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By Meike Vogt

P
hytoplankton communities play a key 

role in the global biogeochemical cy-

cling of many essential chemical ele-

ments by fixing carbon, nitrogen, and 

other nutrients into their biomass. 

If today’s oceans were devoid of life, 

atmospheric CO
2
 concentrations would be 

much higher than currently observed. As 

marine biologists strive to uncover present 

plankton distribution and diversity (1, 2), 

evidence is accumulating that phytoplank-

ton assemblages are already being affected 

by global change (3). In this issue, Rivero-

Calle et al. (page 1533) (4) and McMahon et 

al. (page 1530) (5) use observational records 

of phytoplankton communities from two 

ocean basins to document climate-related 

shifts in phytoplankton communities and 

their environmental drivers on time scales 

of several decades to millennia (see the fig-

ure). The results may have implications for 

future ocean carbon uptake and storage.

In the realm of phytoplankton, the Who’s 

Who is of critical importance to ecosys-

tem function. Different phytoplankton 

groups have evolved various physiological 

strategies that allow them to thrive in ma-

rine environments ranging from freezing, 

nutrient-rich polar waters to warm, nutri-

ent-poor subtropical ocean deserts. Their 

extensive functional diversity allows them 

to differentially influence global biogeo-

chemical cycles through a variety of cellular 

processes that transform, store or metabo-

lize nutrients such as nitrogen, phosphorus 

and carbon. For example, coccolithophores 

build calcium carbonate shells, influenc-

ing the ocean’s carbonate chemistry and 

carbon export patterns (4). Diazotrophs fix 

atmospheric nitrogen during growth, thus 

increasing the ocean’s nutrient reservoirs, 

marine productivity, and the efficiency of 

carbon export (5). As the climate changes, 
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Climate-related phytoplankton habitat shifts. Colored scanning electron micrograph of the calcium carbonate shells of coccolithophores. Each plate is about ~2.5 µm wide. 

Ranges and abundances of this and other phytoplankton groups shift with  changing ocean conditions. 
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the ranges and abundances of these and 

other functional groups of phytoplankton 

will shift. The consequences for marine 

ecosystem functioning and global biogeo-

chemical cycles are as yet poorly quantified.

Despite the importance of these func-

tional groups, little is known about their 

past and present distributions (6). Few 

long-term time series of pelagic phyto-

plankton community composition exist, 

because phytoplankton sampling is costly 

and laborious and many ocean regions are 

vast and remote. Laboratory studies often 

focus on monocultures of a few strains and 

thus cannot fully capture ecosystem re-

sponses, in which physiological changes at 

the individual level are inextricably linked 

to changes in the relative fitness of different 

taxa in a changing environment.

Shedding light on the drivers and conse-

quences of past changes in phytoplankton 

communities may help us to understand 

their responses to future climate change. 

Rivero-Calle et al. combine long-term 

monitoring data with a sophisticated sta-

tistical modeling approach to show that 

coccolithophore abundance has increased 

significantly over the past five decades in 

the North Atlantic. They suggest that CO
2
 is 

the primary driver of this pattern.

A preceding study based on a similar sta-

tistical model and a subset of the same data-

set recorded similar coccolithophore trends, 

but identified temperature rather than pCO
2
 

as the main driver of the increase (7). Given 

that CO
2
 and temperature simultaneously 

affect phytoplankton growth and competi-

tion, isolating their individual effects on 

phytoplankton physiology and competition 

is challenging at the ecosystem level. 

Rivero-Calle et al. use a synthesis of 

published coccolithophore growth rates as 

a function of CO
2
 and temperature to dis-

entangle the effect of both drivers. They 

show that changes in temperature alone are 

too small to explain the magnitude of the 

change in coccolithophore prevalence, but 

that the increase is consistent with a higher 

growth rate due to the effect of CO
2
. Linking 

basin-scale ecological changes to physiolog-

ical changes at the cell level, this innovative 

study provides new evidence for a substan-

tial reorganization of North Atlantic phyto-

plankton communities.

The North Atlantic is not the only basin 

experiencing major phytoplankton regime 

shifts. McMahon et al. reveal three differ-

ent plankton regimes that succeeded each 

other over the past millennium in the 

North Pacific subtropical gyre. The authors 

analyzed the elemental composition of the 

skeletons of long-lived deep-sea corals. The 

skeletons record the coral’s past diet of 

phytoplankton detritus and serve as a long-

term archive of the surface phytoplankton 

community composition. Each regime shift 

identified by McMahon et al. coincided with 

major climatic changes. With the onset of 

the industrial era, the plankton community 

transitioned from a mixed community of 

eukaryotes and non-nitrogen–fixing cya-

nobacteria to one characterized by an in-

creased contribution of diazotrophs. 

McMahon et al. attribute the trend in diaz-

otroph abundance to increasing sea surface 

temperature, stratification, and decreasing 

nutrient availability but do not rank these 

environmental drivers and do not discuss 

CO
2
. Laboratory studies have shown that the 

growth of nitrogen-fixing cyanobacteria is 

favored under high-CO
2
 conditions (8). Over 

the past millennium, changes in ocean pCO
2

were small and thus unlikely to drive the 

documented regime shifts, but global warm-

ing and ocean acidification may well act in 
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Phytoplankton trends. With rising CO
2
 concentrations and temperatures, McMahon et al. find evidence of subtropical 

North Pacific phytoplankton communities shifting from non-nitrogen fixing to nitrogen-fixing, cyanobacteria-dominated 

phytoplankton communities during the past millennium. In the North Atlantic, Rivero-Calle et al. detect an increase in the 

relative abundance of coccolithophores in temperate and subtropical phytoplankton communities over recent decades.
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concert to restructure future Pacific phyto-

plankton communities.

A recent modeling study lends further sup-

port to the suggestion that CO
2
 might equal 

or even outrank temperature in its potential 

to alter future phytoplankton communities. 

Using a complex global marine ecosystem 

model, Dutkiewicz et al. simulated phyto-

plankton community structure under global 

warming and ocean acidification over the 

21st century (9). Differing growth responses 

of the phytoplankton types to increased 

pCO
2
 caused substantial shifts in simulated 

phytoplankton communities, with global in-

creases in both coccolithophore and diazo-

troph biomass.

Regardless of the main drivers, the spe-

cies and regime shifts in the phytoplank-

ton communities are likely to alter ocean 

biogeochemistry. Yet, the relationships 

between community structure and ocean 

biogeochemistry are poorly understood, 

and current evidence suggests that they 

will depend on the spatiotemporal scales 

at which they are considered. For example, 

several long-term studies have reported 

a negative correlation between past coc-

colithophore calcification rates and CO
2
 

levels (10, 11). However, a short-term labo-

ratory study simulating future conditions 

has identified a few coccolithophore spe-

cies with impressive adaptive capabilities, 

providing a compensation mechanism for 

rising CO
2 
(12). 

As climate change is altering marine eco-

systems at an unprecedented rate, research 

efforts must address the link between ma-

rine ecosystem function and phytoplankton 

biogeography. Further insight will require 

integration of in situ, satellite, and palae-

oceanographic observations with labora-

tory studies and modeling. Data limitation 

continues to be the most pressing problem 

for monitoring large-scale species and re-

gime shifts. Even though the environment 

in which they live will undergo substantial 

changes, phytoplankton evolved billions of 

years ago and are likely to stay afloat in the 

changing seas. The question is how higher 

trophic level organisms, such as us, will deal 

with changes in the services that plankton 

ecosystems provide.        ■
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Disclosing boron’s thinnest side
Borophene—stable, single-atom-thick layers of boron—
displays remarkable properties 

By Hermann Sachdev1,2

C
urrent research on two-dimensional 

(2D) materials like graphene, boroni-

trene layers, phosphorene, silicene, or 

transition-metal dichalcogenides is fo-

cused on the tuning of their electronic 

and photonic properties combined 

with high-quality film syntheses. Major goals 

are the fabrication of (semi)-conducting films 

for nanoscale electronic devices and applica-

tions to improve the performance of energy 

conversion and storage systems (1–4). The 

mechanical properties of graphene and MoS
2
 

are also being considered for their nano- and 

mesoscale tribological aspects (5). On page 

1513 of this issue, Mannix et al. (6) report 

on the formation of atomically thin boron 

films—borophene—by the evaporation and 

deposition of boron on a Ag(111) surface. The 

position of boron in the periodic system, be-

tween metallic beryllium and nonmetallic 

carbon, classifies it as a semimetal. Boron 

displays a pronounced ability to form not 

only strong covalent two-center-two-electron 

bonds, but also stable electron-deficient 

three-center-two-electron bonds. This results 

in a manifold of 3D cluster patterns for the 

solid-state structures of elemental boron 

polymorphs. The strong covalent bonds are 

responsible for boron and structurally re-

lated borides being hard materials. Also, no 

other p-block element shows a similar com-

plexity of chemical bonding, which is as well 

displayed within the cluster chemistry of bo-

ron hydrides and carboranes (7).

Mannix et al. characterized the boron 

monolayers by scanning tunneling micros-

copy and low-energy electron diffraction and 

found that they display a remarkable similar-

ity to a model for “borophene,” a quasiplanar 

molecular compound consisting of a B
36

 clus-

ter of boron atoms (8). The dominant pattern 

of this molecular structure exhibits a hexago-

nal array of boron atoms with an additional 

boron atom located centrally within each B
6
 

hexagon. Because no alloying with the under-

lying silver substrate is observed, the single 

atom thick layer of boron can be considered 

as a novel 2D boron polymorph. Owing to 

the strong covalent interactions within this 

2D borophene layer, the structure resembles 

a missing link between fully covalent bound 

2D materials (graphene, boronitrene layers, 

phosphorene) and support-stabilized semi-

metallic films of single atomic thickness like 

silicene and germanene. 

Depending on the relative orientation of 

the boron monolayer to the Ag(111) substrate 

and the deposition conditions, different do-

main structures can be distinguished. These 

structures can be derived from a corrugated 

hexagonal array of boron atoms, with addi-

tional boron atoms located above each center 

of a six-membered ring (see the figure), with 

distortions imposed by the substrate symme-

try leading to ribbonlike structural features 

(6). Like benzene (C
6
H

6
) for graphene, a B

7
 

molecular cluster (being formed by boron 

evaporation and stable as per calculations) 

can be formally regarded as an elemental 

structure of the borophene layer.

In situ electronic characterization by 

scanning tunneling spectroscopy reveals 

anisotropic metallic characteristics, with 

the electronic conductivity correlating to the 

chainlike superstructures according to den-

sity-of-state calculations. Borophene layers 

are more stable than silicene layers, owing 

to the strong covalent interactions of boron 

atoms by multicenter electron-deficient 

bonds, but still display a considerable reactiv-

ity, e.g., toward oxygen. The borophene struc-

ture could be successfully stabilized with a 

Si/SiO
x
 buffer layer for exposure at ambient 

conditions, as indicated by transmission elec-

tron microscopy. 

These films give rise to considerable tough-

ness, in addition to their structural and elec-

tronic properties. Calculations reveal an 

in-plane Young’s modulus in correlation with 

the experimentally observed structural an-

isotropy of the boron epilayer (398 GPa∑nm 

“...single and multiple 
borophene layers offer a 
broad perspective for the 
development of nanoscale 
electronic devices...”
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PHYTOPLANKTON

Millennial-scale plankton regime
shifts in the subtropical North
Pacific Ocean
Kelton W. McMahon,1,2* Matthew D. McCarthy,1 Owen A. Sherwood,3

Thomas Larsen,4 Thomas P. Guilderson1,2,5

Climate change is predicted to alter marine phytoplankton communities and affect
productivity, biogeochemistry, and the efficacy of the biological pump. We
reconstructed high-resolution records of changing plankton community composition in
the North Pacific Ocean over the past millennium. Amino acid–specific d13C records
preserved in long-lived deep-sea corals revealed three major plankton regimes
corresponding to Northern Hemisphere climate periods. Non–dinitrogen-fixing
cyanobacteria dominated during the Medieval Climate Anomaly (950–1250 Common
Era) before giving way to a new regime in which eukaryotic microalgae contributed
nearly half of all export production during the Little Ice Age (~1400–1850 Common Era).
The third regime, unprecedented in the past millennium, began in the industrial era and
is characterized by increasing production by dinitrogen-fixing cyanobacteria. This
picoplankton community shift may provide a negative feedback to rising atmospheric
carbon dioxide concentrations.

G
one is the paradigm of the oligotrophic
subtropical gyres as vast oceanic deserts.
In the recent instrumental record, a new
picture has emerged of substantial dy-
namics in plankton community structure,

biogeochemical cycling, and export production
(1–4). Numerous lines of evidence suggest that
shifts in phytoplankton community regimes are
intimately connected to oceanographic condi-
tions (2, 4, 5). For instance, the 1976 polarity
reversal of the Pacific Decadal Oscillation caused

a shoaling of the mixed layer and subsequent
declines in available nutrients to theNorth Pacific
Subtropical Gyre (NPSG); these conditions prob-
ably promoted the food-web regime shift from a eu-
karyotic to a prokaryotic, cyanobacteria-dominated
system (2). Such changes are superimposed on
secular shifts associated with the areal increase of
subtropical gyres that has been ongoing for at
least 25 years (6). In the face of increasing climate
change, it is imperative to understand recent
changes at the base of the NPSG food web in the
context of longer-term trends. However, our un-
derstanding of how NPSG plankton commun-
ities have shifted on centennial time scales has
been limited by a lack of available methods and
paleoarchives of sufficient length and resolution.
Hawaiian gold corals (Kulamanamana hau-

meaae) are extraordinarily long-lived deep-sea
organisms that record the biogeochemical sig-
natures of recently exported production in their

proteinaceous skeletons (7, 8). We generated
millennial-length records of bulk stable carbon
isotopes (d13Cbulk) from specimens ofK. haumeaae
collected from the top of the mesopelagic zone at
two sites in theHawaiian archipelago (Fig. 1). The
d13Cbulk records showed remarkable congruence,
characterized by a gradual increase of ~1.0 permil
(‰) from ~1000 to ~1850 CE, followed by a rapid
decrease of –1.0‰ from ~1850 to the present, after
correcting for the Suess effect (Fig. 2A) (9–11).
These changes in d13Cbulk imply multicentennial-
scale shifts in d13C values associated with primary
production, which we hypothesize reflect major
changes in plankton community structure over
the past 1000 years.
Bulk d13C records integrate the combined in-

fluences of the d13C value of inorganic carbon
utilized during carbon fixation, shifts in plank-
ton community structure, trophic changes, and
biochemical fractionation. To isolate plankton
source signatures within this signal, we applied a
powerful fingerprinting approach to the sampled
deep-sea corals, based on the normalized d13C
values of essential amino acids (d13CEAA) in pri-
mary producers (11). These d13CEAA fingerprints
reflect the substantial metabolic diversity in EAA
synthesis pathways and associated isotope ef-
fects among evolutionarily distinct primary pro-
ducers (12, 13). We found diagnostic multivariate
patterns in literature values of normalized d13CEAA
among four key source end-members relevant to
the NPSG [eukaryotic microalgae, dinitrogen
(N2)–fixing and non–N2-utilizing cyanobacteria,
and heterotrophic bacteria] (fig. S2). Because
animals cannot synthesize the carbon skeletons
of EAAs (14), these d13CEAA fingerprints are in-
corporated, virtually unmodified, into upper-
trophic-level consumers, including gorgonin corals
(15). Furthermore, d13CEAA fingerprints are robust
to themany factors affecting bulk d13C values, such
as environmental and growth conditions (13, 16).
A subset of the deep-sea coral samples spanning

the entire 1000-year record was analyzed for
d13CEAA at ~20-year resolution (table S1). d13CEAA
values were strongly correlated with d13Cbulk (fig.
S1), indicating that trends in d13Cbulk can be at-
tributed to changes in source carbon at the base
of the food web (15). For example, the d13CEAA of
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Fig. 1. NPSG productivity distribution, with sample locations. (A) Spatial extent of the oligotrophic NPSG, determined from spring 2012 chlorophyll a
concentrations measured remotely by NASA’s Aqua/MODIS (Moderate Resolution Imaging Spectroradiometer).The white box indicates the area shown in (B).
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www.nodc.noaa.gov/cgi-bin/OC5/woa13/woa13oxnu.pl?parameter=n).
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phenylalanine (Fig. 2B) mirrored that of d13Cbulk
(Fig. 2A); however, the magnitude of change was
10 times larger than in d13Cbulk. This suggests
that isotopic contributions from other macro-
molecules had a strong muting effect on d13Cbulk
values, and thus d13CEAA is likely amore sensitive
record of changes in primary producer d13C than
d13Cbulk is (15). Our results indicate that variabil-
ity in d13C values of exported productionwasmuch
larger than would be inferred from coral d13Cbulk
records alone, and strongly suggest broad changes
in the sources of exported primary production
through time.
To reconstruct past shifts in the relative contri-

butions ofmajor phytoplankton groups to export
production in the NPSG, we applied a Bayesian

stable isotope–mixingmodel to published source
end-member d13CEAA fingerprints (11) and the
d13CEAA records of K. haumeaae, normalized to
their respective means (fig. S2 and table S2).
Over the entire 1000-year record, photoautotro-
phic carbon dominated the corals’ sinking parti-
culate organic matter (POM) food source (mean,
87 ± 6%), with a relatively small heterotrophic
bacterial contribution (13 ± 6%) (Fig. 3). Like-
wise, prokaryotic cyanobacterial sources domi-
nated photoautrophic carbon (63 ± 14%), with a
moderate mean contribution from eukaryotic
microalgae (24 ± 10%) (Fig. 3). On centennial
time scales, however, relative contributions from
photoautotrophic end-members shifted dramat-
ically. For example, between 1000 and 1850 CE,

cyanobacteria decreased from 80 to 50% of total
exported production, offset by an equivalent in-
crease in eukaryotic microalgae up to a peak con-
tribution of ~45% in the early 1800s. Although
previous studies have noted enhanced diatom
abundances in the NPSG associated with meso-
scale oceanographic features (17), such a sustained
high level of eukaryoticmicroalgal production has
never been observed in the modern instrumental
record. Themost conservative explanation of our
data is that the changes in the phylogenetic iden-
tity of sources contributing to export production
reflect changes in the relative community com-
position of surface plankton through time. An
alternate, albeit highly unlikely, hypothesis is that
surface plankton community composition has re-
mained relatively constant through time, and in-
stead the degree of decoupling between surface
and export production has undergone dramatic
changes as a function of climate shifts (11).
To better constrain the patterns of changing

plankton community composition, we applied a
hierarchical cluster analysis to the normalized
d13CEAA data (11). This approach identified three
distinct plankton community regimes that cor-
responded temporally to well-known Northern
Hemisphere climate phenomena (Fig. 4). The
first regime corresponded to the Medieval Clim-
ate Anomaly [MCA; 950–1250 CE (18)], with
d13CEAA fingerprints indicative of export produc-
tion dominated by nitrate (NO3

–)–utilizing cya-
nobacteria. There is general consensus that the
putative MCA in the northern mid-latitudes was
similar to the climate of the mid-20th century
(18, 19), implying relatively warm sea surface tem-
peratures,weakwinds, shallowmixed-layer depths,
and resultant nutrient limitation, all favoring ami-
crobial loop–dominated community (2). The sec-
ond regime corresponded to the Little Ice Age
[LIA; 1400–1850CE (18)]. In this regime, the plank-
ton assemblage contributing to export production
transitioned froma cyanobacteria-dominated com-
munity to one far more strongly influenced by
eukaryotic microalgae (Fig. 3). This shift probably
reflects a transition in the LIA to cooler sea sur-
face temperatures, a reduction in stratification,
an increase inmixed-layer depth, and an inferred
increase in the supply of inorganic nitrate from
depth (4, 20).
The third and current regime began at the end

of theLIAandat theonset of themodern industrial
age (~1850 CE) (Fig. 4). This regime is distinguished
by a transition back to a cyanobacteria-dominated
system. However, unlike theMCA period, the cur-
rent regime is characterized by a biogeochemi-
cally distinct group of cyanobacteria, the N2-fixing
diazotrophs. Historically, the availability of inor-
ganic nitrogen (N) and/or phosphorus (P) was
thought to limit plankton production in theNPSG
(21). Since ~1850 CE, however, sea surface temper-
atures have increased, accompanied by a likely
decrease in the tradewinds concomitantwith gyre
expansion, as a result of Northern Hemisphere
warming. The resulting increase in stratification
and decrease in nutrient availability may have
selected for a N2-fixing cyanobacterial commu-
nity, as observed in the instrumental record over

SCIENCE sciencemag.org 18 DECEMBER 2015 • VOL 350 ISSUE 6267 1531

Fig. 2. 1000-year
bulk and essential
amino acid d13C
records from deep-
sea corals in the
NPSG. K. haumeaae–
derived records of (A)
d13Cbulk (solid lines
show the 20-year
average; analytical
error, 0.05‰) and (B)
d13CPhe (Phe, phenyl-
alanine; squares; ana-
lytical error, 0.2‰)
from Makapuu live
coral (purple), Maka-
puu fossil coral
(magenta), and French
Frigate Shoals live
coral (brown). All
records have been
corrected for the oce-
anic Suess effect since
1860 (10, 11). Well-
known Northern Hemisphere climate phenomena are overlaid for reference (18).

Fig. 3. Millennial record of relative carbon contributions from different primary producers recorded
in deep-sea corals. Shown are the relative contributions of carbon from N2-fixing cyanobacteria (black),
non–N2-utilizing cyanobacteria (yellow), eukaryotic microalgae (green), and heterotrophic bacteria (gray),
recorded in deep-sea corals over the past 1000 years. Corals were collected at 450 m depth in the
Hawaiian archipelago in the NPSG. Relative contributions are based on a compound-specific Bayesian
stable isotope–mixing model of normalized phytoplankton end-member and coral d13CEAA values.
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the past ~20 years (2, 22). Currently declining P
inventories and increasing N:P ratios in the
mixed layer at the HOT-ALOHA (Hawaiian Ocean
Time-series–A Long-Term Oligotrophic Habitat
Assessment) oceanographic station are thought to
reflect this decades-long increase in N2 fixation
(1, 2, 8), an idea that is further supported by
recent literature suggesting that canonical Red-
field ratios in the NPSG may be more plastic
than previously realized (23, 24).
Our d13CEAA fingerprinting data, which show a

47% increase in N2-fixing cyanobacteria carbon
in exported POM since the end of the LIA, cor-
respond well with recent evidence of a 17 to 27%
increase in NPSG N2-fixation since ~1850 CE,
determined from amino acid–specific nitrogen
isotopes (d15NAA) in the same suite ofK. haumeaae
specimens as used in this study (8). These studies
represent fully independent lines of evidence
supporting the hypothesis that recent decreases
in d15Nbulk values of exported POM in the NPSG
are related to increases in diazotrophic plankton
within a microbial loop–driven system (11).
By offering the first direct phylogenetic con-

text for long-term shifts in isotopic records of
exported POM, our data provide a major new
constraint in understanding the evolution of
NPSG biogeochemistry. For example, a recently
proposed alternate hypothesis contends that ad-
vection of 15N-depleted nitrate from the Eastern
Tropical Pacific, associated with a reduction in
denitrification (25), might explain recent low
d15N values in the NPSG; similarly, Kim et al. (26)
suggested that atmospheric N deposition is the
dominant factor driving increases in values of N*
(a nitrate- and phosphate-based tracer of N2

fixation and denitrification) across the Pacific.
However, the d15N value of N entrained in the
mixed layer should not, by itself, affect plank-
tonic community structure. Our new evidence
for a profound phylogenetic community shift is
fully consistent with increasing N2 fixation,
probably linked to overall increased stratification
and reductions in upwelled nitrate, over the past
100 years.
Taken together, our data show that phyto-

plankton community structure in the NSPG is
subject to multicentennial shifts that are broadly

linked to climate conditions. They also reveal
that the present-day cyanobacterial community,
which is characterized by strongly enhanced N2

fixation, is unprecedented within at least the past
1000 years. The transition to the current cyano-
bacterial regime (<200 years) was much faster
than the transition from cyanobacterial domi-
nance during the MCA to eukaryotic dominance
during the LIA (>600 years). Both the nature and
the rate of change of the current dominant auto-
trophic assemblage strongly suggest continuing
rapid changes in NPSG plankton community
structure associated with anthropogenic climate
change and are consistent with the predicted
expansion of N2-fixing cyanobacteria habitat (27).
Regime shifts in plankton community compo-

sition have far-reaching implications for produc-
tivity, food-web dynamics, biogeochemical cycling,
and the efficacy of the biological pump (22, 28, 29).
The fact that dominant cyanobacterial signatures
were recorded in deep-sea corals from the meso-
pelagic zone strongly suggests that continuing
shifts to an N2-fixing prokaryotic regime have
fundamentally altered the main sources of ex-
ported POM. These observations also support
recent evidence (3, 30) that small-cell picoplank-
ton production, free-living and/or in cyanobacteria-
diatomsymbioses (11,22),maybeamore important
component of export production in oligotrophic
gyres than traditionally recognized. Further, re-
cent studies have shown that plankton elemental
stoichiometry is more variable than previously
assumed under the classical Redfield paradigm,
with C:P ratios being several times higher in the
oligotrophic gyres than in upwelling regions
(23, 24). This suggests that carbon export could
actually be more efficient (per mole of P) in the
oligotrophic gyres, despite their lower overall
productivity, and, furthermore, that increasing
nutrient limitation in warmer and more strati-
fied oceans over the past 100 years may have
served as a major negative feedback on rising
CO2 concentrations (23, 24). Our finding that
the phylogenetic origin of export production in
the NPSG has trended toward N2-fixing prokar-
yotes over the past century strongly supports this
idea. If small-cell export does in fact act as a more
efficient carbon pump, our new records suggest

that this carbon cycle feedback has already been
operating for the past 100 years. For this feedback
loop to persist into the future, the system cannot
become phosphate-limited.
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MARINE CALCIFERS

Multidecadal increase in North
Atlantic coccolithophores and the
potential role of rising CO2
Sara Rivero-Calle,1,2* Anand Gnanadesikan,1* Carlos E. Del Castillo,1,3

William M. Balch,4 Seth D. Guikema5

As anthropogenic carbon dioxide (CO2) emissions acidify the oceans, calcifiers generally
are expected to be negatively affected. However, using data from the Continuous Plankton
Recorder, we show that coccolithophore occurrence in the North Atlantic increased
from ~2 to more than 20% from 1965 through 2010. We used random forest models to
examine more than 20 possible environmental drivers of this change, finding that CO2

and the Atlantic Multidecadal Oscillation were the best predictors, leading us to
hypothesize that higher CO2 levels might be encouraging growth. A compilation of 41
independent laboratory studies supports our hypothesis. Our study shows a long-term
basin-scale increase in coccolithophores and suggests that increasing CO2 and
temperature have accelerated the growth of a phytoplankton group that is important for
carbon cycling.

M
arine organisms that produce external
features made of calcium carbonate are
susceptible to harmful consequences from
ocean acidification (1). Coccolithophores,
the main calcifying phytoplankton, are

unicellular algae surrounded by calcite plates
called coccoliths,whose photosynthesis is strongly
carbon-limited (2). Coccoliths are a major source
of oceanic particulate inorganic carbon (PIC) and
serve as ballast for sinking aggregates (3), thus
accelerating carbon export (4). Given increasing
partial pressures of atmospheric CO2 (pCO2), global
warming, and ocean acidification, it is expected
that coccolithophores will be affected, producing
concomitant effects on ocean carbon fluxes, di-
methyl sulfide fluxes (5), carbonate geochemistry
(6), and phytoplankton community structure (6).
Current evidence regarding how increased pCO2

will affect coccolithophores is contradictory (7–10).
Most laboratory manipulations study how cocco-
lithophores respond to the increased pCO2 levels
predicted for the end of the century rather than to
the CO2 changes observed in the past five decades.
Here, we report changes in the occurrence of

coccolithophores in the North Atlantic during the
past 45 years and use random forest (RF) statis-
tical models to evaluate the importance of various
environmental drivers for these changes.
The in situ Continuous PlanktonRecorder (CPR)

surveys were developed to sample plankton in
the North Atlantic using ships of opportunity.
The surveys have followed the same methodol-
ogy since 1946 (11). Sample preservationmethods
(using Borax-buffered formalin) and analysis have
remained unchanged since 1958 (12), producing
a unique, consistent, multidecadal data set. Al-
though the CPR filtering system was designed
to sample larger microplankton, coccolithophores
are trapped, particularly in the intersection of
the silk fibers (12). It is not possible to accurately
quantify organisms that are smaller than themesh
size, but we can use the data set to estimate the
probability of coccolithophore occurrence. Although
our sampling underestimates natural abundances,
this probability is a proxy for changes in cocco-
lithophore abundance (fig. S1).

We calculated the annual probability of cocco-
lithophore occurrence as the fraction of samples
per year containing coccolithophores. The CPR
data show an increase in occurrence of coccoli-
thophores across the North Atlantic from ~2% of
samples in the 1960s to more than 20% of sam-
ples with coccolithophores in the 2000s (Fig. 1, A
to F, and fig. S2). Regional abundances of cocco-
lithophores in the 2000s are at least 10 times high-
er than those observed at the beginning of the data
record. Our observations are supported by a shift
in the opal:carbonate ratio in sediment traps in
the Atlantic from the 1990s (13), satellite evi-
dence of global poleward expansion ofEmiliania
huxleyi (14), and recurring blooms in areas where
coccolithophoreswere previously absent or sparse
(14–17).
To evaluate possible top-down and bottom-up

drivers for the increase in coccolithophore occur-
rence in the North Atlantic, we investigated fac-
tors that could affect coccolithophore growth
rates and biogeography. Temperature, nutrient
availability, light levels, competition, and preda-
tion are critical on a local scale. In turn, these
may be affected by large-scale processes such
as climate modes, global warming, and increases
in CO2. The CPR sampling survey is irregular in
time and space, making classic time series analy-
sis inappropriate for this data set. Additionally,
the effects of different environmental forcings on
phytoplankton groups are nonlinear and inter-
dependent. After evaluating a suite of statistical
methods (see the supplementary materials), we
selected RF models (18), an increasingly popular
method in ecology that characterizes structure in
high dimensional data while making no distri-
butional assumptions about the response variable
or predictors. RF has the advantage of allowing
for nonlinearities, geographically and temporally
discontinuous data, and the ability to model com-
plex interactions among predictor variables with-
out overfitting the data.
Our RF model predicted the probability of

coccolithophore occurrence, defined as the per-
centage of samples containing coccolithophores
in a 1°-by-1° area each month, as a function of
more than 20 biological and physical predictors.
Because the CPR data set is already complex and
discontinuous, we only used in situmeasurements
of biological and physical parameters without
interpolating data. The complete data set included
81,340 observations from 1965 to 2010. The impor-
tanceof eachvariable inpredicting coccolithophore
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5 

1. Supplementary Methods and Discussion: 6 

1.1 Sample collection and preparation: Three colonies of the Hawaiian gold coral, 7 

Kulamanamana haumeaae (31), were collected from the upper mesopelagic zone of the 8 

Hawaiian archipelago (water depths 400-450m) using the HURL/NOAA Pisces V submersible 9 

(7). Specimens Ger9701 and Ger9702 were collected at Makapuu Bank, off Oahu, in 1997 and 10 

were live and dead respectively. PV694 from French Frigate shoals was live-collected in 2007 11 

(Fig. 1). Colonies were rinsed with first salt and then fresh water, air-dried, sectioned, and 12 

polished according to Sherwood et al. (8). Sections were subsampled parallel to growth bands 13 

along radial transects from the outer edge to the center of each section using a computerized 14 

Merchantek micromill. The radial (skeleton) growth rate of K. haumeaae averages ~35 µm/yr 15 

(7). We sampled at approximately 100 µm intervals along the cross-section transect, resulting in 16 

~3 year temporal integration for bulk δ13C values. For AA δ13C analyses, which have larger 17 

sample mass demands, we pooled several adjacent samples, thereby increasing the integration 18 

time reflected in our community export reconstruction (~3 to 12 year temporal integration).  19 

The proteinaceous skeletons of deep-sea corals serve as excellent bioarchives of sinking 20 

particulate organic matter (POM), providing faithful records of the biogeochemical and stable 21 

isotope signals of newly exported production (7, 8, 15, 32). Extensive previous literature has 22 

shown that gorgonian, fan, and octocorals are opportunistic feeders with minimal selective 23 



2 

feeding bias (33-35). Amino acid δ13C and δ15N patterns as well as radiocarbon isotope analyses 24 

of live polyps and the outermost portions of the proteinaceous skeletons indicate all clearly 25 

establish newly exported surface algal production, not resuspended material, as the dominant 26 

food source for deep-sea coral (8, 14, 36). For these reasons, deep-sea corals have been referred 27 

to as “living sediment traps.” Furthermore, the organic skeleton of deep-sea proteinaceous corals 28 

is made of an extremely durable, cross-linked, fibrillar protein that is remarkably resistant to 29 

diagenesis (37). Comparisons of amino acid δ15N patterns (the most susceptible to degradation) 30 

on deep-sea corals up to millennial time scales show no evidence of any alteration of CSIA 31 

patterns by diagenesis or degradation at the molecular-isotopic level (8, 36).  32 

1.2 Radiocarbon dating and age models: Details of the radiocarbon dating and age models can 33 

be found in the supplemental information of Sherwood et al. (8). Briefly, radiocarbon dating was 34 

performed on 8 to 10 sample aliquots from each section of K. haumeaae at the Center for 35 

Accelerator Mass Spectrometry (CAMS), Lawrence Livermore National Laboratory. Calibrated 36 

years before present ages and age models were generated with Clam version 2.0 (38) and a local 37 

reservoir (ΔR) correction (39) of -34 ± 13 years using the Marine09 database (40).  In general, 38 

calendar age uncertainties for the model are several decades or more. The underlying 14C-39 

calendar year calibration data for the interval spanned by our corals is the same as that in IntCal 40 

13 (41). 41 

1.3 Bulk C isotope analysis: δ13C values, defined as δ13Csample = [(13C/12Csample - 13C/12Cstandard)/ 42 

13C/12Cstandard]*1000 were measured on 0.3 mg aliquots of all samples using a Carlo Erba 1108 43 

elemental analyzer interfaced to a Thermo Finningan Delta Plus XP isotope ratio mass 44 

spectrometer (IRMS) at the Stable Isotope Lab, University of California, Santa Cruz. Raw 45 

isotope values were corrected for instrument drift and linearity effects, calibrated against the in 46 
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house isotopic reference materials of the Stable Isotope lab (http://emerald.ucsc.edu/~silab/), and 47 

reported in per mil (‰) relative to Vienna PeeDee Belemnite. Reproducibility, as measured by 48 

two lab standards, averaged 0.05‰.  49 

1.4 Amino acid stable isotope analysis: Sample composites (combining 1 to 4 separate samples 50 

to obtain a total mass of 3-5 mg) were hydrolysed in 1 ml of 6N HCl at 110°C for 20 h and 51 

spiked with a norleucine internal standard. The hydrolysates were evaporated to dryness under a 52 

gentle stream of N2 and then immediately derivatized by esterification with acidified iso-53 

propanol followed by acylation with trifluoroacetic anhydride (42). For amino acid (AA) δ13C 54 

analyses, the derivatized AAs were brought up in dichloromethane (DCM) and injected on 55 

column in split mode at 250°C and separated on a DB-5 column (50 m x 0.5 mm inner diameter; 56 

0.25 µm film thickness; Agilent Technologies, Santa Clara, California, USA) in a Thermo Trace 57 

Ultra gas chromatograph (GC) at the University of California, Santa Cruz. The separated AA 58 

peaks were analyzed on a Finnegan MAT DeltaPlus XL IRMS interfaced to the GC through a GC-59 

C III combustion furnace (960°C) and reduction furnace (630°C). Standardization of runs was 60 

achieved using intermittent pulses of a CO2 reference gas of known isotopic value. Mean δ13C 61 

reproducibility, as measured by a lab cyanobacteria standard, was ± 0.66‰ averaged across all 62 

individual AAs, and ± 0.35‰ averaged across essential AAs. 63 

1.5 Individual amino acid composition and δ13C values and Suess Effect corrections: We 64 

analyzed the δ13C values of eleven individual AAs (table S1, S2) using the protocol of McMahon 65 

et al. (42), which accounted for 86 molar percent of the total hydrolysable AAs in this species’ 66 

skeletal protein (8). Note that the molar composition estimate does not account for arginine 67 

(Arg), cysteine (Cys), and histidine (His), which cannot be determined using our methodology 68 

owing to their breakdown during acid hydrolysis. The essential AA histidine, in particular, may 69 
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represent a significant proportion of the total amino acids in gorgonin protein (43). 70 

Based on established classifications (14), we assigned glutamic acid (Glu), aspartic acid 71 

(Asp), alanine (Ala), proline (Pro), glycine (Gly), and serine (Ser) as non-essential AAs, and 72 

threonine (Thr), leucine (Leu), isoleucine (Ile), valine (Val), and phenylalanine (Phe) as essential 73 

AAs. Acid hydrolysis converts glutamine (Gln) and aspartamine (Asn) into Glu and Asp, 74 

respectively, due to cleavage of the terminal amine group, resulting in the measurement of 75 

combined Gln + Glu (referred to hereby as Glu), and Asn +Asp (referred to hereby as Asp). 76 

While some researchers refer to these groupings as Glx and Asx, we chose our terminology here 77 

to be consistent with most CSIA studies.  78 

For all further analyses, we used δ13C data corrected for the Suess Effect using an ice-79 

core–based estimate of the rate of δ13C decrease in the atmosphere: 0.16‰ per decade since 80 

1960, and 0.05‰ per decade between 1860 and 1960 (9, 10). The largest correction, 81 

approximately 1.0‰ for the most recent time point (1992) in our data set, explained 82 

approximately half of the total range in bulk δ13C value (1.8‰) between the present minimum 83 

and the historic maximum in the late 1800s. However, the Suess Effect explained only a small 84 

fraction of the variability in essential AA δ13C values (δ13CEAA) (mean range between maximum 85 

and minimum δ13CEAA = 6.5 ± 2‰). More importantly, because δ13CEAA values are always 86 

normalized to the mean for δ13CEAA fingerprinting, as discussed below, the Suess correction is 87 

irrelevant to isotopic fingerprints of the source end-members, and thus cannot affect the Bayesian 88 

mixing model results or the subsequent conclusions.  89 

We examined the relationship between δ13Cbulk and individual δ13CAA values via reduced 90 

major axis regression (Fig. S1). We performed for the ordinary least square regressions a global 91 

validation of linear model assumptions as well separate evaluations of skewness, kurtosis, and 92 
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heteroscedasticity. The model assumptions were accepted for all fits and all models were highly 93 

significant (p < 0.01). We found strong positive relationships between most essential δ13CAA and 94 

δ13Cbulk values indicating that most of the variability in δ13Cbulk can be attributed to changes in 95 

source carbon at the base of the food web. We caution, however, about extrapolation of this 96 

observation to other proteinaceous deep-sea corals. Depending on the relative composition of 97 

essential versus non-essential amino acids, the relationship between bulk δ13C and δ13CEAA may 98 

not be the same (15). 99 

1.6 Compound-specific isotopic fingerprinting: In order to constrain past changes in plankton 100 

community composition contributing to export production in the North Pacific Subtropical Gyre 101 

(NPSG), we have developed new biomarkers of plankton identity based upon a powerful AA 102 

isotope fingerprinting approach (13, 44). We characterized unique AA isotope fingerprints for 103 

four source end-members, eukaryotic microalgae, N2-fixing cyanobacteria, non-N2-fixing 104 

cyanobacteria, and heterotrophic bacteria, that are key contributors to the carbon exported to the 105 

mesopelagic zone in the NPSG (2). The source end-members were based on a subset of 106 

molecular-isotopic training data sets from Lehman (45) (culture conditions presented in 107 

McCarthy et al. 46) and Larsen et al. (13, 44) (table S2).  108 

We targeted only the environmentally relevant marine end-members in both previously 109 

published training data sets and did not include terrestrial plants, marine macroalgae, or fungi 110 

samples that were used in earlier work. We also focused our analyses on only essential AAs 111 

(threonine, valine, isoleucine, phenylalanine, and leucine). The δ13CEAA patterns represent the 112 

sum of the isotopic fractionations associated with individual biosynthetic pathways and 113 

associated branch points for each EAA (12, 47), generating phylogenetically diagnostic AA 114 

fingerprints of source end-member origin (13, 44). Because essential AAs have very long and 115 
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complex biosynthetic pathways (five or more synthetic steps), the δ13CEAA are expected to 116 

provide great potential for lineage-specific isotope effects (48, 49). A second key aspect of using 117 

EAAs is the fact that δ13CEAA patterns of source end-members are preserved, essentially 118 

unchanged, across trophic transfers (14, 42), which has been verified in deep-sea corals (15). 119 

This is because, while plants, algae, and bacteria can synthesize essential amino acids de novo, 120 

metazoans have lost the necessary enzymatic capabilities and must acquire essential AAs directly 121 

from their diet with minimal fractionation (50). By focusing on the δ13CEAA values of source end-122 

members relevant to the NPSG, we were thus able to achieve much better separation of our four 123 

target source end-members in δ13CEAA multivariate space than was originally achieved by Larsen 124 

et al. (13). 125 

In order to compare the essential AA fingerprints of our four source end-member groups and 126 

corals through time, we examined δ13CEAA values normalized to the mean of all five essential 127 

AAs for each sample. All four source end-members were clearly separated in multivariate PCA 128 

space (Fig. S2) with within-group variability far smaller than among group variability despite 129 

samples coming from laboratory and field collections across a range of environmental gradients. 130 

As expected, there is strong experimental and field-based evidence that primary producer 131 

δ13CEAA fingerprints are faithful and robust across large environmental gradients in growing 132 

conditions and carbon sources that can affect bulk δ13C values (13, 16). This is because the 133 

underlying biochemical mechanisms generating unique internally normalized δ13CEAA 134 

fingerprints are driven by major evolutionary diversity in the central synthesis and metabolism of 135 

AAs. For example, Larsen et al. (13) examined the extent to which normalized δ13CEAA 136 

fingerprints were affected by environmental conditions by looking at seagrass (Posidonia 137 

oceanica) and giant kelp communities (Macrocystis pyrifera) across a variety of oceanographic 138 
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and growth conditions (see Larsen et al. 13 Table S1 for details). For both species, the range in 139 

bulk δ13C values was five- to ten-times greater (2.6‰ and 5.2‰, respectively) than it was for 140 

normalized δ13CEAA values (0.4‰ to 0.6‰, respectively). By normalizing the individual δ13CEAA 141 

values to the mean, Larsen et al. (13) showed that natural variability in δ13C values of individual 142 

amino acids is effectively removed, creating diagnostic fingerprints that were independent of 143 

environmental conditions. Larsen et al. (16) also conducted the first directly controlled 144 

physiological studies of normalized δ13CEAA fingerprint fidelity using a laboratory-cultured 145 

marine diatom, Thalassiosira weissflogii, grown under a wide range of conditions: light, salinity, 146 

temperature, and pH. This study showed that normalized δ13CEAA values remained essentially 147 

unmodified despite very large changes in bulk and raw amino acid δ13C values (>10‰), molar 148 

percent abundances of individual amino acids, and total cellular carbon to nitrogen ratios. 149 

Together, Larsen et al. (13, 16) provide strong evidence that normalized EAA δ13C fingerprints 150 

are diagnostic of the primary producer source rather than the myriad factors affecting bulk δ13C 151 

values such as carbon availability, growth conditions, and oceanographic conditions. Finally, 152 

Schiff et al. (15) confirmed this conclusion for deep-sea corals by showing excellent agreement 153 

between the normalized δ13CEAA fingerprints of deep-sea bamboo coral, Isidella sp., from 154 

Monterey Canyon and field-collected eukaryotic microalgae from the California coast (51). As 155 

such, we are confident that the normalized δ13CEAA fingerprints of laboratory-cultured and field-156 

collected source end-members are robust, faithful proxies of the identity of major carbon sources 157 

for deep-sea corals, regardless of the exact location and growing conditions of the end-members. 158 

We present the multivariate signatures of δ13CEAA values from source end-members and 159 

coral samples using principal component analysis (PCA) of the covariance matrix. We found 160 

significant separation in essential AA δ13C patterns of Thr, Ile, Phe, and Leu, among the four 161 
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major sources of carbon in sinking POM being exported to the mesopelagic zone (Fig. S2a): 162 

three photoautrophic algal groups (non-N2 fixing cyanobacteria, N2-fixing cyanobacteria, 163 

eukaryotic microalgae) and heterotrophic bacteria that remineralize sinking POM. The first two 164 

principal components explained 78% of the total variation in the model (Fig. S2b). Along the 165 

first principal component, Thr (-0.67) and Leu (0.57) were particularly powerful separators, 166 

while Phe (-0.60) and Ile (0.61) showed the greatest separation power along principal component 167 

2 (Fig. S2b). 168 

1.7 Bayesian stable isotope mixing model and hierarchical clustering analysis: We estimated 169 

the relative contributions of carbon from the four source end-members (non-N2 fixing 170 

cyanobacteria, N2-fixing cyanobacteria, eukaryotic microalgae, and heterotrophic bacteria) to K. 171 

haumeaae using a fully Bayesian approach (52, 53) within the Stable Isotope Analysis in R 172 

(SIAR) package (54). Four essential AAs (Thr, Ile, Phe, and Leu) were used in the mixing 173 

model, which showed the greatest separation power, to conform to model specifications. In 174 

SIAR, we ran 500,000 iterations with an initial discard of the first 50,000 iterations as burn-in. 175 

By using δ13CEAA values within the Bayesian isotope mixing model, we avoid the major issue 176 

that plagues poorly resolved dual isotope approaches in multi-end-member systems (55, 56): 177 

underdetermined mixing, and complications of variable and poorly characterized trophic 178 

fractionation (57). Galloway et al. (58, 59) demonstrated great success using a similar approach 179 

with fatty acid profiles and Bayesian mixing models to examine resource utilization in 180 

zooplankton and isopods. However, AAs are particularly valuable tracers of carbon flow because 181 

they are major biochemical constituents of all organic matter, accounting for approximately half 182 

of the total organic carbon (and most of the organic nitrogen) in organisms (60).  183 

As noted in the main text, our results clearly show a pronounced increase in the relative 184 
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contribution of N2-fixing cyanobacteria over the past 100 years with a concurrent decrease in the 185 

relative contribution of eukaryotic microalgae. While the exact δ13CEAA fingerprints of the 186 

common N2-fixing cyanobacteria/diatom symbioses in the NPSG (e.g. the cyanobacteria Richelia 187 

sp. and the diatom e.g. Rhizosolenia sp.; e.g. 22) have never been directly tested, the contrast in 188 

eukaryotic versus N2-fixing cyanobacteria contributions to export production over time suggests 189 

that the increase in the N2-fixation signal since the LIA has largely been derived from free-living 190 

cyanobacteria. Karl et al. (22) recently suggested that pronounced summertime export pulses of 191 

sinking POM to the deep ocean in the NPSG are primarily caused by increases in the biomass 192 

and productivity of symbiotic nitrogen-fixing cyanobacteria in association with diatoms. The 193 

temporal resolution of our long0term coral data set (~20-years) is not sufficient to resolve such 194 

fine scale, seasonal shifts in export production, and thus our conclusions are correspondingly 195 

focused on much longer term centennial scale shifts in export production. Regardless, any 196 

uncertainty about the exact nature of the phylogenetic identity of the source of increasing N2-197 

fixation does not affect our central conclusions that the end of the Little Ice Age and the start of 198 

the Industrial Era have brought with them a fundamental shift towards increased contribution of 199 

N2-fixing cyanobacteria to carbon being exported to the mesopelagic zone. 200 

We saw no long-term secular trend in heterotrophic bacterial carbon contribution during 201 

the past 1000 year trend (f(x) = 0.0x-0.1, r2 = 0.60), suggesting that changes in the degree of 202 

heterotrophic microbial reworking of sinking POM did not significantly contribute to the patterns 203 

of change in δ13Cbulk (Fig. 2a). This conclusion was independently supported by stable nitrogen 204 

isotope analyses of individual AAs from these same corals (9), which showed no long-term trend 205 

in ΣV, a measure of variance in δ15NAA associated with microbial resynthesis of AAs [see 206 

Extended Data Fig. 3 in Sherwood et al. (8)]. However, these conclusions only refer to the 207 
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contribution of AAs from heterotrophic bacteria as a proxy for the degree of microbial reworking 208 

exported POM. Our training dataset did not allow us to distinguish among taxonomic groups 209 

within the heterotrophic bacteria end-member, and thus our data cannot address the possibility of 210 

systematic changes in the taxonomic composition of heterotrophic bacteria through time. Finally, 211 

it should be noted that the corals used in this study were collected in the upper NPSG 212 

mesopelagic zone (~450m), where substantial degradation of sinking POM should already have 213 

occurred (61). If cyanobacterial primary production were remineralized at different rates relative 214 

to eukaryotic material, this could also represent an additional mechanism influencing its relative 215 

importance as a proportion of carbon export to the ocean’s interior. However, to our knowledge 216 

there is no evidence for this in the literature, nor any organic geochemical expectation that it 217 

might occur. Furthermore, any such systematic offsets in transfer to depth based on algal group 218 

should apply throughout our record. 219 

The Bayesian mixing model results from deep-sea coral δ13CEAA values provided 220 

quantitative evidence of fundamental shifts in the phylogenetic identity of past phytoplankton 221 

assemblages contributing to exported production in the NPSG, likely linked to multicentennial 222 

scale changes in climate and oceanographic condition. While our study directly examined 223 

changes in the phylogenetic identity of exported production and not the actual surface ocean 224 

plankton community composition, it would seem extraordinarily unlikely that changes the former 225 

could occur in isolation from the latter. Thus the most parsimonious explanation of our data is 226 

that the observed changes in the source of carbon to export production reflect changes in the 227 

surface plankton community composition. An alternative hypothesis is that surface plankton 228 

community composition has remained relatively constant through time, and instead the degree of 229 

decoupling between surface and export production has undergone dramatic changes as a function 230 
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of climate shifts. While our data cannot directly rule out this alternative hypothesis, this idea 231 

seems highly unlikely. To our knowledge there is also no proposed mechanism in the literature 232 

that would support such a dramatic change in coupling, and no organic geochemical basis for 233 

dramatic shifts in relative degradation of different fresh algal sources. 234 

To better constrain the pattern of changing plankton community composition, we applied 235 

hierarchical cluster analysis to the CSIA data to reveal time periods of similar primary carbon 236 

export sources. Hierarchical clustering analysis of the plankton carbon utilization data was 237 

performed in R (54). Bootstrap probabilities of the resulting dendrogram were calculated using 238 

the “pvclust” package in R (10,000 replications). Clusters with multiscale bootstrap 239 

(approximately unbiased) p values > 0.95 were considered strongly supported and statistically 240 

significant (α = 0.05). This process resulted in a well-ordered dendrogram that identified three 241 

clusters of significantly different plankton carbon contribution with strong temporal continuity. 242 

The first temporal cluster was characterized by strong non-N2 fixing cyanobacterial production 243 

and comprised the years 1036C.E. to 1564C.E. The second temporal cluster was characterized by 244 

enhanced eukaryotic microalgal production and encompassed the years 1595C.E. to 1875C.E.  245 

The third cluster was characterized by enhanced N2-fixing cyanobacterial production and 246 

included the years 1934C.E. to the present. 247 

1.8 Independence of δ13C and δ15N fractionation of amino acids: As noted in the main text, 248 

our results suggest that the rapid climate transition at the end of the Little Ice Age and the onset 249 

of the industrial revolution coincided with a shift in NPSG plankton community composition 250 

unprecedented in the last 1000 years, to a system with export production dominated by N2-fixing 251 

cyanobacteria. Sherwood et al. (8) provided independent evidence for a concurrent increase in 252 

N2-fixation since the end of the Little Ice Age. These authors used AA δ15N analyses of the same 253 
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deep-sea corals as our current study to show that the dramatic decrease in sinking POM δ15N 254 

values around Hawaii since the 1800s most likely represented a ca. 30% increase in N2-fixation 255 

in the region.  256 

An important element of these data sets is the understanding that records derived from 257 

d15N and d13C data within AA molecules are effectively fully independent. The results from 258 

Sherwood et al. (8) are based on the fact that δ15N values of amino acids (i.e., the δ15N value of 259 

the amine N atom for most AAs) display distinct fractionation patterns during trophic transfer. 260 

These differences in fractionation form the basis for dividing AAs into two groups (62): the 261 

trophic AAs (showing large fractionation with trophic transfer) and the source AAs (showing 262 

minimal fractionation with trophic transfer). Amino acid nitrogen isotope fractionation is driven 263 

primarily by fractionation of the amide N atom linked to the constant balance of 264 

transamination/deamination relative to the central N pool of a cell during amino acid metabolism 265 

(63, 64). The canonical source AA, phenylalanine (Phe), shows minimal trophic fractionation in 266 

its amide N between diet and consumer, because its metabolic processing does not form or break 267 

the amide C-N bond (63-65). Thus Phe δ15N values provide a direct proxy for the δ15N signatures 268 

of the nitrogen sources at the base of the food web that get passed on to upper trophic level 269 

consumers virtually unmodified (8, 66).  270 

The processes for δ15N fractionation, based on amide δ15N value and 271 

transamination/deamination balance, are completely independent from the processes controlling 272 

AA carbon isotope fractionation.  Carbon isotope fractionation in AAs is linked to the enzymatic 273 

pathways for the biosynthesis of of the carbon skeleton (primarily the side chain) of each AA 274 

(14, 42). While all consumers can synthesize non-essential AAs from a bulk carbon pool, 275 

animals have lost the enzymatic ability to synthesize essential AAs at a rate sufficient for normal 276 
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growth and must acquire them from their diet (50). The δ13CEAA of animals is therefore fixed by 277 

the δ13CEAA of primary producers at the base of the food web. As discussed above, the metabolic 278 

diversity of essential AA synthesis pathways, including the enzymatic steps and associated 279 

isotope effects (12, 47), creates unique isotopic fingerprints of primary producers groups that are 280 

passed on to upper trophic level consumers virtually unmodified (13, 15, 44, 51, 67, 68). As a 281 

result, the degree of carbon isotope fractionation for essential AAs (virtually 0‰ for animals) is 282 

completely decoupled from the fractionation of N in source amino acids. Therefore, δ13CEAA 283 

provides a robust tracer of the primary producer sources of carbon to a food web, independent of 284 

the sources and cycling of N at the base of the food web recorded in source δ15N values. 285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 
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300 

2.0 Supplementary Figures: 301 

302 

Figure S1. Linear regressions of amino acid and bulk δ13C values 303 

 Reduced major axis regression of bulk and individual amino acid δ13C values for deep-sea 304 

corals collected from Makapuu and French Frigate Shoals in the North Pacific Subtropical Gyre. 305 

Panels A-F are non-essential amino acids: glycine (Gly), serine (Ser), aspartic acid (Asp), 306 

glutamic acid (Glu), proline (Pro), alanine (Ala), and panels G-L are essential amino acids: 307 

threonine (Thr), isoleucine (Ile), valine (Val), methionine (Met), phenylalanine (Phe), and 308 

leucine (Leu). We found for all fits that the model assumptions were accepted and all models 309 

were highly significant (p < 0.01). 310 

311 
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312 

313 

Figure S2. Principal component analysis of deep-sea coral and source end-member δ13C 314 

values. 315 

 A) Principal component analysis of phytoplankton and coral essential amino acid δ13C. 316 

Separation of plankton end-members (nitrogen fixing cyanobacteria black circle; non-nitrogen 317 

fixing cyanobacteria yellow circle; eukaryotic microalgae green triangle; heterotrophic bacteria 318 

gray diamond) and K. haumeaae (open squares following color scheme in Fig. S1) in principal 319 

component space based on normalized essential amino acid δ13C values. B) PCA loadings 320 

(indicated in panel A as arrows from the center) and variance from the principal component 321 

analysis of normalized essential amino acid δ13C values from deep-sea corals and plankton 322 

source end-members. 323 
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2.0 Supplementary Tables: 328 

Table S1. Bulk and individual amino acid δ13C values of deep-sea corals. 329 

δ13C values of bulk proteinaceous skeleton and individual amino acids from deep-sea corals collected off Oahu and French Frigate Shoals in the North Pacific 330 

Subtropical Gyre. Values in this table have not been corrected for the Suess Effect. Ger9701 and Ger9702 were collected alive and dead respectively in 1997 331 

from Makapuu off Oahu, and FFS694 was collected alive from French Frigate Shoals in 2007.  Essential amino acids designated with E. Abbreviations according 332 

to Fig. 1S. 333 

Coral ID Year Bulk Gly Ser Asp Glu Pro Ala ThrE MetE IleE ValE PheE LeuE

GER9701 1968 -17.0 0.1 1.2 -16.9 -19.3 -18.7 -19.6 -15.5 -24.4 -24.3 -29.5 -33.3 -31.9 
GER9701 1951 -16.6 0.6 2.8 -14.1 -15.5 -15.2 -15.9 -11.9 -22.6 -21.1 -26.0 -30.2 -28.9 
GER9701 1942 -16.3 0.6 2.1 -14.7 -16.5 -16.2 -16.9 -10.7 -22.6 -20.1 -24.3 -28.6 -28.1 
GER9701 1934 -16.1 1.0 3.8 -14.2 -15.7 -14.7 -15.2 -10.2 -20.1 -18.8 -22.5 -28.0 -26.5 
GER9701 1886 -15.9 1.5 4.9 -14.3 -16.6 -16.0 -14.4 -9.8 -20.6 -20.4 -23.9 -27.1 -28.6 
GER9701 1827 -15.7 1.4 4.6 -11.9 -13.9 -12.2 -14.5 -8.6 -19.6 -20.4 -23.7 -22.7 -27.3 
GER9701 1724 -15.6 2.2 4.3 -12.5 -14.4 -13.7 -14.4 -8.4 -19.9 -20.3 -23.6 -22.5 -26.0 
GER9701 1647 -15.8 2.5 5.0 -12.7 -14.7 -13.8 -14.5 -9.7 -20.4 -20.5 -24.7 -23.0 -26.6 
GER9701 1595 -16.3 0.8 4.6 -13.2 -14.1 -13.6 -13.7 -10.1 -20.1 -21.1 -24.3 -25.3 -28.5 
GER9701 1489 -16.0 2.0 3.3 -13.7 -16.3 -15.0 -16.8 -9.0 -21.4 -21.1 -22.3 -26.8 -30.3 
GER9701 1426 -16.1 1.3 3.9 -13.2 -14.2 -13.7 -14.6 -9.2 -21.2 -21.1 -23.3 -26.0 -30.8 
GER9701 1346 -16.6 0.6 4.0 -16.2 -18.8 -17.9 -19.3 -8.6 -22.8 -21.8 -23.9 -28.1 -29.6 
GER9701 1306 -16.2 1.7 3.8 -16.0 -18.0 -17.9 -18.2 -9.6 -20.8 -22.9 -25.7 -29.7 -30.9 
GER9701 1249 -16.3 1.1 3.5 -12.8 -15.2 -14.5 -16.8 -10.5 -22.5 -24.1 -26.2 -31.8 -31.8 
GER9702 1781 -15.8 2.2 4.0 -11.8 -13.8 -13.0 -13.4 -9.3 -19.4 -20.1 -24.1 -24.2 -28.4 
GER9702 1752 -15.7 1.9 4.3 -12.0 -14.7 -13.6 -14.2 -8.9 -19.2 -20.8 -24.1 -23.7 -27.8 
GER9702 1722 -15.5 2.4 4.4 -12.5 -14.7 -13.1 -14.8 -8.5 -19.2 -20.3 -23.9 -22.3 -26.3 
GER9702 1684 -15.7 2.2 4.6 -13.0 -14.8 -14.0 -14.9 -8.6 -19.8 -20.8 -24.8 -22.5 -27.2 
GER9702 1628 -15.7 1.4 3.9 -12.5 -15.9 -14.2 -15.9 -9.9 -20.4 -20.1 -21.8 -24.1 -27.2 
GER9702 1564 -16.0 1.2 3.6 -13.7 -16.9 -15.5 -17.1 -9.4 -20.6 -20.9 -24.1 -26.4 -29.2 



17 

GER9702 1512 -15.9 1.5 4.1 -14.0 -16.5 -15.9 -16.8 -9.7 -21.0 -21.3 -22.9 -27.2 -28.6 
GER9702 1453 -16.1 1.0 4.5 -14.6 -17.2 -16.9 -17.3 -10.9 -20.6 -22.1 -24.3 -26.1 -29.8 
GER9702 1368 -16.0 1.4 3.7 -15.2 -18.0 -16.8 -17.6 -8.1 -20.7 -21.7 -23.6 -27.5 -29.9 
GER9702 1352 -16.3 0.6 3.2 -15.1 -18.0 -16.6 -17.8 -9.8 -21.7 -22.1 -26.0 -28.7 -30.1 
GER9702 1297 -16.3 0.8 3.0 -13.9 -15.9 -14.7 -16.2 -10.1 -22.0 -23.8 -25.9 -29.6 -30.5 
GER9702 1233 -16.6 1.0 3.1 -14.1 -16.0 -15.1 -16.0 -11.7 -21.7 -25.2 -28.9 -32.9 -33.9 
GER9702 1179 -16.9 0.5 3.1 -14.7 -16.1 -15.2 -16.0 -13.2 -23.2 -26.6 -29.8 -34.7 -33.8 
GER9702 1151 -16.7 0.9 3.6 -15.3 -17.3 -16.7 -17.7 -14.6 -22.8 -26.6 -29.7 -34.2 -34.2 
FFS694 1992 -17.4 -0.9 1.9 -16.4 -18.3 -17.2 -18.4 -14.2 -25.9 -22.7 -28.6 -32.1 -30.5 
FFS694 1975 -17.0 -0.2 2.8 -14.0 -16.2 -14.8 -15.7 -12.3 -24.5 -21.4 -27.2 -30.9 -28.9 
FFS694 1939 -16.4 0.9 3.0 -12.3 -14.7 -13.8 -15.0 -9.8 -23.0 -20.8 -24.2 -28.2 -26.6 
FFS694 1875 -15.9 1.7 4.2 -11.7 -13.9 -12.5 -14.2 -8.2 -21.3 -19.1 -24.0 -23.0 -25.6 
FFS694 1787 -15.7 1.5 4.8 -11.2 -13.2 -12.8 -13.8 -8.0 -20.8 -18.0 -22.5 -21.3 -24.2 
FFS694 1621 -16.0 2.8 4.2 -12.4 -14.0 -12.2 -14.2 -8.1 -21.8 -19.0 -24.0 -22.2 -24.4 
FFS694 1536 -16.2 1.6 3.7 -12.6 -14.3 -13.0 -14.6 -7.0 -23.1 -20.5 -23.5 -25.3 -26.4 
FFS694 1448 -16.3 1.7 3.2 -12.2 -14.7 -13.6 -14.3 -5.9 -23.8 -19.7 -22.0 -27.9 -28.0 
FFS694 1414 -16.1 0.8 3.5 -12.0 -14.1 -12.9 -13.8 -7.3 -22.1 -18.5 -23.1 -25.7 -26.9 
FFS694 1399 -16.2 0.6 3.8 -12.5 -14.6 -13.1 -14.2 -7.2 -23.6 -19.7 -23.7 -25.5 -27.7 
FFS694 1389 -16.4 0.8 3.6 -12.5 -14.4 -13.2 -14.0 -6.2 -24.6 -21.1 -22.9 -28.7 -29.1 
FFS694 1340 -16.6 0.2 3.8 -13.3 -15.7 -14.7 -14.8 -8.1 -21.5 -21.5 -24.4 -30.3 -30.3 
FFS694 1238 -16.5 0.4 3.6 -12.7 -14.9 -13.8 -14.6 -7.9 -23.7 -21.8 -25.1 -29.4 -29.4 
FFS694 1037 -16.6 0.1 3.1 -12.6 -14.8 -13.8 -14.7 -6.6 -23.2 -21.7 -24.6 -29.4 -30.1 
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339 
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Table S2. Amino acid δ13C values of source end-members. 340 

δ13C values of source end-members that used as the molecular-isotopic training data set (data from 13, 44, 45). δ13C values of essential amino acids were 341 

corrected for the Suess effect (9, 10) in the same manner as the deep-sea coral samples and then normalized to their mean. The four source end-members (N2 342 

fixing cyanobacteria, non N2-fixing cyanobacteria, eukaryotic microalgae and heterotrophic bacteria) were analyzed in triplicate (mean ± SD).  343 

344 

345 

Group Latin name Phylogeny threonine isoleucine valine phenylalanine leucine 
N2 fixing Anabaena cylindrica13 Cyanobacterium 12.7 ± 1.0 1.3 ± 0.1 -1.9  ± 0.2 -7.4 ± 0.1 -4.7 ± 0.3 
N2 fixing Nostoc muscorum13 Cyanobacterium 11.5 ± 0.1 1.6 ± 0.1 -2.6 ± 0.1 -6.4 ± 0.2 -4.2 ± 0.0 
N2 fixing Cyanothece sp45 Cyanobacterium 11.0 ± 0.2 3.7 ± 0.1 -2.6 ± 0.2 -59 ± 0.3 -6.4 ± 0.2 
N2 fixing Trichodesmium sp.45 Cyanobacterium 11.9 ± 0.1 2.1 ± 0.2 -2.4 ± 0.2 -6.4 ± 0.2 .-5.0 ± 0.1 
Non N2 fixing Prochlorococcus sp.45 Cyanobacterium 17.3 ± 0.3 -0.3 ± 0.1 -2.8 ± 0.1 -7.2 ± 0.1 -6.9 ± 0.2 
Non N2 fixing Synechococcus sp.45 Cyanobacterium 16.5 ± 0.2 0.7 ± 0.1 -1.4 ± 0.2 -8.9 ± 0.2 -6.8 ± 0.1 
Non N2 fixing Merismopedia punctata13 Cyanobacterium 17.9 ± 0.6 -1.5 ± 0.0 -1.4 ± 0.1 -6.5 ± 0.1 -8.6 ± 0.0 
Euk microalgae Dunaliella sp.13 Chlorophyte 9.8 ± 0.5 0.7 ± 1.3 -2.7 ± 0.5 -0.4 ± 0.1 -7.2 ± 0.3 
Euk microalgae Prasinocladus marinus13 Chlorophyte 13.2 ± 0.8 0.1 ± 0.5 -5.2 ± 0.1 -0.1 ± 0.0 -7.9 ± 0.1 
Euk microalgae Melosira varians13 Diatom 9.1 ± 0.9 -0.4 ± 0.1 -3.6 ± 0.2 1.1 ± 0.2 -6.0 ± 0.0 
Euk microalgae Emiliana huxleyi13 Haptophyte 10.4 ± 0.1 1.2 ± 0.6 -5.4 ± 0.0 1.6 ± 0.0 -7.7 ± 0.0 
Euk microalgae Isochrysis galbana13 Haptophyte 12.2 ± 0.2 2.8 ± 0.1 -5.7 ± 0.1 1.2 ± 0.0 -10.3 ± 0.1 
Het bacteria Rhodococcus spp.44 Actinobacteria 5.3 ± 0.1 -1.2 ± 0.1 -0.7 ± 0.2 -3.1 ± 0.1 -0.1 ± 0.2 
Het bacteria Actinobacteria44 Actinobacteria 5.9 ± 0.4 -1.5 ± 0.2 -1.3 ± 0.1 -3.0 ± 0.1 0.0 ± 0.2 
Het bacteria Burkholderia xenovorans44 Betaprotobacteria 4.6 ± 0.8 0.2 ± 0.2 -1.6 ± 0.1 -4.6 ± 0.0 1.5 ± 0.1 
Het bacteria Escherichia coli 44 Gammaproteobacteria 1.8 ± 0.5 1.0 ± 0.3 -0.1 ± 0.2 -2.0 ± 0.3 -0.5 ± 0.2 
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