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Assimilation of upwelled nitrate by small
eukaryotes in the Sargasso Sea
Sarah E. Fawcett1*, Michael W. Lomas2, John R. Casey3, Bess B. Ward1 and Daniel M. Sigman1

Phytoplankton growth is potentially limited by the scarcity of biologically available forms of nitrogen such as nitrate and
ammonium. In the subtropical ocean gyres, water column stratification impedes the upward flux of nitrate to surface waters.
Phytoplankton in these waters are assumed to rely largely on ammonium and other forms of nitrogen recycled during the
breakdown of organic matter. Here, we use flow cytometry to separate prokaryotic and eukaryotic phytoplankton collected
from Sargasso Sea surface waters in the summers of 2008 and 2009, and to analyse their respective nitrogen isotope ratios.
We show that prokaryotes have a uniformly low ratio of 15N to 14N, �15N, consistent with their reliance on recycled nitrogen.
In contrast, small eukaryotic phytoplankton, less than 30µm in size, have a higher and more variable �15N, with a mean value
similar to that of nitrate in underlying Subtropical Mode Water. For the summertime Sargasso Sea, we estimate that small
eukaryotes obtain more than half of their nitrogen from upwelled nitrate. In addition, our data support the view that sinking
material derives largely from eukaryotic, not prokaryotic, phytoplankton biomass.

As an essential nutrient, biologically available nitrogen
(‘fixed N’) has the potential to limit marine productivity
and determine phytoplankton community composition.

‘New production’ is phytoplankton growth in the sunlit upper
ocean fuelled by ‘new’ N: nitrate (NO3

�) mixed up from the
ocean interior, augmented by in situ N2 fixation. Annually, new
production balances the export of sinking organic matter from
shallow waters, maintaining the sequestration of carbon in the
ocean interior1,2. In the subtropical ocean, the supply of nitrate from
below seems to be slow, such that most phytoplankton growth is
thought to be supported by ‘recycled’ N (refs 3,4) (predominantly
ammonium (NH4

+)).
The Bermuda Atlantic Time-series Study (BATS) site is located

at the northern margin of North Atlantic subtropical gyre (the
‘Sargasso Sea’), and its summertime conditions are representative of
the open subtropical ocean5. After higher mixing and productivity
in the winter and spring, strong summertime stratification develops
at the base of and within the euphotic zone (upper ⇠100m; ref. 4),
and the wind-mixed surface layer shoals to20m (ref. 5), resulting
in trace nitrate throughout the euphotic zone (Fig. 1a; as low as
0.001–0.01 µM, with sporadic observations of ⇠0.1 µM; ref. 4).
Under these conditions, the recycling of N by euphotic zone biota is
thought to be themajorN source for phytoplankton growth1–3.

The photoautotrophic biomass at BATS is comprised of
the prokaryotic cyanobacterial genera Prochlorococcus and Syne-
chococcus (hereafter ‘prokaryotes’)6,7 and a number of eukaryotic
species (hereafter ‘eukaryotes’), predominantly prymnesiophytes
and pelagophytes8. The N uptake capacities of these different taxa
are being investigated (Supplementary Information S3.1), but the
low concentrations of all fixed N forms in the Sargasso Sea make it
difficult to assess in situ N assimilation rates or to determine which
taxa (prokaryotes versus eukaryotes) use whichN sources.

Nitrogen isotopes in the subtropical ocean
At BATS, N isotope studies have supported the expectation that
recycled N fuels most phytoplankton growth. The �15N of bulk
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suspended particulate N (PN) ranges from �3 to 1h (refs 9,10),
lower than that of nitrate in the underlying SubtropicalModeWater
(STMW) (�15N of 2–3h at 250m (ref. 11); �15N, in permil versus
atmospheric N2, = {[15N/14N)sample/(15N/14N)atm] � 1} ⇥ 1,000).
Similarly low-�15N PN in the Pacific was first interpreted as
indicating a substantial input from N2 fixation12, which produces
N with a �15N of �2 to 0h (refs 13,14). However, the limited
data from BATS indicate that the �15N of sinking PN is ⇠3–4h
(ref. 9; Fig. 1b), similar to underlying STMW nitrate, suggesting
that most of the new N supply is as nitrate from below, with N2
fixation accounting for only a small fraction of new N input on
an annual basis9. In this view, the low �15N of suspended PN was
interpreted as the result of upper ocean N recycling: Zooplankton
sustained by upper ocean PN metabolize and excrete 15N-depleted
ammonium, the assimilation of which renders phytoplankton low
in �15N (refs 15,16).

Flow cytometrywith nitrogen isotope analysis
Most isotope studies havemeasured surface ocean PN as a homoge-
nous N pool, but PN includes biologically distinct N-containing
particles: diverse living autotrophs and heterotrophs as well as
detrital organic matter17. By combining flow cytometry with
new, high-sensitivity methods for N isotope analysis (the ‘persul-
phate/denitrifier’ method11), we have characterized the N concen-
tration ([N]) and �15N of taxonomically distinct components of the
PN suspended in Sargasso Sea surface waters. Samples were col-
lected through the summertime euphotic zone near the BATS site
in July 2008 and 2009 (Methods and Supplementary Information
S1–S2). Averaging over the euphotic zone, photoautotrophic con-
tribution to bulk PNwas 47±9%, consistent with previous findings
for particulate carbon8, and the sorted fractions of Prochlorococ-
cus, Synechococcus and eukaryotic phytoplankton each comprised
roughly a third of photoautotrophic biomassN (Fig. 2a,c).

The �15N of bulk PN ranged from �2 to 0h (Fig. 2b,d), similar
to previous data interpreted as indicating a system supported
by recycled N (refs 9,10). The �15N of Prochlorococcus (�4 to
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Figure 1 | Important forms of nitrogen in the Sargasso Sea. Depth profiles
of summertime N concentrations (a) and their corresponding �15N values
(b). a, Open circles: [NO3

� ] from BATS July 2000 (blue)11, Hydrostation S
July 2008 (orange, this study), PITS July 2009 (red, this study). Blue
squares: [TON] (total organic N, or DON plus the small PN pool) at BATS
July 2000 (ref. 11). b, Nitrate �15N (shaded circles), TON �15N (shaded
squares), bulk suspended PN �15N from Hydrostation S July 2008 (orange
diamonds) and PITS July 2009 (red diamonds), �15N of sinking PN (green
diamonds) from sediment traps at BATS July 1985 (ref. 9). Error bars
indicate ±1 standard error of all measurements, including samples from
duplicate Niskin bottles, duplicate samples from the same Niskin bottle,
and replicate sample analyses.

�1h; Fig. 2b,d) and Synechoccocus (�3 to �1h; Fig. 2b,d) was
typically slightly lower than that of bulk PN, consistent with the
expectation that prokaryotic phytoplankton use recycled N (NH4

+

and/or simple organic N forms such as amino acids) as their
dominant N source throughout the subtropical euphotic zone.
Some amount of the prokaryote N supply may derive from N2
fixation, although only via recycling, as these taxa apparently
cannot fix N2 (ref. 18). Remarkably, the �15N of sorted eukaryotes
(Fig. 2b,d) was always higher than bulk �15N and prokaryote �15N,
typically by>3h, pointing to a biogeochemical difference between
prokaryotes and eukaryotes.

Possible explanations for high eukaryote 15N/14N
One set of hypotheses for the high eukaryote �15N involves the loss
of low-�15N N from these phytoplankton, such as via the excretion
of NO2

� or NH4
+. In this N-depleted euphotic zone, autotrophic

N excretion seems unlikely (Supplementary Information S3.2.1–
S2). Regardless, NO2

� efflux does not have the required isotopic
effect (Supplementary Information S3.2.1). With respect to NH4

+

release (for instance, in the case of mixotrophy by eukaryotes),
heterotrophic bacteria are far more likely to excrete NH4

+ than
are autotrophic phytoplankton, as they do not photosynthesize.
However, we measure a �15N of �1.0h for sorted heterotrophic
bacteria (see below; Fig. 2b), which is very similar to the �15N of
cyanobacteria, implying that some small amount ofNH4

+ excretion
by the eukaryotic phytoplankton would not significantly increase
their biomass �15N. As yet, no compelling loss-based explanation
has been recognized for the high eukaryote �15N.

We conclude that the eukaryotes are using a high-�15NN source,
distinct from that supporting prokaryote production. Possible
high-�15N N sources include dissolved organic nitrogen (DON)
and nitrate. DON has a concentration of 4–5 µM (Fig. 1a; ref. 19)
and an annual average �15N of 3.9h (Fig. 1b), similar to mean
eukaryote �15N11. However, the high �15N of DON itself is best
explained by breakdown to simpler N forms (for example, amino

MLD

a b

c d

[N] (µM)

Synechococcus

Prochlorococcus

Total cyanos
Eukaryotes
Bulk PN

MLD

DCM

DCM

D
ep

th
 (

m
)

0 0.05 0.10 0.15 0.20 0.25 0.30

[N] (µM)

0 0.05 0.10 0.15 0.20 0.25 0.30

Synechococcus

Prochlorococcus

Eukaryotes
Detritus
Hetero. bacteria
Bulk PN

0

20

40

60

80

100

¬5 0 5 10

¬5 0 5 10

D
ep

th
 (

m
)

0

20

40

60

80

100

15N (      versus N2 in air)%%    δ

15N (      versus N2 in air)%%    δ

Figure 2 |Abundances and nitrogen isotope ratios of populations sorted
by flow cytometry. [N] and �15N of flow cytometrically sorted components
of the PN from the Sargasso Sea in July 2008 (a and b) and 2009 (c and d).
The mixed layer depth (MLD; dashed grey line) was ⇠20 m in both years,
and the deep chlorophyll maximum (DCM; dashed green line) was ⇠85 m
in 2008 and ⇠100 m in 2009. ‘Total cyanos’ (purple triangles) represents a
combined population of Prochlorococcus plus Synechococcus, sorted and
measured independently of the individual genera. ‘Detritus’ (orange
diamonds) denotes dead material (containing no chlorophyll fluorescence
or stainable DNA), and ‘hetero. bacteria’ (grey triangles) refers to
heterotrophic bacteria (containing no naturally fluorescing chlorophyll but
stainable DNA). Error bars indicate the full range for replicate samples,
commonly duplicates, collected, sorted, and analysed independently.

acids and NH4
+) by N isotope discriminating reactions such as

peptide hydrolysis and deamination20–22. We know of no reason
why eukaryotes would be able to consume bulk DON by a non-
fractionating mechanism that is unavailable to prokaryotes18,23,24.
Finally, bulk DON rarely reaches the �15N of 5.2h observed
for eukaryotes at 60m in 2009, and never approaches 12.7h, as
observed at 100m (Fig. 2d; ref. 11).

Nitrate could be supplied by in situ nitrification (oxidation of
recycled NH4

+ to nitrite and then nitrate) or by upward mixing of
STMWnitrate. Nitrification seems to beminor in the euphotic zone
near BATS (ref. 25), although some fraction of the very low-level
summertime ambient nitrate may derive from it4. Any euphotic
zone nitrification that does occur is unlikely to produce nitrite or
nitrate with a �15N consistently higher than that its NH4

+ substrate,
largely because the isotope effect of ammonium assimilation is
expected to be lower than that of ammonium oxidation at very low
ambient [NH4

+] (refs 26,27; Supplementary Information S3.2.3).
Thus, even if euphotic zone nitrification were significant, the
assimilation of its products by eukaryotes does not explain their
clear �15N elevation relative to prokaryotes.

Assimilation of newnitrate by eukaryotic phytoplankton
The high eukaryote �15N most probably derives from ‘new’ nitrate
mixed into the euphotic zone from below. At the typical depth of
winter mixing (150–300m; ref. 5), nitrate �15N is 2–3h (Fig. 1b).
Owing to isotope discrimination during nitrate assimilation, the
�15N of biomass produced at any given time should be lower than
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that of ambient nitrate. This preferential 14N-nitrate assimilation is
evident in the elevated nitrate �15N at the base of the euphotic zone
(Fig. 1b; ref. 11). However, the nitrate concentration of <0.02 µM
typical of most of the summertime euphotic zone4 is below the
half-saturation constant for nitrate assimilation (⇠0.02–0.03 µM;
ref. 28), a condition that probablyminimizes isotope discrimination
during consumption29.Moreover, regardless of any variation in this
isotope discrimination, as a given increment of nitrate is assimi-
lated, the �15N of integrated biomass produced from it will converge
on the source nitrate �15N (Supplementary Information S3.3).
Thus, assimilation of newnitrate by eukaryotes would imprint them
with a higher mean �15N than if they assimilated only recycled N.
Although diatoms have previously been recognized as important ni-
trate assimilators30, they are not a significant fraction of the biomass
in our collected <30 µm eukaryote pool5,8,31; our results indicate
a broad tendency among small eukaryotes, which dominate the
Sargasso Sea eukaryote population, to assimilate nitrate. The mean
cellular sizes of our sorted prokaryotes (particularly Synechococcus)
and eukaryotes are not highly distinct8, raising the possibility of a
deeper biochemical origin for their N source difference.

Although we do not understand the mechanism controlling
this N source difference, there are potential explanations. Given
that it is less energetically expensive to assimilate reduced N
forms32, prokaryotic phytoplankton may outcompete eukaryotes
for recycled N. Alternatively, eukaryotes may indeed compete
successfully for low-level nitrate, perhaps because of their uncou-
pling of nitrate transport from nitrate reduction (Supplementary
Information S3.4). Mechanistic arguments aside, our observation
of eukaryotic dominance of nitrate assimilation is consistent with
the seasonal pattern of phytoplankton succession in the Sargasso
Sea, from eukaryotes after deep winter mixing to Synechococcus
and then Prochlorococcus with intensifying stratification and N
depletion into the summer5,8.

If the collected phytoplankton recorded the entire annual cycle,
the �15N of their nitrate supply would be the concentration-
weighted mean �15N of STMW nitrate down to the depth of
winter mixing (2–3h). However, individual eukaryote cells should
integrate over only a period of days, so their nitrate supply has
a higher �15N, best approximated by nitrate at the base of the
summertime euphotic zone. At the deep chlorophyll maximum
(DCM), nitrate �15Nwas 6.2h in 2008 and 8.4h in 2009 (Fig. 1b; at
85mand 100m, and [NO3

�] of 0.49 µMand 0.36 µM, respectively).
The �15N of a given sample of eukaryotes can be higher than this
because the collected cellsmay have acquired nitrate that has already
undergone further �15N elevation by assimilation in the euphotic
zone; this can explain the extraordinarily high �15N (12.7h) of the
eukaryote sample from 100m in 2009.

On average, the consumption of the subsurface nitrate supply
is likely to progress upward, such that isotope discrimination
during nitrate assimilation might be expected to cause higher
eukaryote �15N in shallower samples. Depth variations in the
relative importance of nitrate uptake may explain the lack of such
an upward �15N increase in our data, and indeed the opposite
trend in 2009: eukaryotes in the surface mixed layer may rely more
on recycled N than those below the mixed layer. Alternatively,
upper ocean circulation is chaotic, such that a given sampling may
capture a time when the mixed layer has a more recently delivered
parcel of nitrate-bearing water than the underlying euphotic zone.
For instance, the passage of Hurricane Bertha over the BATS
site may have affected nutrient supply two weeks before our
sampling in July 2008, although the hydrographic, nutrient, and
cell abundance data are typical of July climatology. Finally, as
noted above, the isotope effect of nitrate assimilation is likely
to decrease under very low nitrate concentrations, minimizing
the isotopic signal of progressive nitrate assimilation above the
DCM. Although continued sampling is required to characterize

and understand the variation, the high mean �15N of our
eukaryotes requires nitrate assimilation, regardless of isotope effect
(Supplementary Information S3.3).

Our interpretation requires that subsurface nitrate is transported
upward into the euphotic zone and even the surface mixed layer,
across their underlying summertime thermoclines. This transport
may be driven by purely physical mechanisms: hydrographic
studies have documented summertime transport of nitrate into the
subtropical euphotic zone associated with mesoscale eddies33 and
related phenomena34. Biologically facilitated physical transport has
also been suggested35. Finally, direct biological transport has been
demonstrated in some systems30, and recent data from near Hawaii
suggest that this mechanism transports nitrate into the mixed
layer34. Future work coupling isotope measurements with intensive
hydrographic datamay distinguish among these processes.

Summertime eukaryote and community f-ratios
At an ecosystem level, the relative importance of new versus recycled
N for phytoplankton production is traditionally quantified as the
‘f -ratio’, the ratio of nitrate assimilation (that is, new production)
to total N assimilation1,2. Assuming parallel cycling of carbon and
N, the f -ratio is also the fraction of net primary production resulting
in carbon export from the euphotic zone. Given the nutrient-poor
conditions at BATSduring the summer, a low f -ratio is expected2.

Our �15Nmeasurements of sorted components of the suspended
PN allow a non-incubation approach for estimating the f -ratio.
An f -ratio for each phytoplankton group is estimated from
its �15N, and these are then assembled into a community f -
ratio (Supplementary Information S3.5). This exercise is highly
dependent on the �15N assigned to new and recycled N. We assume
that Prochlorococcus and Synechococcus together assimilate only
recycled N, and we use the �15N of nitrate at the DCM as a measure
of the July nitrate supply to the euphotic zone. The assumptions for
these end-members and our exclusion of N2 fixation as a source of
low-�15N N are chosen to err on the side of underestimating the
f -ratio (Supplementary Information S3.5).

We calculate eukaryote-specific f -ratios of 0.60 and 0.67 for
July 2008 and 2009, respectively, and total community f -ratios
of 0.15 and 0.23. Despite the biases in our calculations to
underestimate the f -ratio, our community estimates are much
higher than those based on comparison of annually integrated
primary production and sediment trap-derived organic carbon
export at BATS, which imply an annual f -ratio of 0.06 and
a still lower summertime value5. Our estimates are lower than
the highest annual estimates derived from geochemical tracers
(0.36± 0.12; ref. 36; Supplementary Information S3.5), but July
is the most nutrient-poor period at BATS, when the lowest f -
ratio is expected1,2,4, and thus our summer estimates support the
geochemically derived annual f -ratio estimates.

Nitrogen isotopes of other sorted samples
In July 2008, a heterotrophic bacterial population sorted from
40m contributed 0.035 µM N (⇠15% of bulk PN) with a �15N
of �1.0h, whereas detrital material from the surface comprised
0.05 µM N (⇠25% of bulk PN), with a �15N of �0.3h (Fig. 2a,b).
The similarity of heterotrophic bacteria to cyanobacterial �15N
suggests that bacteria also assimilate predominantly recycled N.
The recycled N consumed by the bacteria is probably in the form
of simple organic compounds liberated during their extracellular
degradation of organic matter37. The �15N of detritus suggests
that it derives largely from prokaryotic phytoplankton and/or
heterotrophic bacteria, which is consistent with the dominance
of these combined N pools relative to eukaryotes and with the
expectation that prokaryotic phytoplankton preferentially enter
the microbial loop38. The minimal �15N elevation in the detrital
pool implies that isotope fractionation during degradation typically
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Figure 3 | Changes to our view of Sargasso Sea nitrogen cycling.
Previously understood mean annual view of N fluxes and their �15N in the
surface of the Sargasso Sea (a) and our amended view (b). Blue arrows
represent the new N source (subsurface nitrate, �15N of 2–3h); red arrows
show recycled N (mostly ammonium); red dashed arrow indicates that
eukaryotes get less of their N from recycled sources than from new nitrate.
‘PNsusp’ refers to bulk suspended PN, ‘cyano’ to prokaryotic phytoplankton,
‘euk’ to eukaryotic phytoplankton, ‘DON’ to dissolved organic nitrogen,
‘zoo’ to herbivorous copepod zooplankton, and ‘f.p.’ to faecal pellets
produced by them, approximating export. For comparison with a, we
extrapolate our July findings to an annual average, so as to use the same
nitrate supply �15N. Thus, eukaryote �15N in b reflects its observed position
relative to new nitrate and recycled N sources, rather than the measured
July eukaryote �15N. This schematic neglects N2 fixation, which has been
estimated to represent a small fraction of the annual N supply to the BATS
euphotic zone9,11.

occurs after organic matter has been solubilized to DON, such that
isotopic elevation occurs inDONand not PN (refs 11,22).

The 15N/14N of sinking and suspended particles
The traditional view of N fluxes in the Sargasso Sea (Fig. 3a) has
been that the export of high-�15N zooplankton faecal material from
the euphotic zone balances the �15N of the STMWnitrate supply. In
this view, the preferential excretion of 14N-rich recycled N during
heterotrophic metabolism lowers the �15N of bulk PN relative to
the subsurface nitrate supply. However, work to date indicates that
the �15N of faecal pellets is not as elevated as the zooplankton
producing them39 and may instead resemble the �15N of the food
source40,41. Thus, it is unclear how the consumption by herbivorous
zooplankton of bulk suspended PN with a �15N of ⇠�2–0h could
yield the export flux �15N of 3–4hmeasured near BATS (ref. 9).

The �15N of sorted eukaryotes averaged over the euphotic zone
was 3.0h in 2008 and 5.0h in 2009, with a mean �15N similar
to the previously measured sinking flux. Sinking flux �15N is
therefore consistent with faecal pellets produced by zooplankton
that have preferentially consumed eukaryotic phytoplankton,
without the need for an unrealistically large �15N increase
(⇠5h) during the passage of phytoplankton biomass N through
the zooplankton gut (Fig. 3b). Indeed, studies indicate selective

feeding by herbivorous zooplankton on phytoplankton size classes
dominated by eukaryotes42,43. A simple isotope-driven end-member
mixing calculation indicates that Prochlorococcus and Synechococcus
contribute less than half (roughly a third) of sinking PN or carbon44

(Supplementary Information S3.6), despite the importance of
prokaryotes at BATS (>65% of photoautotrophic biomass N in this
study). Thus, our data suggest that the eukaryotic phytoplankton
contribution to export is disproportionately larger than their
contribution to total net primary production, a long-held view45

that has recently been challenged46. Given that export production
drives carbon sequestration in the ocean interior, and that this study
was conducted in a region where prokaryotic phytoplankton are
as dominant as anywhere in the ocean, our results suggest that
the biological pump in nutrient-poor subtropical gyres (⇠60% of
oceanic surface area) is drivenmostly by eukaryotic phytoplankton.
With regard to paleoceanographic studies, our data indicate a
disconnect between prokaryote-dominated biomass in the low-
latitude surface ocean and the organic matter sinking to the seabed,
which we find to be predominantly of eukaryotic origin. Although
small eukaryotes dominate the Sargasso Sea eukaryote pool5,8,31,
previous work suggests that the large eukaryotes also assimilate
nitrate and are preferentially incorporated into sinking particles30,45,
indicating the same eukaryotic dominance of the sinking flux in
more productive ocean regions as well.

Our data suggest that small eukaryotic phytoplankton are more
readily removed to the deep ocean than are cyanobacteria. The PN
that sinks into the deep ocean is remineralized to nitrate, which is
eventually resupplied to surface waters. We have also found that
the eukaryotes are more reliant on the subsurface nitrate supply,
whereas the prokaryotes are more completely recycled within the
surface ocean and, in turn, relymostly on theN forms recycled there
(for example, NH4

+). The internal consistency between uptake and
remineralization in each group raises the possibility that the N
uptake strategy of a given phytoplankton group is partially guided
by the fate of its biomass.

Methods
Field collections. Samples were collected aboard the R/V Atlantic Explorer at
Hydrostation S (32� 100 N, 64� 340 W) on cruise HS1113 in July 2008 and at PITS
station (31� 350 N, 64� 100 W) on BATS cruise B248 in July 2009. Seawater was
collected for PN and nitrate (NO3

�) at the surface, 10m, 40m, 85m and 100m
in 2008; and 10m, 30m, 60m, and 100m in 2009. Five 12 l Niskin bottles were
tripped at each depth to collect sufficient PN for later isotope analysis. Additional
Niskin bottles were tripped at regular intervals from below the euphotic zone
down to 1,000m (see Supplementary Information S1.1) and subsampled for
later measurement of [NO3

�] and NO3
� �15N. For PN collections, 8 l of seawater

from each of the shallower Niskin bottles was passed through a 47mm 0.4 µm
polycarbonate filter under gentle vacuum filtration. Filters were stored in 5ml
acid-washed cryovials with⇠4ml of 0. 2 µmpre-filtered seawater and 200 µl of 10%
formaldehyde solution (see Supplementary Information S1.1 and S1.2), then flash
frozen for later flow cytometric sorting. In 2008, bulk PN was collected by filtering
8 l seawater aliquots onto precombusted glass fibre filters; total N content and �15N
was analysed with an elemental analyser (NC2500 Carlo Erba) interfaced through
a ConFlo III with a ThermoFischer Scientific DeltaPlusXL mass spectrometer. In
2009, bulk PN was collected on 0.4 µm polycarbonate filters and processed in the
same manner as sorted samples.

Flow cytometric sorting. Samples were thawed and agitated to
quantitatively remove fixed cells from the filters (recoveries were >95%,
Supplementary Information S1.2.1), and the resuspended cells were then filtered
through a 30 µm mesh to remove any large particles or chains of cells that could
clog the flow cytometer sorting tip. Samples were sorted for Prochlorococcus,
Synechococccus, eukaryotic algae, heterotrophic bacteria, and ‘detritus’. Autotrophs
were identified and sorted unstained according to ref. 47 (see Supplementary
Information S1.2.2). A pool of heterotrophs containing bacteria and archaea
(hereafter simply ‘bacteria’) were identified by nucleic acid staining with the
cyanine dye SYBR Green I (Invitrogen, Carlsbad, CA) and gated with side
scatter, green fluorescence (relative nucleic acid content; 530/40 nm), and red
fluorescence to discriminate low nucleic acid content heterotrophic bacteria from
Prochlorococcus. ‘Detritus’ was defined as non-fluorescing small particles in SYBR
Green stained samples. All post-acquisition analysis was performed using FCS
Express (DeNovo Software, Los Angeles, CA).
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A high-speed jet-in-air Influx Cell Sorter (Cytopeia, Seattle, WA) was used for

all analysis and sorts. A 100mW blue (488 nm) laser (Coherent, Santa Clara, CA)
run at full power was used for excitation of SYTO-13 stained and autofluorescent
cells (see Supplementary Information S1.2.3 for sort conditions). With these sort
conditions and event rates kept below 2⇥104 s�1, software abort rates were <1%,
sort purity was better than 95%, and mean recovery from secondary sorts was
98.1±1.1%. Sorted cells were deposited gently into 5ml polystyrene Falcon tubes
(BD Biosciences, San Jose, CA).

Oxidation of organic N to NO3
�. Sorted cell populations were filtered onto

25mm 0.2 µm polycarbonate filters by gentle vacuum filtration. Both sorted and
bulk PN filters were placed in combusted 12ml Wheaton vials and 1–2ml of
ultra-high purity deionized water was added. Vials were sonicated for 60min to
dislodge cells from filters into the deionized water, after which filters were removed.
Cellular N content and �15N were measured by coupling persulphate oxidation of
organic N to NO3

� with chemiluminescent analysis and the ‘denitrifier method’11
(see Supplementary Information S1.2.4). The final N content and �15N of these
samples was corrected for the N blank associated with the reagents. N content was
converted to N concentration ([N]) using the seawater volume filtered for each
PN sample, corrected for volume loss during flow cytometry (see Supplementary
Information S2 for methods validation).

Water column [NO3
�] and nitrate �15N. Water samples were collected for [NO3

�]
from the surface to 1,000m and for �15N of NO3

� from 60m to 1,000m at
Hydrostation S in 2008 and PITS in 2009. [NO3

�] was determined by reduction
to nitric oxide followed by nitric oxide measurement with a chemiluminescent
detector48 (Teledyne model #200 EU), in a configuration with a detection
limit of ⇠0.025 µM.

The �15N of NO3
� was measured using the ‘denitrifier method’49 for

quantitative bacterial conversion of nitrate to nitrous oxide followed by the isotopic
analysis of the nitrous oxide product. The isotopic composition of the nitrous
oxide was measured by gas chromatography-isotope ratio mass spectrometry using
a modified ThermoFinnigan GasBench II and DeltaPlus50 (see Supplementary
Information S1.2.5).
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1. Supplemental Materials and Methods 

We developed a novel protocol to analyze the δ15N of taxon-specific groups from marine 
particles collected by gentle vacuum filtration. The protocol includes 1) collection and 
preservation of cells, 2) flow cytometric sorting of specific phytoplankton groups, 
heterotrophic bacteria, and non-living organic matter (detritus) from bulk PN collections, 
3) conversion of sorted organic PN to nitrate by persulfate oxidation, 4) quantitative 
bacterial conversion of nitrate to nitrous oxide, and subsequent measurement of the 
isotopic composition of the nitrous oxide. Steps 1 and 2 are described below in detail. For 
steps 3 and 4, we focus on the specifics related to the sample type analyzed here; general 
application of these steps are described in 50,51. 
 
1.1. Sample collection 
Samples were collected aboard the R/V Atlantic Explorer at Hydrostation S (32°10’ N, 
64°34’ W) on cruise HS1113 in July 2008 and at PITS station (31°35’ N, 64°10’ W) on 
Bermuda Atlantic Time-series Study (BATS) cruise B248 in July 2009. Seawater was 
collected for PN and nitrate (NO3

-) at various depths through the euphotic zone, based on 
CTD hydrogrographic and fluorescence data from previous casts on that cruise: surface, 
10 m, 40 m, 85 m and 100 m in 2008; and 10 m, 30 m, 60 m, and 100 m in 2009. The 
deep chlorophyll maximum (DCM) was located at 85 m in 2008 and 100 m in 2009 
(causing us to sample at these depths), and the mixed layer depth (MLD) was ~20 m in 
both years. Five 12 L Niskin bottles were tripped at each depth in order to collect 
sufficient PN for later isotope analysis. In addition, Niskin bottles were tripped at regular 
intervals from below the euphotic zone down to 1000 m (see figs. 2A-D and S6A-D for 
PN sample depths, and fig. 1 for NO3

- sample depths). 500 mL (shallow) and 60 mL 
(deep) seawater samples were sub-sampled from each Niskin bottle and immediately 
frozen at -20°C for later measurement of nitrate concentration ([NO3

-]) and nitrate δ15N.  

The remaining seawater in the shallower Niskin bottles was transferred into acid-washed 
4 L Thermo Scientific Nalgene LDPE carboys with attached ¼ inch acid-cleaned tygon 
tubing. The tubing was attached to 47 mm acid-washed inline polycarbonate filter holders 
containing 0.4 µm polycarbonate filters. 8 L of seawater was passed through each filter 
under gentle vacuum filtration (<100 mm Hg). Filtration was stopped before filters went 
dry, and filters were removed from the holders and transferred to acid-washed 5 mL 
cryovials. Approximately 4 mL of pre-filtered (0.2 µm polycarbonate filter) seawater was 
added to the cryovials along with 200 µL of 10% formaldehyde solution (PFA; ~0.5% 
final concentration; see below for discussion of PFA use). Cryovials were agitated to 
dislodge cells from the filter and encourage ‘fixation’ by the PFA. Samples were 
incubated at 4°C for 1-2 hours and then flash-frozen in liquid nitrogen. After the cruise, 
cryovials were transferred from the liquid nitrogen to a -80°C freezer, where they were 
stored for later flow cytometric sorting.  

In July 2008, 8 L aliquots of seawater taken from 20 m depth increments from the surface 
down to 100 m were filtered onto precombusted glass fiber filters (GF/Fs) to capture bulk 
PN. The total N content and δ15N of these samples was analyzed using an elemental 
analyzer (NC2500 Carlo Erba) coupled with a ConFlo III interface on a ThermoFischer 
Scientific DeltaPlusXL mass spectrometer at the GeoForschungsZentrum in Potsdam. In 
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July 2009, bulk PN was filtered from 8 L seawater aliquots collected from 10 m, 30 m, 60 
m and 100 m onto 0.4 µm polycarbonate filters and processed in the same manner as PN 
samples collected for flow cytometry.   
 
1.2. Laboratory methods 
1.2.1. Sample preparation for flow cytometric sorting and analysis 
Samples in cryovials were thawed at room temperature in the dark and agitated to remove 
as many fixed cells as possible from the filters. Used filters were later measured for 
remaining N content, which was found to be negligible. Cells in solution were then 
filtered through a 30 µm mesh in order to remove the occasional large heterotrophic 
particle, and any chains of cells that could clog the sorting tip of the flow cytometer. If 
necessary, samples were diluted with 0.2 µm-filtered seawater so as to attain an 
appropriate cell concentration for flow cytometric sorting. All samples were sorted at 
Bermuda Institute of Ocean Sciences in the laboratory of Dr. Michael Lomas.   

 
1.2.2. Gating  
Samples were analyzed or sorted for the picocyanobacteria Prochlorococcus and 
Synechococccus, two size classes of eukaryotic algae, heterotrophic bacteria, and 
“detritus”. Autotrophs were identified and sorted unstained according to gating schema 
described elsewhere52 (see fig. S1 for an example cytogram). After exclusion of laser 
noise gated on forward scatter pulse height (FSC-H) and pulse width, autotrophic cells 
were identified by red (650nm LP) autofluoresescence, which is roughly indicative of 
chlorophyll content. Among the picocyanobacteria, Synechococcus was discriminated 
from Prochlorococcus by FSC-H and the yellow/orange (580/30nm) fluorescence of 
phycoerythrin. Autotrophs not included in the cyanobacteria gates were assumed to be 
eukaryotic algae. Gating for two eukaryotic algae size fractions (“picoeukaryotes” and 
“nanoeukaryotes”) was delineated by the peak FSC-H channel from a histogram created 
before sorting using 3.0 µm polystyrene calibration particles (Spherotech, Inc., Lake 
Forest, IL). Ultimately however, in order to ensure sufficient N mass for isotope analysis, 
“picoeukaryotes” and “nanoeukaryotes” sorted from the same PN collection were 
combined and considered “total eukaryotes”. A pool of heterotrophic bacteria (likely 
including some archaea, but hereafter simply “bacteria”) were identified by nucleic acid 
staining with the cyanine dye SYTO-13 (Invitrogen Co., Carlsbad, CA) and gated with 
side scatter, green fluorescence (relative nucleic acid content; 530/40nm), and red 
fluorescence to discriminate low nucleic acid content heterotrophic bacteria from 
Prochlorococcus (adapted from 53). “Detritus” was defined as non-fluorescing small 
particles (<3.0 µm polystyrene bead forward scatter equivalent) in SYTO-13 stained 
samples. In some cases, boolean gating was used for sorting “total cyanobacteria” or 
“total eukaryotes”. All post acquisition analysis was performed using FCS Express 
(DeNovo Software, Los Angeles, CA).  
 
1.2.3. Sort conditions 
A high speed jet-in-air Influx Cell Sorter (Cytopeia, Inc., Seattle, WA) was used for all 
analysis and sorts. A 100 mW blue (488nm) laser (Coherent Inc., Santa Clara, CA) run at 
full power was used for excitation of SYTO-13 stained and autofluorescent cells. Analog 
pulse height signals from 530/20nm, 580/30nm, 650LP, side scatter (SSC), and FSC 
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photomultiplier tubes (Hamamatsu Photonics K.K.) were log amplified and converted to 
16 bit listmode data in the FCS3.0 format using the acquisition software Spigot V.6.1.4 
(Cytopeia Inc., Seattle, WA). Detector and jet alignment was optimized using 0.53 µm 
Nile Red polystyrene calibration particles (Spherotech Inc., Lake Forest, IL). A 70 µm 
ceramic nozzle tip was used with a sample pressure of 28.5 Psi (+1.0 Psi above sheath 
pressure) to optimize speed while maintaining high fluorescent yield and ensuring 
laminar flow. A square waveform at 988KHz master clock frequency was applied to the 
nozzle tip producing a droplet formation frequency of 61.75KHz. The sample flow rate at 
this configuration was roughly 40 µL min-1. Sheath fluid was made fresh daily from 0.22 
µm filtered distilled deionized Milli-Q water (Millipore Inc., Billerica, MA) and 
molecular grade NaCl (Mallinckrodt Baker Inc., Phillipsburg, NJ), and filter sterilized in-
line through a 0.22 µm Millifil capsule filter (Millipore Inc., Billerica, MA). Where 
necessary, coincident event detection of ±1 droplet was used to improve sort purity. To 
minimize software abort rates at the described droplet formation rate and coincident 
detection settings, event rates were maintained below 20,000 s-1. Although 
decompression injury to cell membrane integrity is of concern to intracellular staining of 
live mammalian cells54,55, cells such as those investigated in this study experience 
pressure changes during sample collection more than an order of magnitude higher than 
those experienced during the sorting process (ca. 18 dBar at our sort configuration).  
 
With the sort configurations outlined above, software abort rates were <1%. Regular 
analysis of sorted populations demonstrated that sort purity was better than 95% 
(calculated as the proportion of sorted events which fell into the prescribed gating schema 
as a percentage of total event rate), and mean recovery from sorts was 98.1±1.1% 
(calculated as the number of target events recovered as a percentage of the number of 
positive sort decisions recorded by the acquisition software). It should be noted that any 
sort contamination would have been comprised mainly of particles at or near the forward 
scatter detection limit, i.e., predominantly very tiny non-cellular particles. Thus, even at 
ca. 5% contamination by particle count, the N mass contributed by any contaminant 
particles would be minute and would not affect the measured N isotope values. Cells 
were deposited gently into 5 mL polystyrene Falcon tubes (BD Biosciences Inc., San 
Jose, CA) by orienting the side-wall of the tube nearly parallel to the sort stream.  
 
With limited a priori knowledge of cellular PN quotas, we conservatively anticipated the 
number of cells needed to exceed twice the minimum mass required for downstream 
analysis by converting known particulate organic carbon cellular quotas to nitrogen by 
the Redfield stoichiometric coefficient. Thus, sorts were typically terminated once the 
volume available was exhausted. Since sufficient yield often required sort times of one to 
three hours per population (depending on relative natural abundances), care was taken to 
ensure minimal exposure to room temperatures by immediately refrigerating portions of 
the sort.    
 
1.2.4. Persulfate oxidation of organic N to NO3

- 
Sorted cell populations in Falcon tubes were filtered onto 25 mm 0.2 µm polycarbonate 
filters by gentle vacuum filtration, and washed with copious amount of 0.2 µm filter-
sterilized low nutrient Sargasso Seawater. Both sorted and bulk PN sample filters were 
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placed in combusted 12 mL Wheaton vials and 1 mL and 2 mL of ultra-high purity 
deionized water (DIW) was added to the sorted samples and bulk PN samples, 
respectively. Vials were sonicated for 60 minutes to remove cells from the filters and 
suspend them in the DIW, after which the filters were removed. Used filters were later 
measured for remaining N content, which was found to be negligible.  
 
The organic N suspended in DIW in the vials was then oxidized to nitrate according to 
the persulfate oxidation method of 50. Briefly, 0.5 mL of potassium persulfate oxidizing 
reagent (POR) was added to sorted samples, and 1 mL to bulk samples and triplicate 
samples of two amino acid standards (glycine and aminocaproic acid). The POR was 
made from 6 g sodium hydroxide and 6 g of four-times recrystallized potassium 
persulfate in 100 mL of DIW. The procedure used for persulfate recrystallization is 
described in 56. Sample vials were capped tightly after the addition of the POR, weighed, 
and autoclaved at 121˚ C for 55 minutes on a slow-vent setting, before being weighed 
again to ensure no loss or gain to the vials. Three vials of POR, and six vials of DIW + 
POR were also autoclaved to determine the N blank associated with the POR. 
 
After oxidation of the samples to nitrate, the pH in the vials was lowered to between 5 
and 9 using 12N HCl, in order to prevent the high pH of the POR killing the denitrifying 
bacteria. After pH adjustment, the concentration and δ15N of the resultant NO3

- was 
measured using chemiluminescent analysis and the “denitrifier method”57-59, allowing 
analysis of flow cytometrically-sorted fractions containing as little as 10 nmol N. The 
final N content and δ15N of these oxidized samples was corrected for the N blank 
associated with the POR. N content was converted to N concentration ([N]) using the 
seawater volume filtered for each PN sample, corrected for volume loss during flow 
cytometry (both to waste and dilution). Error is reported for replicate samples, and not for 
replicate measurements of the same sample, in order to characterize the precision of the 
full protocol.  
 
1.2.5. Water column nitrate concentration and δ15N 
Water samples were collected for [NO3

-] from the surface to 1000 m, and for δ15N-NO3
- 

from 60 m to 1000 m at the two stations (Hydrostation S in 2008 and PITS in 2009). 
[NO3

-] was determined by injecting 100 – 250 µL of seawater sample into a 90°C acidic 
solution of vanadium (V(III))59,60, in a configuration with a detection limit of ~0.025 µM. 
This measurement nominally includes nitrite, but nitrite concentrations were negligible 
relative to nitrate in all samples. The vanadium solution reduces NO3

- to nitric oxide gas, 
which reacts with ozone, releasing photons that are detected by a photomultiplier inside a 
chemiluminescent detector (Teledyne model #200 EU).   
 
The δ15N of NO3

- was measured using the “denitrifier method”, which involves 
quantitative bacterial conversion of nitrate to nitrous oxide57 for samples. The isotopic 
composition of the nitrous oxide was measured by gas chromatography-isotope ratio 
mass spectrometry using a modified ThermoFinnigan GasBench II and DeltaPlus58. 
Nitrate δ15N measurements are reported as average values ± 1 standard error, as multiple 
samples were taken from each depth, and each sample was analyzed at least three times. 
Where error bars are not visible, they are smaller than the data markers. 
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2. Methods validation data 
 
Phytoplankton cells must be “fixed” in order to be sorted by flow cytometry. Because 
cells are sorted on the basis of light scatter and natural fluorescence, the fixation 
procedure must preserve these characteristics. A formaldehyde solution (PFA, made by 
heating paraformaldehyde powder in DIW) is commonly used for fixation because it 
minimizes cell disruption and does not strongly modify the pH of seawater samples69. 
PFA is a cross-linking fixative that creates covalent chemical bonds between proteins in 
tissue. It allows for long-term storage of “fixed” cells as well as later penetration of DNA 
stains such as SYTO-13 through the cell membrane (see SI 1.2.2).  

  
Formaldehyde is known to alter the δ13C of preserved samples and may have an effect on 
δ15N under some conditions (61 and refs therein). In order to ensure that our 
methodological approach did not alter the δ15N of sorted PN samples, we conducted a 
series of experiments: Triplicate cultures of the marine diatom Thalassiosira weissflogii 
were grown with 40 µM amendment of the nitrate reference material IAEA N3 (δ15N = 
4.7‰62). Cells were harvested once nitrate had been completely consumed, at which 
stage the δ15N of cellular organic N is expected to converge on the δ15N of the nitrate 
supply. Six subsamples (duplicates for each of three treatments) of each T. weisfloggi 
culture were filtered onto 5 µm polycarbonate filters by gentle vacuum filtration. One set 
of duplicates was flash frozen without any manipulation (“without PFA”; fig. S2), and 
PFA + 0.2 µm filtered seawater was added to the remaining two sets of duplicates. One 
set of these samples was then run through the flow cytometer (“FACS sorted”; fig. S2), 
and the remaining fixed set was not sorted (“with PFA”; fig. S2). All samples were then 
processed in the same way as the PN collections described above. The results indicate 
that neither fixation by PFA nor FACS sorting significantly altered the δ15N of cellular 
organic N (fig. S2).  
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3. Supplemental notes and discussion  
 
3.1. Different N uptake capabilities of the Sargasso Sea phytoplankton assemblage 
Culture studies have shown that all ecotypes of Prochlorococcus grow well on NH4

+ and 
urea, and some low-light strains can grow on NO2

-63,64. High in situ rates of organic N 
assimilation by Prochloroccocus have been reported for the Arabian Sea and the South 
Atlantic subtropical front65,66. To date, no cultured ecotypes of Prochlorococcus have 
displayed uptake of nitrate, although natural Prochlorococcus populations in the Sargasso 
Sea have been shown to possess nitrate assimilation genes67 and 15N incubations suggest 
that they may acquire 5-10 % of their N from NO3

-68. Cultured marine Synechococcus 
spp. have been reported to utilize NH4

+, NO2
-, NO3

-, urea, and amino acids64,69-73, and 
under severe N deprivation will even degrade their own light-harvesting pigment protein, 
phycoerythrin, to use as an internal N source74. It is well known that eukaryotic 
phytoplankton can utilize all forms of fixed N, as well as urea and amino acids (75 and 
refs therein). However, it is generally accepted that in the nutrient poor subtropical ocean, 
NH4

+ is the dominant N source supporting all phytoplankton growth, including that of the 
eukaryotic phytoplankton76-78. 

3.2. Alternate explanations for high eukaryote δ15N 
One set of hypotheses for the high eukaryote δ15N is control by some mechanism of N 
loss, such as the excretion of NO2

- or NH4
+. Another involves the assimilation of NO3

- 
generated by nitrification in the euphotic zone. The hypotheses are discussed below.  
 
3.2.1 Nitrite efflux 
It has been suggested to us that the δ15N of eukaryote biomass could be elevated beyond 
the δ15N of the nitrate supply if low δ15N nitrite is excreted from the cell during nitrate 
assimilation. Nitrite efflux seems exceedingly unlikely, as it requires that phytoplankton 
excrete nitrite throughout the water column in an extremely N-deplete euphotic zone. 
However, whether or not nitrite efflux occurs does not actually matter, because the 
isotope systematics of nitrate assimilation are such that nitrite efflux does not provide an 
explanation for the data (fig. S3 and S4A-B).  
 
During assimilation, nitrate is transported across the cell membrane with minimal 
isotopic fractionation (ε1, ε2 = 0‰; fig S3), and is then reduced in the cytoplasm to nitrite 
by the nitrate reductase enzyme. Nitrate reductase has an isotope effect (ε3; fig S3) of 
~25‰ (e.g., 79). For a common case of ~80% reduction for the gross nitrate uptake80, the 
internal nitrate pool comes to have a δ15N of 20‰ and the produced nitrite has a δ15N of -
5‰. This nitrite is transported into the chloroplast (with ε4 = 0‰; fig S3) where it is 
completely reduced to NH4

+ and then converted into organic N (represented by the thick 
black arrow between NO2

- and Org N). The nitrite imported into the chloroplast is 
efficiently and completely reduced, and thus there is no isotopic fractionation associated 
with either reduction step79,81). The organic N (biomass) that is produced has a δ15N = -
5‰.  

If nitrite efflux were to occur, the nitrite excreted from the cell has the same δ15N as the 
nitrite taken up into the chloroplast (-5‰), since it is implausible that efflux of nitrite 

© 2011 Macmillan Publishers Limited.  All rights reserved. 



 8!

from the cell could have a higher isotope effect than nitrite uptake by the chloroplast (ε4, 

ε5 = 0‰; fig S3). As a result, the biomass produced has a δ15N of -5‰ regardless of the 
fraction of the nitrite pool that effluxes from the chloroplast. While it is possible that ε4 
could be ~1-2‰ higher than ε5, this would cause nitrite efflux to lower, not raise, the 
δ15N of the biomass produced. 

Having established that the excretion of nitrite cannot increase the δ15N of eukaryotic 
phytoplankton beyond the δ15N of the nitrate they are assimilating, there are two 
additional relevant points to be made with respect to nitrite efflux:  
 
First, in order for nitrite efflux to occur, the eukaryotes need to be assimilating nitrate. 
Since the cyanobacteria are not elevated in δ15N, they must not be consuming nitrate. 
Thus, even if nitrite efflux is important, our major conclusion that eukaryotic 
phytoplankton dominate the consumption of nitrate in the subtropical euphotic zone still 
holds. 
 
Second, cultures do not excrete nitrite during balanced growth. Most of the studies that 
report nitrite efflux during nitrate assimilation involve cultures at stationary phase (see 
review by 81), meaning that the phytoplankton cells have run out of nutrients and become 
senescent. These cultures are not representative of the phytoplankton community we 
sampled, and offer no reason to expect persistent and substantial nitrite efflux from 
eukaryotic phytoplankton throughout the summertime euphotic zone of the Sargasso Sea.  
 
When observed, nitrite excretion is a transient process. Efflux has been observed in 
response to transient light limitation (e.g., 82, wherein phytoplankton mixed down below 
the 1% light level can no longer harness the reducing power required to convert 
intracellular nitrite to ammonium; rather than allow nitrite to accumulate inside the cell, 
they excrete it. This behaviour speaks to the toxicity of nitrite to cells83-85, and represents 
a transient, rather than a steady state nitrite efflux. One study found that even under 
conditions of light limitation, the assimilation of nitrate by diatoms in steady state growth 
was limited by the reduction of nitrate to nitrite86, arguing against any intracellular nitrite 
accumulation, and thus any possibility of continuous nitrite efflux.  
 
As one exception to this, nitrite excretion by cells during balanced growth has been 
observed in a limited number of studies under iron limitation. It has been hypothesized 
that under such low iron conditions nitrite reduction may become the limiting step in 
nitrate assimilation due to the high Fe requirement of nitrite reductase (NiR)87,88. Under 
this condition, nitrite could be excreted into the environment in order to alleviate 
intracellular toxicity83-85. However, iron limitation of phytoplankton is unlikely in the 
Sargasso Sea euphotic zone89-91, particularly in the summer when atmospheric dust inputs 
of iron are high92. Thus, while it is possible that phytoplankton may excrete nitrite under 
certain conditions, physiological constraints such as enzyme affinity for substrate as well 
as euphotic zone conditions in the Sargasso Sea at the time of our sampling render such 
efflux unlikely.  
 
3.2.2. Mixotrophy and associated ammonium efflux 
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Given the well-known increase in biomass δ15N with trophic level93,94, the high 
eukaryotic δ15N might be intuitively attributed to some degree of heterotrophy 
(“mixotrophy”). Mixotrophy by small eukaryotic phytoplankton has been suggested as 
significant in both the western and eastern North Atlantic95-97, although the abundance of 
mixotrophs is generally low and highly variable, both with depth and time of sampling. In 
any case, it must be recalled that the trophic δ15N increase derives from the excretion by 
heterotrophs of low-δ15N N93,98. In the nutrient-poor summertime Sargasso Sea, it is 
unlikely that phytoplankton will excrete NH4

+, and yet eukaryotes would need to excrete 
nearly all the N they obtain from heterotrophy in order to achieve a ≥3‰ δ15N elevation 
relative to prokaryotes (given that this amplitude of δ15N increase corresponds to a single 
trophic level in heterotrophs99). 
 
Our 2009 eukaryote sample from the mixed layer, the depth at which mixotrophy has 
been suggested to be most likely, has the lowest δ15N of all measured eukaryote samples. 
We interpret this to reflect increased reliance by surface eukaryotes on recycled N in 
response to being isolated from the deep nitrate supply. If mixotrophy is responsible for 
high eukaryote δ15N, and mixotrophy is most likely to occur in the summertime mixed 
layer, we would expect the surface eukaryote sample from 2009 to be higher in δ15N. 
This is not what we observe. 
 
A key additional observation from our study is that a sorted population of heterotrophic 
bacteria has a δ15N similar to that of the cyanobacteria (-1.0‰; fig. 2B and S6B). These 
heterotrophic bacteria are far more likely to excrete ammonium than are the eukaryotic 
phytoplankton as they are not photosynthesizing, yet their δ15N is not elevated relative to 
the cyanobacteria. In order for mixotrophy to be responsible for the high eukaryote δ15N, 
high levels of N excretion are required. The lack of isotopic elevation in heterotrophic 
bacteria provides another strong piece of evidence against mixotrophy as the driver of the 
high δ15N of the eukaryotes. Thus, while it is always possible that some as yet 
unidentified process is responsible for the high δ15N of the eukaryotes, no clear loss-
based explanations have been recognized. 
 
3.2.3. Nitrification 
We conclude that the high eukaryote δ15N must derive from the assimilation of a high-
δ15N N source, most likely nitrate. Nitrate could be supplied by in situ nitrification 
(oxidation of recycled NH4

+ to nitrite and then nitrate) or by upward mixing of subsurface 
nitrate. Nitrification is usually found to be negligible in the subtropical euphotic zone82, 
although some fraction of the very low-level summertime ambient nitrate at BATS may 
derive from nitrification100. 
 
Regenerated NH4

+ can either be re-assimilated by phytoplankton or oxidized to NO2
-, 

which will then either be assimilated into PN or further oxidized to NO3
-. The relative 

size of the isotope effects associated with each of these processes will affect the δ15N of 
both the PN and NO3

- pools. If the combined isotope effect associated with NH4
+ and 

NO2
- assimilation (εAmU and εNiU, respectively, after 101) is larger than that due to 

nitrification (εNitr, reflecting the combined fractionation associated with NH4
+ oxidation 
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and NO2
- oxidation, εAmOx and εNiOx, respectively, after 101), high-δ15N N will be 

preferentially channeled into the NO3
- pool, implying that some portion of the 

eukaryotes’ high-δ15N NO3
- supply could derive from a regenerated N source.  

Culture studies report εAmU as high as 27 ‰, but this value decreases to 0 – 1 ‰ at low 
[NH4

+]102-104, likely due to very low rates of NH4
+ efflux preventing expression outside 

the cell of any fractionation associated with intracellular NH4
+-consuming reactions. In 

the Sargasso Sea, NH4
+ concentrations are always extremely low100, such that the 

expressed εAmU will approach ~0 ‰. εNiU is thought to be similarly low105.  

Cultured marine nitrifiers yield values of εAmOx from 14 ‰ to 19 ‰106,107. It is unlikely 
that εAmOx decreases much at low [NH4

+] because fractionation occurs in the periplasm of 
nitrifying bacteria (Hooper et al. 1997) where εAmOx is less vulnerable to under-
expression by NH4

+ consumption within the cell108. Additionally, the ammonium/ 
ammonia equilibrium isotope effect (~20 ‰109,110) included in εAmOx does not decrease at 
low [NH4

+]. Nitrite oxidation has an ‘inverse’ isotope effect (εNiOx ~ -12 ‰111, but the 
nitrite oxidoreductase enzyme is located in the cytoplasm of nitrite oxidizing bacteria112, 
and is thus subject to under-expression at low substrate concentrations. Since NO2

- does 
not accumulate above nanomolar concentrations in the Sargasso Sea113, the expressed 
value of εNiOx will be ~0 ‰. Thus, we consider only isotope fractionations associated 
with NH4

+ reactions. At the low [NH4
+] typical of the Sargasso Sea, εAmOx – εAmU (and 

thus εNitr – εAmU) > 0 ‰, and any nitrification will channel low-δ15N N into the NO3
- 

pool. Therefore, our high δ15N eukaryote measurements are unlikely to reflect 
assimilation of NO3

- regenerated within the euphotic zone: even if euphotic zone 
nitrification were significant, the assimilation of its products by eukaryotes does not 
explain their clear δ15N elevation relative to prokaryotes. 

3.3. δ15N relationship between nitrate supply and phytoplankton biomass 
See figure S5 and figure S5 caption.  
 
3.4. Mechanism controlling N source differences 
While we do not understand the mechanism controlling N source differences, there are 
potential explanations. Given that it is less energetically expensive to assimilate reduced 
N forms114, the rapidly cycling N pool should be most prized. Thus, rather than 
eukaryotes outcompeting prokaryotes for nitrate, prokaryotic phytoplankton may be 
outcompeting eukaryotes for recycled N. In this view, eukaryotes have secured their 
position in the ecosystem partly by populating the niche of consuming an energetically 
expensive N source. 

Alternatively, eukaryotes may indeed be better at utilizing nitrate, with the key to 
eukaryotic exploitation of very low nitrate concentrations being the uncoupling of nitrate 
transport from nitrate reduction. Both eukaryotes and prokaryotes possess high affinity 
nitrate transporters, encoded by Nrt2 genes. Eukaryotes typically have multiple Nrt2 gene 
copies per genome115, indicative of an activity that can be rapidly induced and highly 
modulated. Cyanobacterial genomes usually contain only one Nrt2 gene116, and transport 
is tightly coupled to photosynthesis117. Thus, the eukaryote advantage might be in their 
ability to respond to episodic nitrate availability by rapidly transporting nitrate into the 
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cell, where the slower step of nitrate reduction can occur118, removed from competition 
with prokaryotes. 

 
3.5. Calculation of the f-ratio 
The f-ratio is traditionally defined as the ratio of new production (i.e., supported by 
thermocline nitrate) to total primary production (the sum of new plus regenerated 
production, the latter of which is supported by NH4

+, simple organic N forms, and nitrite 
and nitrate produced by in situ nitrification). The f-ratio also quantifies the fraction of 
primary production that is exported from the euphotic zone over appropriate time and 
space scales (i.e., export production)76,119. At BATS, total primary production is routinely 
measured by 14C uptake in dawn to dusk in situ incubations78. From 1989 to 1997, the 
mean value of total primary production, integrated from 0-140 m, was 154.2±28.9 gC m-2 
yr-1. The sediment trap flux at 150 m, averaged over the same time period, was 9.4±1.4 
gC m-2 yr-1, which, when divided by total primary production, implies an export ratio (f-
ratio) of 0.06±0.0178.  
 
In the current study, the f-ratio for July of each year (2008 and 2009) is estimated 
according to the following equations: 
 
fcommunity = {fPro*[N]Pro + fSyn*[N]Syn + feuk*[N]euk}/{[N]Pro + [N]Syn + [N]euk (1) 
 
where:  δ15NPro = δ15NNN*fPro + δ15NRN*(1-fPro)   

such that    fPro = (δ15NPro - δ15NRN)/(δ15NNN - δ15NRN)   (2) 

 
  δ15NSyn = δ15NNN*fSyn + δ15NRN*(1-fSyn)  

such that    fSyn = (δ15NSyn - δ15NRN)/(δ15NNN - δ15NRN)   (3) 

 

  δ15Neuk = δ15NNN*feuk + δ15NRN*(1-feuk)  

such that    feuk = (δ15Neuk - δ15NRN)/(δ15NNN - δ15NRN)   (4) 

 
The δ15N used in the formulation above for each sorted population (i.e., δ15NPro, δ15NSyn, 
and δ15Neuk) is the N concentration-weighted mean δ15N of that population integrated 
over the euphotic zone. This formulation assumes that all groups have the same specific 
growth rate, although other assumptions, such as a higher growth rate for eukaryotes, 
could be used. More importantly, this exercise is highly dependent on the δ15N assigned 
to NN (new N) and RN (regenerated N; including NH4

+, simple organic N forms, and 
nitrite and nitrate produced by euphotic zone nitrification). We have no direct 
information on the δ15N of the RN supply, but if we assume that Prochlorococcus and 
Synechococcus together assimilate only RN, then water column integrated prokaryote 
δ15N (0 – 100 m) yields a δ15N-RN of -1.2 ‰ in 2008 and -1.9 ‰ in 2009. For δ15N-NN, 
we use the δ15N of nitrate at the DCM (6.2‰ in 2008 and 8.4‰ in 2009 (fig.1B) at 
depths of 85 m and 100 m, and [NO3

-] of 0.49 µM and 0.36 µM, respectively) as our best 
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measure of the nitrate supply to the euphotic zone in July. N2 fixation is a potential 
additional source of NN to the system; however, since its δ15N is low (-2 to 0‰)120, our 
exclusion of this term translates to an underestimation of the f-ratio. Finally, we assume 
that our collected eukaryote samples are randomly distributed with regard to the degree 
that the new nitrate supply had been consumed when they were assimilating it. In this 
case, with or without isotope fractionation during assimilation, the mean δ15N of discrete 
samples of phytoplankton assimilating only nitrate should approximate the δ15N of the 
initial nitrate supply (see SI 3.3). Among the uncertainties mentioned above, we highlight 
the δ15N of the nitrate supply; if some nitrate is imported from significantly deeper than 
the DCM121, then δ15N-NN would be lower than assumed, yielding an even higher f-ratio 
for the eukaryotes. This only further reinforces our interpretation that nitrate transported 
into the euphotic zone from below supports more than half of the summertime eukaryote 
productivity, corroborating the proposed importance of such processes as eddy-induced 
upwelling121,122. 
 
A number of studies have used geochemical measures such as O2 production in the 
euphotic zone, O2 utilization in the thermocline, and long-term changes in the 
thermocline inventory of 3H + 3He to estimate the upward flux of nitrate from the 
thermocline into the Sargasso Sea euphotic zone123-126. This nitrate flux can be considered 
an estimate of new production, and on an annual basis, will be balanced by the export of 
PN + DON from the euphotic zone to the deep ocean. Using geochemically derived 
nitrate fluxes (Table S1), and converting total primary production as reported above to 
mol N m-2 yr-1 by assuming Redfield stoichiometry127, we can estimate the f-ratio implied 
by the geochemical tracers (0.20±0.09 to 0.36±0.12; Table S1).   
 

Nitrate flux 
(mol N m-2 yr-1) 

Geochemical 
method 

 
Implied f-ratio 

 
Reference 

0.42±0.09 O2 utilization 0.22±0.06 123 
0.46±0.09 O2 production 0.24±0.06 123 
0.56±0.16 Tritium + 3He flux 0.29±0.10 126 
0.39±0.16 O2 production 0.20±0.09 124 
0.51±0.14 O2 production 0.26±0.09 124 
0.70±0.20 Tritium + 3He flux 0.36±0.12 125 

Table S1: Estimates of the annually integrated f-ratio at BATS using geochemically 
derived nitrate fluxes (mean ± 1 SD) as a measure of new production, and the average 14C 
uptake-based measurement of total primary production (1.94±0.36 mol N m-2 yr-1 as 
described above)78.  
 
3.6. Contribution of eukaryotic phytoplankton to the sinking flux PN 
Using the measured [N] and δ15N of our sorted populations, we can estimate the 
contribution of eukaryotic phytoplankton to the sinking flux. We calculate the δ15N of the 
non-eukaryotic PN (δ15Nnon-euk), which includes prokaryotic PN (Prochlorococcus + 
Synechococcus; δ15Nprok) and the unmeasured component of the PN (δ15Nunmeas, as 
described above), and for 2008 also includes the detrital PN (δ15Ndet) and heterotrophic 
bacterial PN (δ15Nhb). 
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For 2008:  
δ15Nnon-euk =  ((δ15Nprok*[N]prok) + (δ15Nunmeas*[N]unmeas) + (δ15Ndet*[N]det) + (δ15Nhb*[N]hb))/    

([N]prok + [N]unmeas + [N]det + [N]hb)     (5) 
 
For 2009:  
δ15Nnon-euk =  ((δ15Nprok*[N]prok) + (δ15Nunmeas*[N]unmeas))/([N]prok + [N]unmeas)  (6) 
 
where: δ15Nprok = ((δ15NPro*[N]Pro) + (δ15NSyn*[N]Syn))/([N]Pro + [N]Syn)   (7) 
 
All δ15N values used in the formulation above, and reported in Table S2, are the N 
concentration-weighted mean δ15N for each sorted population, integrated over all 
measurements in the water column. By combining the measurements from the two years, 
N concentration-weighted “summertime average” δ15N values are calculated.  
 
The flux of sinking organic matter from the euphotic zone is likely comprised 
predominantly of PN that has been repackaged by herbivorous zooplankton as fecal 
pellets, rather than individual phytoplankton or heterotrophic cells. There is some debate 
as to the isotope discrimination associated with the generation of these fecal pellets, with 
some studies suggesting that they are isotopically similar to zooplankton biomass (i.e., 
elevated by ≥ 2‰ relative to the zooplankton food source128,129 and others reporting fecal 
pellet δ15N values similar to the consumed material130,131. For the purpose of this 
demonstrative exercise, we take fecal pellet δ15N to be 1‰ higher than the δ15N of the 
various sorted populations, such that the “summertime average” eukaryotic component of 
the sinking flux (δ15Nfp-euk) becomes 5.1‰, and the non-eukaryotic component (δ15Nfp-non-

euk) increases to -0.5‰ (Table S2).  
 
Table S2 

Water column integrated 
δ15N 

July 2008 (‰) July 2009 (‰) “Summertime 
average” (‰) 

δ15Neuk 3.0 5.0 4.1 
δ15Nprok -1.2 -1.9 -1.5 
δ15Ndet -0.3 ND -0.3 
δ15Nhb -1.0 ND -1.0 
δ15Nunmeas -1.1 -1.6 -1.3 
δ15Nnon-euk -1.0 -1.7 -1.3 
δ15Nfp-euk 4.0 6.0 5.1 
δ15Nfp-non-euk -0.2 -0.9 -0.5 

 
Previous measurements of the δ15N of the sinking flux (δ15Nsink) from material caught in 
sediment traps at 150 m at the BATS site range from 3-4‰132. It should be noted that this 
value of δ15Nsink is based on a single study consisting of near-monthly particle collections 
over the course of two years (1985-1986)132. Using the δ15Nfp-euk and δ15Nfp-non-euk values 
from Table S2, and δ15Nsink = 3.5‰, we calculate a potential “summertime average” 
eukaryotic contribution to the export flux of 71% according to: 
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Euk contribution (%) = {(δ15Nsink - δ15Nfp-non-euk)/(δ15Nfp-euk - δ15Nfp-non-euk)}*100 (8) 
 
We acknowledge that there is likely some contribution to δ15Nsink of unconsumed 
material, passively sinking out of the surface ocean as aggregates or marine snow133,134. If 
included, this unfractionated material would likely only serve to increase the calculated 
eukaryotic contribution to the sinking flux, further strengthening our conclusion that 
eukaryotic phytoplankton are the dominant contributors to sinking PN. 
 
3.7. [N] and δ15N of “sum” and “missing” N pools 
For both 2008 and 2009, we calculate the summed N content ([N]) of the sorted 
populations (“sum”) by adding [N]Pro, [N]Syn (or [N]Total-cyano) and [N]euk (and [N]hetero-

bacteria or [N]detritus in the case of the surface and 40 m samples from 2008; fig. S6A and C). 
In cases where we do not have measurements of all photoautotrophic N pools, we still 
add the [N] measurements that we do have to get a [N]sum, but do not include these values 
in further calculations of the contribution of photoautotrophic N to total PN (i.e., 
photoautotrophic contribution (%) = ([N]sum/[N]bulk)*100). For both years, <50% of the 
bulk PN in the Sargasso Sea appears to be comprised of photoautotrophic N, as 
demonstrated by the summed N value of all our sorted populations (fig. S6A and C), and 
in agreement with previous studies of particulate organic carbon135. The remaining N 
constituting bulk PN must be heterotrophic bacteria, detrital organic material, and 
possibly occasional heterotrophic microzooplankton.  
 
The δ15N of the “sum” can also be calculated ((δ15NSum = (δ15NPro*NPro + δ15NSyn*NSyn + 
δ15Neuk*Neuk)/(NPro + NSyn + Neuk), and includes the δ15N of heterotrophic bacteria and 
detritus for the few measurements we have of these pools; fig. S6B and D). In 2008, 
δ15Nsum was ~0‰, and roughly constant throughout the euphotic zone, whereas in 2009, 
δ15Nsum was more variable, ranging from -2‰ to 1.5‰. In addition, δ15Nsum for both 2008 
and 2009, which represents the average photoautotrophic δ15N, is similar to that of the 
bulk PN; the high δ15N of eukaryotes elevates the δ15Nsum only modestly since it is only a 
modest fraction of the phytoplankton biomass.  
 
Using the [N] and δ15N of the bulk PN and “sum” pools, we calculate the [N] and δ15N of 
the “unmeasured” N, defined as all N pools (e.g., heterotrophic bacteria, detrital organic 
material etc.) that are not accounted for by our sorted populations (δ15Nunmeas = 
(δ15Nbulk*Nbulk – δ15Nsum*Nsum)/(Nbulk – Nsum)). For both years, δ15Nunmeas is low (-3‰ to 
0‰) and similar to bulk PN δ15N, prokaryote δ15N, and δ15Nsum. Our few analyses of 
heterotrophic bacteria and detritus (fig. 2A-B and fig. S6A-B) indicate that these N pools 
also have a low δ15N (-1.0‰ and -0.3‰, respectively), which is consistent with their 
constituting much of the “missing” N in our system 
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4. Supplemental figures and captions 
 
Figure S1 
 

 
 
Figure S1: Cytograms representative of the autotrophic populations sorted from 
collections at BATS in July 2008 and 2009. A) FSC1-H (s-polarized forward scatter) 
versus 650LP-H (chlorophyll) and B) 650LP-H (chlorophyll) versus 580/30-H 
(phycoerythrin). Phytoplankton populations of interest (Prochlorococcus, 
Synechococcus, and the pico- and nanoeukaryotes that were grouped together as 
‘eukaryotes’) are indicated on the cytograms. 
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Figure S2 
 

 
 
Figure S2: Thalassiosira weissfloggi culture experiments conducted to determine the 
effect on cellular organic N δ15N of formaldehyde solution (PFA) as the fixative for cells 
prior to flow cytometric sorting. All experiments (1 – 3) were conducted under the same 
light and nutrient conditions, with IAEA N3 NO3

- as the N source to T. weissfloggi, since 
IAEA N3 δ15N (4.7‰) is well known62. “FACS sorted” refers to samples fixed with PFA 
and then run through the flow cytometer, “without PFA” indicates samples that were not 
manipulated in any way, and “with PFA” refers to samples that were fixed with PFA but 
not run through the flow cytometer.  
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Figure S3: 

!
Figure S3: Cartoon showing the isotope systematics associated with the assimilation of 
nitrate by a eukaryotic phytoplankton cell. Two scenarios are shown: the first assumes all 
nitrite produced from the reduction of nitrate is assimilated into biomass (Org N; δ15N 
values in black), and the second allows for a fraction of this nitrite pool to efflux from the 
cell (red arrow; δ15N values in red). The δ15N values shown in this cartoon apply for the 
steady state case in which the external nitrate pool is infinite. !
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Figure S4A-B 
 

 

Figure S4A-B: The δ15N of the same N pools as in fig. S3 above, but for the “Rayleigh” 
case of the consumption of a finite pool of nitrate. Again, two scenarios are shown: A) 
assumes all nitrite produced from the reduction of nitrate is assimilated into biomass 
(organic N), and B) allows for a fraction of this nitrite pool to efflux from the cell 
(internal NO2

- and organic N δ15N shown in red). Note again that the δ15N of the biomass 
produced in this scenario is not affected by nitrite efflux. The only difference between the 
two cases is the amount of organic N that will be produced. In short, the efflux of nitrite 
is essentially the reversal of the nitrate assimilation steps. 

!
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Figure S5 

 
 

Figure S5: In the Sargasso Sea, thermocline nitrate with a δ15N of ~2.5‰ is the ultimate 
source of nitrate to the euphotic zone50. As this nitrate supply is consumed by 
phytoplankton, its concentration decreases and its δ15N increases (solid blue line) due to 
isotope discrimination during assimilation. At any instant in time, the δ15N of PN 
synthesized from nitrate (dashed orange line) will equal the δ15N of the nitrate at that 
same point in time minus any isotope discrimination associated with nitrate assimilation. 
Integrating over all PN production from nitrate gives a δ15N of accumulated eukaryote 
biomass (solid red line) as a function of the amount of nitrate consumed. In the model 
depicted above, the degree of isotope discrimination is held constant (ε=5‰) until half of 
the nitrate supply has been consumed, after which ε decreases as a parabolic function of 
nitrate concentration (ε~0‰ when [NO3

-] = 0 µM). Regardless of the degree of isotope 
discrimination due to assimilation, or how much it changes during this assimilation, the 
δ15N of the accumulated eukaryote PN will always converge on the original δ15N of the 
nitrate supply once nitrate has been completely consumed (dashed black line). Individual 
collections of phytoplankton growing on the supplied nitrate (represented by open green 
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circles) may fall close to the orange dashed line, since they integrate over only a short 
period of time and thus perhaps only a short degree of nitrate consumption. Nevertheless, 
if our samples are not biased in the degree of nitrate consumption that they capture (i.e., 
they are not clustered around any particular degree of nitrate consumption but rather 
randomly distributed across this parameter), their integration into a single N pool yields a 
δ15N that is similar to the initial δ15N of the nitrate supply (filled green triangle). Even if 
individual phytoplankton samples integrate over substantial increments of nitrate 
assimilation, their averaging still approximates the δ15N of the initial nitrate supply 
(calculation not shown). 
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Figure S6 
 

 
 
Figure S6: [N] and δ15N of flow cytometrically sorted components of the PN from the 
Sargasso Sea in July 2008 (A-B) and 2009 (C-D), as shown in fig. 2a-d. Also included 
are “Sum” (grey circles), which represents the calculated total [N] and δ15N of all sorts 
from a specific depth, and “Unmeasured”, which refers to the calculated [N] and δ15N of 
bulk PN minus “Sum” PN (i.e., the N fraction not accounted for by the summed sorted 
populations). 
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