) and picoeukary-
otes are typically the dominant phytoplankton groups in open 
ocean regions like the NPSG (e.g., Karl et al., 2001), and of these, 
Synechococcus and picoeukaryotes are most strongly associated 
with carbon export in oligotrophic regions (Guidi et al., 2016). Pi-
coeukaryotes are also larger than prokaryotes (cell diameters of 
2.0 and 0.5 μm respectively) and this contributes to differences 
in their ecological performance as well as the extent of carbon 
fixation and export (Massana and Logares, 2013). Based on dis-
tinct isotopic fractionations associated with enzymatic, intracel-
lular carbon fixation (εf; Laws et al., 1995; Scott et al., 2007), 
the differences between prokaryotic and eukaryotic contributions 
to exported organic matter manifest as differences in δ13C val-
ues, where ∼0.6� of δ13C variability can be explained by a 1�
shift in community fractionation εf (Table S3). More positive δ13C 
values indicate higher relative contributions of eukaryotic phy-
toplankton, consistent with the well-known general trend that 
larger phytoplankton cells (e.g. diatoms) express more positive 
δ13C values than small-celled nanoplankton (e.g., Laws et al., 1995;
Popp et al., 1998).

Coral δ13C values suggest centennial- to millennial-scale trends 
towards increasing eukaryotic contributions in exported production 
followed by hypothesized events (e.g. between L3 and L2) that re-
set the NPSG to be more prokaryotic-dominated. Picoeukaryotes 
are metabolically less flexible than prokaryotic organisms, per-
haps causing them to be less resilient to environmental changes 
(Massana and Logares, 2013). Prokaryotic CO2 fixers also out-
grow and outperform eukaryotes in oligotrophic gyre ecosystems 
(Zubkov, 2014), which suggests that during periods of stratified, 
nutrient-limited conditions, prokaryotic organisms may dominate 
primary production and thus export production in the NPSG. The 
stability of the water column due to the frequency of ENSO events 
may influence community structure, with periods of low ENSO ac-
tivity (e.g., ∼3.5–5 kyrs ago) allowing for a long term community 
increase of eukaryotic organisms. This would result in the observed 
steadily increasing δ13C values of coral L3, while periods of high 
ENSO activity (e.g. 1–2 kyrs ago and 3–4 kyrs ago; Moy et al., 2002, 
Fig. 3D) would correspond to a community consistently dominated 
by prokaryotes and low, stable δ13C values (averaging −16.9 ±
0.2� from 200 to 1000 CE, Fig. 3). Shifts between smaller celled 
prokaryotes and larger picoeukaryotes can modulate the amount of 
organic matter exported to depth and may cause cascading effects 
on pelagic and benthic food webs (Finkel et al., 2010).

4.3. Coupling vs. decoupling of export production δ15N and δ13C values

Existing records from deep-sea corals from the NPSG in the last 
1000 years have uniformly documented coupled changes in δ15N 
and δ13C values at the base of the food web, with authors hy-
pothesizing that such shifts are linked to recent shifts in local/re-
gional temperature and the ecosystem response derived from the 
dynamical oceanographic setting coincident with warmer surface 
temperatures (e.g., Sherwood et al., 2014; McMahon et al., 2015). 
Therefore the observation in the longer Holocene record that rel-
ative changes in δ15N and δ13C values of export production are 
often not coupled and trend in opposite directions was unexpected. 
The δ15N and δ13C data from these coral specimens clearly indicate 
two periods in which changes in δ15N and δ13C values are largely 
synchronous (moving in the same direction, with generally similar 
slopes), and two periods in which values appear decoupled (Fig. 4; 
Results 3.6). This suggests a more complex set of biogeochemical 
forcings on the longer timescale of these records.

In all coral records for the last millennium, the direct cou-
pling between δ15N and δ13C shifts is one of the most striking 
overall features (Fig. 4). This observation supports the conclu-
sion that regional plankton community changes are the underlying 
driver for changes observed in isotope records, primarily reflect-
ing shifts between a more stable water column promoting olig-
otrophic and N2-fixation conditions versus cooler periods with in-
creased vertical mixing and entrainment (Sherwood et al., 2014;
McMahon et al., 2015). Specifically, more recent warmer periods 
are characterized by more stratified and nutrient-poor conditions 
with enhanced nutrient recycling and fewer large eukaryotic cells 
(e.g., Chavez et al., 2011). Such conditions favor microbial-loop 
dominated systems characterized by lower δ13C values. The en-
hanced N2-fixation and nutrient recycling in such systems also 
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leads to lower δ15N values, accounting for linked δ15N and δ13C 
changes. Conversely, higher nutrient environments are typified by 
faster growing, larger eukaryotic autotrophs supported by upwelled 
nitrate, leading to concurrent increases in both δ15N and δ13C pri-
mary production values.

The decoupling of δ15N and δ13C changes in earlier periods 
of this ∼5000 year record suggest distinctly different local to 
basin-scale drivers for δ15N and δ13C values. While earlier data 
indicate several periods of coupled δ15N and δ13C change in the 
NPSG that appear to be analogues to the recent millennium, the 
distinct periods of coupling and decoupling must indicate dif-
ferent mechanisms are driving changes in primary production 
N and C cycles. The two periods of decoupled isotopic behav-
ior (Fig. 4, DC1, DC2) occur when hemispheric temperatures may 
have been ∼0.5◦ cooler than present (Pei et al., 2017) and proxy 
records suggest reduced ENSO climate variability (Lu et al., 2018;
Moy et al., 2002). In contrast, the coupled period C1 includes 
the warmer Industrial Revolution and Medieval Climate Anomaly 
where proxy records agree on enhanced ENSO conditions (Lu et 
al., 2018 and references therein), and C2 occurs during enhanced 
ENSO activity periods as characterized by some proxy records (e.g. 
Moy et al., 2002, Fig. 3). One hypothesis for this apparently con-
trasted behavior is that coupling versus decoupling may be re-
lated to relative regional sea surface temperatures and stratifica-
tion. Cooler periods of reduced ENSO variability are decoupled in 
δ15N and δ13C values, while warmer, enhanced ENSO periods are 
more consistently coupled. While speculative, this could be due to 
changing nutrient regimes. Generally warmer SSTs correspond to 
enhanced ocean stratification, shallower mixed layer depths, and a 
slowdown in gyre circulation. Under such oligotrophic conditions, 
phytoplankton communities may rely more heavily on the sup-
ply of N2-fixed nitrate from localized diazotroph production, and 
community composition may shift towards prokaryotic, N2-fixing 
organisms, perhaps causing a coupling in δ13C and δ15N values 
of export production. In contrast, there is both more mixing from 
depth and/or enhanced lateral advection of water from ocean mar-
gins during cooler, often windier, climatic periods (Sigman et al., 
2009). The result is lower rates of N2-fixation (Galbraith et al., 
2004) and more nitrate with more positive δ15N values possibly 
advected from higher latitudes of the Eastern Pacific (Fig. 2C). 
Thus, community composition changes may serve to shift δ13C 
values, while the signal of advected δ15NNO3 and not N2-fixation 
drives the δ15N value of exported organic matter during periods of 
cooler SSTs, thus decoupling the δ13C and δ15N values. McMahon 
and coauthors (2015) support this idea, suggesting nitrate utilizing 
cyanobacteria dominate community composition over some peri-
ods while N2-fixating cyanobacteria dominate over others during 
the most recent millennium. While this idea cannot be directly 
tested using bulk isotope analysis, further work could address it.

Lastly, spectral and wavelet analysis did not reveal consistent 
multi-decadal to centennial scale power and while the detected 
regimes did not often overlap in timing between δ15N and δ13C 
records most regimes (∼60%) lasted between 30 and 90 yrs in du-
ration (Fig. S3). We posit that the regime analysis confirms multi-
decadal variability, but that there is more than one mechanistic 
forcing and ecosystem response influencing the δ13C and δ15N of 
export production, that are not always in sync with each other.

5. Conclusions

This study documents variability in export production δ15N and 
δ13C values for the Holocene NPSG, extending previously pub-
lished records by approximately ∼4000 yrs deeper into the Mid-
Holocene. These new data reveal a dynamic biogeochemical sys-
tem, in which substantial changes in δ15N and δ13C values of ex-
port production have been common on millennial timescales. Our 
records indicate that the natural isotopic range of production in 
the NPSG has varied by up to 3.5� for δ15N values and 2� for 
δ13C values over the last 5000 yrs. In particular, Mid-Holocene 
export production δ15N values appear to have been substantially 
higher (by ∼1.5 to 2�) than in the Late-Holocene, and these 
longer records confirm that present day δ15N values recorded in 
corals (∼8�) are the lowest in ∼5000 yrs. In contrast, low δ13C 
values similar to those recorded in modern corals (∼−17�) were 
reached during at least two other periods since the Mid-Holocene.

While these data clearly show periods of major change in both 
δ15N and δ13C values over the last 5000 yrs similar in magni-
tude to changes in the Anthropocene, past changes appear to have 
occurred over much longer (∼millennial) timescales. In addition, 
these new records also indicate that distinct periods of coupled 
and decoupled δ15N and δ13C dynamics occurred in different pe-
riods throughout the Holocene. This in turn suggests a number of 
independent biogeochemical regimes over the last 5000 yrs. We 
hypothesize that these regimes are most likely linked to shifts 
in plankton community structure, possibly coupled with indepen-
dently varying δ15N values of nitrate in this region. The coupled 
δ15N and δ13C periods are similar to shifts observed in both NPSG 
instrumental records and also in more recent coral chronologies, 
likely explained by relative importance of nitrogen fixation and up-
per water stratification (McMahon et al., 2015; Sherwood et al., 
2014). Periods in which δ13C values change with no major shifts 
in δ15N values imply changes in phytoplankton community struc-
ture without clear linkage to shifts in nutrient supply, potentially 
explained by relative abundance of non-nitrogen fixing prokaryotic 
autotrophs in this region (McMahon et al., 2015). However, to test 
these ideas more work will be necessary to identify the relative in-
fluence of baseline nutrient supply versus changes in autotrophic 
community structure.

Overall, the dynamism of Holocene biogeochemical systems re-
vealed by this study strongly emphasizes the need to develop new 
proxies that can be used to determine past climate and environ-
mental conditions at high resolution in the NPSG. Future work 
should include compound specific analysis of amino acids within 
coral archives to further constrain these hypotheses. Such infor-
mation would allow researchers to directly examine if present 
microbial-loop dominated system of the NPSG has been constant 
or if variation in community structure has been responsible for 
isotopic variability of our records earlier in the Holocene. Further, 
this approach would allow for testing of the underlying assump-
tion that average trophic structure of NPSG planktonic systems, 
which strongly influences the δ15N value of export production, 
has remained constant through time. While data from Sherwood 
et al. (2014) indicated that average planktonic ecosystem trophic 
position has remained constant over the most recent millennium, 
it is not known if this also would hold true for earlier parts of 
this record, specifically during periods of δ13C and δ15N decou-
pling. Regardless, we show that while NPSG plankton and nutrient 
dynamics are highly variable over the last 5000 yrs, the modern 
Anthropocene regime remains unique in the magnitude and tim-
ing of changes in ecosystem dynamics in the context of Holocene 
variability.
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