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Abstract

We report the nitrogen (N) isotope ratios (d15N) of planktic foraminifera collected from upper-ocean net tows (surface to
200 m), moored sediment traps, and core-top sediments at the Bermuda Time-series Site in the northern Sargasso Sea between
2009 and 2013. Consistent with previous measurements from low-latitude core-top sediments, the annually-averaged d15N of
organic matter bound within the shells of euphotic zone-dwelling, dinoflagellate symbiont-bearing foraminifera collected in
net tows (2.3‰ on average) approximates that of shallow thermocline (�200 m) nitrate (2.6‰), the dominant source of
new N to Sargasso Sea surface waters. Deeper-dwelling foraminifer species without dinoflagellate symbionts tend to have
a higher d15N (3.6‰ on average). We observe no systematic difference between the bulk tissue and shell-bound d15N in
net tow-collected foraminifera. A decline in shell N content is observed from net tows (6.8 nmol/mg) to sediment traps
(5.4 nmol/mg) and surface sediment (3.0 nmol/mg). On average, shell-bound d15N rises from net tows (3.1‰) to sediment
traps (3.7‰) but does not change further upon incorporation into the sediments (3.7‰). Together, these observations are con-
sistent with preferential loss of shells or shell portions with lower d15N and higher N content during sinking through the upper
500 m, followed by a non-isotope fractionating decrease in N content between sinking and burial. Time-series data from sed-
iment traps (and to a lesser extent, surface net tows) exhibit seasonal d15N variations, with a minimum in early spring, a max-
imum in late spring and a decline from summer to fall. These variations appear to arise from seasonal changes in the d15N of
total upper-ocean biomass, which are, in turn, driven by early springtime nitrate supply, subsequent nitrate drawdown, and an
increase in the relative importance of ammonium recycling into the late summer and early fall. The d15N connection between
total upper ocean biomass and foraminifera indicates that foraminifer-bound d15N records the d15N of the annual nitrate
supply in oligotrophic (e.g., subtropical) environments but will also be sensitive to the degree of nitrate consumption in
high-nutrient regions and possibly to changes in upper-ocean ammonium recycling under some conditions.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The accumulation of organic matter on the seafloor
archives information about past ocean productivity and
nutrient conditions, key factors controlling the influence
of biology on atmospheric carbon dioxide concentrations
and thus global climate. Organic nitrogen (N) in marine
sediments and sedimentary microfossils is a promising
recorder of the N isotopic composition of nitrate (NO3

�)
supplied to phytoplankton in oligotrophic environments
such as the subtropical gyres, which is in turn affected by
and thus bears witness to processes such as N fixation
and denitrification (Altabet and Curry, 1989). In addition,
the N isotopes are a potential recorder of surface water
nitrate consumption in nitrate-replete environments such
as the Southern Ocean (François et al., 1992; Altabet and
François, 1994).

When nitrate is consumed by phytoplankton, the lighter
14N isotope is preferentially incorporated, causing the
remaining nitrate pool (and thus also the particulate
organic N (PON) subsequently produced from it) to
become progressively enriched in the heavier 15N isotope
(i.e., increasing in d15N, where d15N = {[(15N/14N)sample/
(15N/14N)N2 in air] � 1} � 1000; in units of per mil, ‰)
(Wada and Hattori, 1978; Pennock et al., 1996; Waser
et al., 1998; Sigman et al., 1999a). Thus, PON sinking to
the seafloor carries with it the isotopic imprint of partial
nitrate consumption in overlying waters. If the surface
ocean nitrate pool is completely consumed, the d15N of
the total accumulated PON converges on that of the initial
nitrate supply. Thus, in oligotrophic environments where
nitrate consumption in surface waters is always essentially
complete, the d15N of sinking PON (and thus of N in
underlying sediments) would be expected to match the
d15N of the nitrate supply (Altabet, 1988; Altabet and
François, 1994). Diagenetic alteration and/or exogenous
N inputs, however, demonstrably influence the d15N of bulk
sedimentary N (Altabet and François, 1994; Meckler et al.,
2011) and have prompted a shift to analysis of N pools that
are robust against these effects, with our focus here on
microfossil-bound organic N (Sigman et al., 1999b;
Robinson et al., 2004; Ren et al., 2009). With recent method
developments, it is now feasible to analyze the N isotopes of
the small amounts of organic N encased within the shells or
‘tests’ of planktic foraminifera (Ren et al., 2009; Ren et al.,
2012; Straub et al., 2013), calcifying zooplankton that ubiq-
uitously accumulate in deep-sea sediments.

Planktic foraminifera inhabit a wide range of ocean
environments from the tropics to the poles and have a
diversity of feeding habits. Shallow-dwelling species prey
on zooplankton and larger phytoplankton, while deeper-
dwelling species are sustained by detrital particles and/or
the organisms that feed upon them (Bé et al., 1977;
Spindler et al., 1984; Schiebel and Hemleben, 2017). Many
shallower species also host algal symbionts: dinoflagellates
in the case of most spinose, shallow-dwellers (Bé et al.,
1977; Schiebel and Hemleben, 2017; and references therein),
and other algae including chrysophytes in the case of some
thermocline-dwellers (Gastrich, 1987; Faber et al., 1988).
Foraminifera grow in size by adding chambers to their
shells, using an organic sheet as a template for calcification
(King and Hare, 1972; Bé et al., 1979; Spero, 1988). In this
way, N-rich biomineralizing proteins are added prior to
each chamber addition and are sequestered within the
calcite matrix (Bé et al., 1977; Hemleben et al., 1989). Addi-
tional calcification during life (ontogenic) and reproduction
(gametogenic) may further protect shell-associated organic
matter, while post-mortem encrustation might protect both
shell-native and external organic matter. In the tropical and
subtropical open ocean, there is a strong link between the
d15N of thermocline nitrate, the main source of nitrate to
the euphotic zone (i.e., the well-lit layer from the surface
to the 1% light level) (Altabet, 1988; Knapp et al., 2005),
and the shell-bound d15N of most planktic foraminifer spe-
cies in underlying surface sediments (Ren et al., 2009; Ren
et al., 2012), supporting the utility of the planktic
foraminifer-bound d15N proxy. However, important ques-
tions remain regarding the controls on foraminifer-bound
d15N. First, how does shell-bound d15N compare to the
d15N of foraminiferal tissue, and is this relationship stable?
Second, are there other factors besides the d15N of the
annual nitrate supply to the euphotic zone that affect
foraminifer-bound d15N, and are these adequately impor-
tant to cause significant changes through time? Third, is
the d15N signal acquired in the upper ocean preserved as
tests sink to the seafloor? If shell-bound d15N is altered, is
the magnitude of this alteration constant and/or system-
atic? To address these unknowns, we present modern fora-
miniferal tissue and shell-bound d15N measurements for a
range of species collected from the upper ocean, sediment
traps, and surface sediments at the Bermuda Time-series
Site in the Sargasso Sea.

The Bermuda region has a well-characterised seasonal
cycle of mixing and primary production (Steinberg et al.,
2001; Lomas et al., 2013). The deepest mixing occurs in late
winter/early spring (down to 200–250 m), injecting thermo-
cline nitrate into surface waters. As the surface ocean
warms and the mixed layer shoals in the late spring and
early summer, nitrate is drawn down rapidly by phyto-
plankton to less than 0.1 mM (Lipschultz, 2001), and its
concentration generally remains extremely low throughout
the summer and early fall stratification period (<0.01 mM)
(Fawcett et al., 2015). A gradual deepening of the mixed
layer occurs in late fall and winter as the surface ocean
cools and wind-driven mixing erodes the strong thermal
gradient. Even during the period of deepest mixing, how-
ever, nitrate concentrations typically remain well below
0.5 mM in the upper 100 m, or �15% of the concentration
present at 200–250 m (Fig. 1). Therefore, nitrate consump-
tion in this region is close to complete almost year-round
(Lipschultz, 2001; Fawcett et al., 2015) and the d15N of
PON sinking out of the euphotic zone should equal the
d15N of the original subsurface nitrate supply (Altabet,
1988; François et al., 1992). This balance is only weakly
affected by the export of dissolved organic N and suspended
particles (Knapp et al., 2005). Thus, by focusing our
ground-truthing efforts on the oligotrophic ocean, we have
sought to initially minimize the complication of partial
nitrate consumption. The Bermuda Time-series Site is typ-
ical of the oligotrophic, subtropical open ocean gyres



Fig. 1. Climatological average of upper-ocean (0–250 m) nitrate + nitrite concentration (in mM; color shading) and mixed layer depth (in
meters; black circles) at the Bermuda Atlantic Time-series Study (BATS) site in the Sargasso Sea. Long-term monthly averages were computed
using all BATS cruise data collected between October 1988 and December 2014 (available online at http://batsftp.bios.edu/BATS/). Mixed-
layer depth is defined as the minimum depth at which potential temperature had decreased by �0.2 �C from a reference depth of 10 m (de
Boyer Montégut et al., 2004). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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(Steinberg et al., 2001; Lomas et al., 2013), making our
findings broadly applicable to a large area of the global
ocean.

In this ground-truthing study, we compare the d15N of
living foraminifera caught in surface net tows, sinking shells
collected in moored sediment traps and fossil shells present
in core-top sediments. Together, these data capture
foraminifer-bound N at important stages in its production
and preservation, from incorporation of N into the living
organism through diagenesis during sinking and burial in
the sediments.

2. METHODS

2.1. Sample collection

Living foraminifera were collected from the upper water
column using a 1-m2, 200-lm-mesh plankton net during ten
cruises between July 2011 and November 2013. Each tow
lasted 2–3 h at a target depth between 0 m and 200 m (see
Table A1 for details). Approximately 90% of the
foraminifer-containing tow material was preserved in a 5–
10% pH-buffered formalin solution and stored at 4 �C until
processing (Ren et al., 2012). The remaining 10% was size-
fractionated, filtered and freeze-dried for elemental and iso-
topic analysis of PON. Hydrographic data for each station
were acquired from a Sea-Bird conductivity-temperature-
depth (CTD) sensor mounted on a Niskin bottle rosette

(data available online at http://batsftp.bios.edu/BATS/).
Mixed layer depth was defined as the depth at which tem-
perature had decreased by �0.2 �C from a reference depth
of 10 m (de Boyer Montégut et al., 2004). Seawater samples
collected from the Niskin bottles on the same cruises were
measured for the concentration and N isotope ratios of
nitrate and nitrate + nitrite (Fawcett et al., 2011, 2014,
2015). Foraminifer tests were picked from Oceanic Flux
Program (OFP) sediment traps at 500 m, 1500 m and
3200 m water depth (Conte et al., 2001; Conte and
Weber, 2014). The OFP mooring was located at 31�500N,
64�100W between November 2009 and November 2010,
with each sample representing a two-week collection. To
attain sufficient N for shell-bound analysis, specimens from
two or all three trap depths were combined when needed.
Core-top sediments were collected using a modified Van
Veen corer at a nearby site (31�440N, 64�050W; 4570 m
water depth – shallower than the lysocline; Honjo and
Erez (1978)). Fossil foraminifer tests were picked from the
>125 lm size fraction of the 0.5–2.0 cm depth interval.
Carbon-14 dating of surface sediments from the vicinity
(two cores at 31�450N, 64�210W; 4300 ± 100 m water depth;
Haidar et al., 2000) suggests an average age of approxi-
mately one thousand years for our sediment samples;
downcore foraminifer-bound d15N from the Caribbean
indicates no change in the region during the late Holocene
(Ren et al., 2009).

2.2. N isotope methods for foraminifer tissue, shells and

particulate organic N

Foraminifera were isolated from bulk tow collections by
density separation (addition of a 300 g/L NaCl solution),
decanted into a watch glass and left in a fume hood until
the formalin-seawater solution had evaporated. Between
one and 100 individuals of the same species were picked
per sample (depending on species availability and estimated
N content) under a dissecting microscope using a wet pick-
ing brush. Picked samples were transferred to 5 mL Eppen-
dorf tubes, rinsed several times with deionised water, briefly
sonicated to loosen any detritus, and transferred to 12 mL
pre-combusted Wheaton vials (Ren et al., 2012). After

http://batsftp.bios.edu/BATS/
http://batsftp.bios.edu/BATS/
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pipetting off the supernatant liquid, samples were oven-
dried at 30–40 �C. Dried specimens were gently crushed
open with an ethanol-cleaned spatula, sonicated in deio-
nised water and the external organic N (i.e., tissue) con-
verted to nitrate by the persulfate oxidation method
(Nydahl, 1978; Knapp et al., 2005) (see below).

After removal of the tissue N fraction, the remaining
crushed shells were rinsed at least five times with deionised
water and oven dried at 50 �C. Approximately 1–3 mg of
cleaned calcite was weighed out into 4 mL pre-combusted
Wheaton vials, combining samples of the same species
(from different tows and occasionally different cruises, but
always the same season) where necessary. The crushed tests
were dissolved in 6 N hydrochloric acid (HCl) to release
calcite-bound organic N into solution, and oxidised to
nitrate by adding 1 mL of a basic persulfate oxidising
reagent (POR; a potassium persulfate/sodium hydroxide
solution) to each vial and autoclaving for 65 min on a slow
vent setting (Nydahl, 1978; Knapp et al., 2005). Blanks
(containing 4 mL POR) and three amino acid reference
materials (AG, USGS-40 and USGS-41) were included in
every batch of samples to ensure complete oxidation and
correct for the N blank associated with the POR. USGS-
40 and USGS-41 are international reference materials (both
glutamic acid; Qi et al., 2003), and AG is an in-house mixed
amino acid standard that has been calibrated by analysis of
the mixed powder with elemental analyzer-isotope ratio
mass spectrometry.

All resulting nitrate samples (from tissue and shell-
bound N oxidations) were adjusted to a pH of 5–7 using
HCl and measured for nitrate concentration by chemilumi-
nescence (Braman and Hendrix, 1989). Finally, nitrate was
converted to nitrous oxide using the bacterial conversion
technique known as the ‘‘denitrifier method” (Sigman
et al., 2001; Casciotti et al., 2002), followed by d15N mea-
surement by gas chromatography–isotope ratio mass spec-
trometry using a Thermo MAT 253 with purpose-built
online N2O extraction and purification system (Sigman
et al., 2001; Casciotti et al., 2002; Weigand et al., 2016).
All d15N measurements were referenced to atmospheric
N2 using solutions of nitrate reference materials
IAEA-NO3 and USGS-34, and oxidised samples were then
corrected for the POR blank using the amino acid reference
materials.

Foraminifera from sediment traps were analyzed for
shell-bound d15N in the same way as the tow specimens.
For the core-top shells, two additional cleaning steps were
undertaken (after crushing) following Ren et al. (2015):
(1) 5 min ultrasonication in 2% sodium hexametaphosphate
(pH 8), and (2) reductive cleaning using sodium
bicarbonate-buffered dithionite-citrate reagent. Replicate
analyses were made when possible. For tow-caught forami-
nifera, pooled standard deviations (1r) of tissue d15N and
shell-bound d15N cleaning-and-oxidation replicates were
0.53‰ and 0.47‰, respectively. The relatively large stan-
dard deviation for shell-bound d15N may be partly due to
higher (and more variable) blank/total N ratios (averaging
10%). However, this cannot explain the tissue standard
deviations, as the blank contributes only �4% on average.
Rather, the fact that fewer individuals are combined to
make a d15N measurement (typically 1–20 for tissue vs.

hundreds for shells) is a likely contributor. The limited
availability of shell specimens in core-top and sediment trap
collections prevented replicate oxidations, but blanks only
contributed 3–4% on average of the total sample N.

The d15N of size-fractionated PON (ranging from 200
mm to >5000 mm) collected in the upper 200 m during the
net tows was determined by elemental analyzer-isotope
ratio mass spectrometry (an Elementar Vario Isotope Cube
online to an Elementar Isoprime visION), referencing to
atmospheric N2 using USGS-40 and an in-house aminoca-
proic acid standard. The pooled standard deviation of repli-
cate measurements was 0.07‰. The d15N of sinking PON
was analyzed on the <125 mm size fraction of sediment trap
samples by mass spectrometry using either a Europa 20–20
or GV Isoprime mass spectrometer. Samples were acidified
prior to analysis to remove carbonates using a modification
of the Verrado et al. (1990) method.

2.3. Averaging foraminifer d15N and N content

Foraminifer d15N and N content averages (e.g., for each
type of collection) were calculated using three different
methods: first, the arithmetic (unweighted) average,
where all species are assigned equal weight; second, the
‘‘Nmeasured-weighted” average, where each species is
weighted by its contribution to the total amount of
foraminifera N picked and measured; and third, the
‘‘Npresent-weighted” average, where each species is weighted
by its estimated contribution to the total amount of forami-
niferal N (>100 mm) actually present in that environment.
On the one hand, the second method does not account
for the actual abundance of each species in the environment
(i.e., it assumes that the picked specimens represent the spe-
cies proportions in the original collection). On the other
hand, the third method relies on estimations of the shell
weights of each species and of species abundances from
other studies.

For the net tows, contributions to Npresent were esti-
mated from the mean annual species compositions of
Tolderlund and Bé (1971) (from 0 to 10 m and 0–500 m
plankton tows at Bermuda Station S) together with the
average shell weights of Movellan (2013) (from 0 to 200
m tows in the North Atlantic, Caribbean, Arabian Sea
and Red Sea) and Takahashi and Bé (1984) (from near-
surface tows in the North Atlantic and Caribbean). For
the sediment traps, N contributions were estimated from
the annual test fluxes measured in the 1500 m OFP sedi-
ment trap during 2009–2010 (the same period as our trap-
caught foraminifera) (Salmon et al., 2015) together with
our own measurements of N per shell. For the core-top sed-
iments, the contribution of each species was estimated from
foraminifera counts at a nearby core site (V007067; 34�
400N, 61�270W; 4308 m water depth; CLIMAP Project
Members, 1981, 1994) and average shell weights from
North Atlantic and Caribbean deep-sea sediments
(Takahashi and Bé, 1984). In the two cases where core-
top shell-weight data were unavailable (G. truncatulinoides
and G. conglobatus), weights were approximated using the
average shell-weight of all the other species.
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In the results section below, the d15N averages from
all three calculation methods are presented: unweighted,
Nmeasured-weighted, and Npresent-weighted. However, given
the focus of this study on N transfer and turnover and
based on our assessment of uncertainties, we refer only to
the Nmeasured-weighted average in the following discussion.

3. RESULTS

3.1. Overview of foraminifer d15N and N content

The d15N of foraminiferal tissue collected from net tows
ranges from 1.5‰ to 4.7‰, while foraminifer shells from
the same tows have a d15N ranging from 1.8‰ to 7.8‰.
We note that the large size of the error bars for some species
derives mainly from d15N variability between cruises
Fig. 2. Summary of the (a) d15N (in ‰ vs. N2 in air) and (b) N content
(surface to 200 m), moored sediment traps (500 m, 1500 m and 3200 m) a
series Site. For each collection type, colored circles (shallow-to-intermedi
foraminifer species, with the fill color indicating the type of symbiont hos
symbiosis has been confirmed. Error bars show standard error (the stand
and are dashed when overlap would otherwise obscure them. Black and gr
grey for unweighted averages; black where species are weighted by cont
dark grey where species are weighted by contribution to the estimated
(Npresent-weighted); see section 2.3 for details). Green and blue triangles sh
symbiont-barren, deep-dwelling species, respectively; bright green/blue
averages. For an expanded view of sinking shell-bound d15N (for the cases
refer to Fig. A4. (For interpretation of the references to color in this figu
(pooled cruise standard deviation of 1.09‰ for tissue,
1.33‰ for shell), which is larger than the variability
between tows on the same cruise (pooled tow standard devi-
ation of 0.82‰ for tissue, unavailable for shell) and, in turn,
larger than the variability between measurements within a
tow (pooled measurement standard deviation of 0.57‰
for tissue, 0.59‰ for shell; Table A2). The unweighted aver-
ages of all the tow data (light grey triangles in Fig. 2a) indi-
cate a higher d15N for shells (3.6‰; n = 72) than for tissue
(2.9‰; n = 452). Weighting the d15N of each species by its
N contribution yields tissue and shell-bound d15N averages
that are more similar to each other; 3.2‰ vs. 3.1‰, respec-
tively, using Nmeasured (black triangles) and 3.2‰ vs. 3.0‰,
d15N respectively, using Npresent (dark grey triangles). The
d15N of sinking shells (n = 86) ranges from 2.6‰ to 5.3‰
with an unweighted average of 4.0‰, and weighted
(in nmol/mg) of foraminifera collected from upper-ocean net tows
nd core-top sediments (4570 m water depth) at the Bermuda Time-
ate dwellers) and squares (deep dwellers) show the average for each
ted (black fill for dinoflagellates, white fill for chrysophytes), if any
ard deviation divided by the square root of the number of samples),
ey triangles average over all species for each type of collection (light
ribution to the total amount of N measured (Nmeasured-weighted);
amount of foraminiferal N (>100 mm) present in the environment
ow group averages for dinoflagellate-bearing, shallow-dwellers and
for Nmeasured-weighted and pastel green/blue for Npresent-weighted
where we have measurements from multiple sediment trap depths),
re legend, the reader is referred to the web version of this article.)
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averages of 3.7‰ and 4.1‰ for Nmeasured and Npresent,
respectively. Core-top shells (n = 11) range from 1.9‰ to
6.5‰ with an unweighted average d15N of 3.7‰, and
weighted averages of 3.7‰ and 4.2‰ for Nmeasured and
Npresent, respectively (Fig. 2a).

The N content of tow-collected shells (n = 72) generally
ranges from 5.0 to 11.2 nmol/mg (except for G. siphonifera
and G. sacculifer, which exceed 18 nmol/mg) with an
unweighted average of 9.3 nmol/mg (Fig. 2b). Weighting
species by contribution to Nmeasured and Npresent yields aver-
ages of 6.8 nmol/mg and 10.7 nmol/mg, respectively. Sink-
ing shells (n = 86) have a lower N content than tow-caught
shells and a smaller range of 3.5 to 5.4 nmol/mg (with a
higher value of 7.8 nmol/mg for G. siphonifera). On aver-
age, the N content of sinking shells is 5.1 nmol/mg
(unweighted), 5.4 nmol/mg (Nmeasured-weighted) and 5.5
nmol/mg (Npresent-weighted). Core-top shell N content
(n = 11) has a still narrower range (2.5 to 3.5 nmol/mg)
and lower average value (3.0 nmol/mg, both weighted and
unweighted).

We begin by comparing the d15N of foraminiferal tis-
sue with shell-bound d15N in the upper ocean and then
present a time-series view of foraminifer-bound d15N to
Fig. 3. Comparison of foraminifer tissue d15N for each species (colored cir
includes July 2011, October 2011, April 2012 and July 2012 (i.e., excludes
April 2013 and July 2013 (i.e., excludes November 2013) to ensure even se
interpretation of the references to colour in this figure legend, the reader
address whether this proxy captures the seasonal cycle
and/or other temporal signals. Finally, we trace the jour-
ney of foraminifer shells as they sink through the water
column, highlighting any changes in shell-bound d15N
along the way.

3.2. Foraminifer tissue vs. shell-bound d15N from net tows

For most species, tissue d15N is similar between the two
years of sampling, albeit with a tendency for lower average
d15N in the first year (Fig. 3). This comparison suggests
that, despite the potential for interannual variability and
for biases associated with unavoidable irregularities in sam-
pling schedule, our sampling and analyses have captured
the characteristic d15N of the different species. A species-
level comparison of all available data pairs (from a range
of individual tows or cruises; n = 33) shows a pervasive
positive correlation between tissue and shell-bound d15N
(Fig. 4a). All species except G. falconensis exhibit positive
regression slopes (Table 1), indicating that a large portion
of shell-bound d15N variation is associated with variation
in the d15N of foraminiferal tissue. Of the nine species with
positive slopes, seven (or six when outliers are excluded)
cles and squares) between the two years of net tow sampling. Year 1
February 2012), and Year 2 includes August 2012, November 2012,
asonal coverage of both years. Error bars show standard error. (For
is referred to the web version of this article.)



Fig. 4. Species-level comparison between foraminifer tissue d15N and corresponding shell-bound d15N from tow collections in the upper ocean
(0–200 m), with 1:1 lines (black diagonals) for reference. (a) Simple regression lines (based on the monthly averages, i.e., the average of all
measurements from all tows on a single cruise; colored circles and squares) are plotted for each species. Regression slopes and correlation
coefficients, including and excluding outliers (one O. universa (orange) and one G. ruber (dark pink) measurement), are given in Table 1. Error
bars in panel (a) show standard deviation. (b) Average tissue d15N vs. shell-bound d15N for each species, incorporating only the paired data
shown in panel (a), including (‘x’ symbols) and excluding (‘+’ symbols) outliers. Triangles indicate overall averages; unweighted (light grey),
Nmeasured-weighted (black) and Npresent-weighted (dark grey). The large standard error (shown by the error bars in panel (a)) for some species
derives mainly from d15N variability between cruises (rather than variability between measurements or variability between different tows from
the same cruise). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Regression lines resulting from plotting tissue d15N (x-axis) vs.

shell-bound d15N (y-axis) for each foraminifer species with n � 2
(see Fig. 3a).

Regression line

Species slope R2 n

O. universa 0.68 0.06 5
– excluding outlier 0.41 0.35 4
G. ruber 0.82 0.06 7
– excluding outlier 3.10 0.84 6
G. sacculifer 0.73 0.97 3
G. siphonifera 0.83 0.05 3
N. dutertrei 1.37 0.72 3
G. hirsuta 0.58 0.80 3
G. inflata 1.29 (1.00) 2
G. menardii 0.54 (1.00) 2
G. truncatulinoides 0.26 0.07 3
G. falconensis �0.06 (1.00) 2
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have slopes less than 1, indicating greater d15N variability in
tissue than in shell-bound N. Most species averages fall
within 0.5‰ (G. ruber, G. sacculifer, G. hirsuta, G. inflata,
G. menardii, G. truncatulinoides) or 1‰ (O. universa, G.

siphonifera, G. bulloides, G. falconensis) of a 1:1 line in a
plot of tissue vs. shell-bound d15N, while others exhibit a
1-2‰ deviation above (N. dutertrei) or below (P. obliquiloc-
ulata) the 1:1 line (Fig. 4b). The most extreme deviations
from 1:1 are observed for H. pelagica and G. hexagonus,
with shell-bound d15N values 2-3‰ higher than their tissue.
Nevertheless, both weighted (black and dark grey triangles)
and unweighted averages of all species (light grey triangle)
fall close to (i.e., within 0.6‰ of) the 1:1 line. On the whole,
while there is a fair amount of scatter around a 1:1 relation-
ship, there is no consistent offset between foraminifer tissue
and shell-bound d15N.

In histograms of the compiled d15N measurements
(Fig. 5), a pattern common to both tissue and shell mea-
surements is a clustering of O. universa (orange), G. ruber
(dark pink) and G. sacculifer (dark red) at the lower end
of the d15N distribution (typically < 3.5‰), and a clustering
of G. hirsuta (purple), G. truncatulinoides (plum) and
G. inflata (navy blue) at the higher end (typically > 3‰)
(Fig. 5a and b). The d15N difference between these two
groups is significant in both tissue and shell-bound N
(p � 0.05 based on a two-sample, unequal variances t-test
(Welch, 1947); see Table A3 for details). For other species
(particularly G. siphonifera (sky blue) and N. dutertrei

(tan)), measurements are more evenly distributed across a
wide range of d15N values. Looking across seasons
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Fig. 5. Histograms showing the distribution of d15N measurements obtained from the tissue (a, c, e) and shells (b, d, f) of tow-collected
foraminifera, colored by species (a, b), season (c, d) and collection depth (e, f). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(Fig. 5c and d), summer and fall d15N values are both sig-
nificantly lower than springtime d15N and not statistically
different from each other (Table A3). This pattern exists
in both tissue d15N (averaging 2.7‰ and 2.6‰ vs. 3.5‰,
respectively) and shell-bound d15N (averaging 1.5‰ and
2.1‰ vs. 3.9‰, respectively). The tissue d15N data also
reveal significant increases with tow depth (Table A3), from
an average of 2.7‰ at 0–50 m to 3.3‰ at 50–100 m and
3.4‰ at 100–150 m (Fig. 5e). While the pattern is less clear
in the shell-bound measurements (for which different tow
depths often had to be combined; 0–200 m category
(dark green bars)), there is a significant increase between
the 0–50 m and 100–150 m intervals (Table A3), averaging
2.4‰ and 3.4‰, respectively (Fig. 5f). Similarly, the d15N
of size-fractionated (200–5000 mm) PON from these tows
increases with depth, from an average of 3.2‰ at 0–50 m
to 3.8‰ at 50–100 m to 4.2‰ at 100–150 m (where n =
31, 26, and 17, respectively; Fig. A1). In addition, the larger
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PON size fractions are generally higher in d15N than the
smaller size fractions (e.g., 2.7‰ (n = 16) for 200–500 mm
and 4.4‰ (n = 21) for 2000–5000 mm PON, on average).

3.3. Time-series of d15N in foraminifera from sediment traps

and net tows

In the foraminifer-bound d15N of sinking shells measured
from fall 2009 to fall 2010, the dominant pattern that
emerges for most species (G. siphonifera, G. hirsuta,
G. truncatulinoides,G. inflata) is a d15Nminimum in late win-
ter/early spring (after the period of deepest mixing) followed
by a d15N maximum in late spring (coinciding with the rapid
shoaling of the mixed layer) (Fig. 6). Thereafter, the species
for which we have data show a gradual decline in d15N over
the course of the summer (as surface waters become increas-
ingly thermally stratified), with a clear d15N offset between
species (i.e., O. universa and G. ruber remaining �2‰ lower
thanG. siphonifera). The d15N of bulk sinking PON collected
in the sediment trap at 500 m shows a similar progression
(with a minimum in early spring, a maximum in early sum-
mer and a gradual decline through the summer). While the
d15N of bulk PON in the 500 m, 1500 m and 3200 m traps
(ranging from �0.6‰ to 5.1‰) is generally lower than
that of the foraminifer-bound fraction (0.8‰ to 6.6‰), the
amplitude of the seasonal d15N change is very similar
(5.7‰ vs. 5.8‰). The presence/absence of foraminifer species
through the trap time-series is consistent with previous
observations of seasonal changes in species composition in
the Sargasso Sea (e.g., Bé, 1960; Deuser et al., 1981;
Deuser, 1987; Salmon et al., 2015). While G. ruber and
G. siphonifera occur throughout the year, O. universa shows
amarked decrease in abundance duringwinter.G. truncatuli-
noides, G. inflata and G. hirsuta peak in winter and spring,
Fig. 6. Time-series of foraminifer-bound d15N (colored circles and square
between November 2009 and November 2010. Where more than one meas
of bulk PON collected in each trap over the same period is also shown (da
on the secondary y-axis, and background colors denote seasons (blue for
winter). (For interpretation of the references to color in this figure legen
while N. dutertrei is confined to a brief period in winter or
spring (the latter in our case). The scarcity of H. pelagica in
sinking and seafloor material (despite being one of the most
abundant species in surface waters year-round) is likely due
to extensive structural weakening of their monolamellar
and thin-walled tests during gametogenesis, which reduces
their preservation (Deuser et al., 1981).

The time-series of upper-ocean net tow samples (tissue
and shell-bound d15N) from summer 2011 to fall 2013
(Fig. A2) shows a similar range of d15N variability to the
sinking shells (varying by �5–6‰ overall) and exhibits sim-
ilar relationships between species (e.g., O. universa and
G. ruber at the lower end and G. siphonifera at the upper
end of the foraminifer d15N spectrum). Roughly in parallel
with the sediment trap observations, the d15N of tow-
collected PON (>200 mm) also peaks in late spring and
declines in late summer, illustrated here by the 200–1000 m
m fraction from the upper 0–100 m (thick, mauve line in
Fig. A2) (mostly copepods in the Bermuda region;
Deevey and Brooks, 1971). While the timing of response
across different foraminifer species in the net tows is not
as consistent as for sinking shells, the d15N of most net
tow foraminifer species varies in concert with the d15N of
tow-collected PON.

Fig. A3 shows the d15N of nitrate (and nitrate + nitrite)
at 200 m and 250 m water depth (near the base of the ther-
mocline), spanning both tow and trap sampling periods
(Fawcett et al., 2011, 2014, 2015). These data indicate no
significant nitrate (or nitrate + nitrite) d15N difference
between the two periods (p > 0.05 based on a two-sample,
unequal variances t-test; Welch, 1947) with a d15N of 2.6
± 0.2‰ (2.5 ± 0.2‰) during the trap period (n = 6) and a
d15N of 2.6 ± 0.1‰ (2.5 ± 0.2‰) during the tow period
(n = 20).
s) collected in sediment traps (moored at 500 m, 1500 m and 3200 m)
urement was possible, error bars show standard deviation. The d15N
shed and dotted lines). Mixed layer depth (blue diamonds) is plotted
spring, green for shoaling spring, pink for summer, purple for fall/
d, the reader is referred to the web version of this article.)
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3.4. Shell-bound d15N from net tows to sediment traps and the

seafloor

Comparison between foraminifer-bound d15N of shells
from upper ocean net tows (collected between July 2011
and November 2013) and those collected in sediment traps
(between November 2009 and November 2010) shows sink-
ing shells to be elevated in d15N by 0.1‰ to 1.8‰ (Fig. 7a).
This elevation appears to be species-dependent. While some
species (G. hirsuta, G. truncatulinoides, G. inflata) show
almost no offset (falling within 0.2‰ of the 1:1 line), on
average, trap-caught shells are between 0.6‰ (using
Nmeasured) and 1.3‰ (using Npresent) higher in d15N than
tow-caught shells (as indicated by the deviations of the tri-
angle symbols from the 1:1 line). The d15N difference
between tow- and trap-collected shells is strongly significant
(p � 0.05; based on a two-sample, unequal variances t-test;
Welch, 1947), regardless of whether (or with which method)
measurements are weighted by N contribution (n = 61–94
for tow shells and n = 77–92 for trap shells). Between
500 m and 3200 m (the depth interval spanned by the three
OFP traps), there is no change evident in the d15N of sink-
ing shells, except for O. universa, which increases by �2‰
(Fig. A4). Comparison of foraminifer-bound d15N of sink-
ing shells with that of shells from core-top sediments shows
no consistent offset from the 1:1 line (Fig. 7b). The d15N off-
set ranges from �1.6‰ to 1.2‰, with an unweighted aver-
age of 0.1‰ (light grey triangle) and weighted averages of
Fig. 7. Changes in foraminifer-bound d15N through the water column a
sinking shells and (b) sinking vs. core-top shells. Colored circles and square
and dark grey) and unweighted (light grey) averages over all species show
top shell d15N (the y-axis in panel (b)), for which measurements derive f
(For interpretation of the references to colour in this figure legend, the r
�0.1‰ (black triangle) and �0.3‰ (dark grey triangle),
for Nmeasured and Npresent, respectively. We note that the
average offsets reported here differ slightly from the offsets
implied by the triangles in summary Fig. 2a. This is because
the triangles in Fig. 2 average over all available data, not
only those species for which we have paired (x, y) measure-
ments (as in Fig. 7a and b).

4. DISCUSSION

4.1. Relationship between foraminifer tissue and shell-bound

d15N in the upper subtropical ocean

On the whole, there is no systematic offset in d15N
between tissue and shell-bound N in living foraminifera at
the Bermuda Time-series Site (Fig. 4). This implies that
the compounds used by foraminifera for shell building are
not isotopically distinct from their bulk tissue. A similarity
in d15N has been observed between the coral-bound N and
tissue of symbiotic corals (Muscatine et al., 2005), but not
in diatoms, where frustule-bound d15N differs substantially
from diatom tissue d15N (Sigman et al., 1999b; Horn et al.,
2011; Morales et al., 2013; Morales et al., 2014). This differ-
ence may be due to the fact that the N bound within fora-
minifer tests and coral skeletons is mainly comprised of
amino acids (King and Hare, 1972; Drake et al., 2017), a
significant constituent of the tissue, whereas the organic
N in diatom frustules is largely composed of long-chain
s revealed through a comparison of the d15N of (a) tow-caught vs.
s represent species averages, and triangles mark the weighted (black
n in a panel. Standard error is shown by error bars, except for core-
rom a single collection (i.e., the seasonal d15N range is unknown).
eader is referred to the web version of this article.)



S.M. Smart et al. /Geochimica et Cosmochimica Acta 235 (2018) 463–482 473
polyamines (Kröger et al., 2000; Sumper et al., 2005), spe-
cialized compounds for building opal frustules that are
not widely used in the bulk tissue. Thus, differences in the
d15N of biosynthetic compounds might produce an offset
in d15N between diatom frustule-bound N and diatom tis-
sue, whereas this is not expected for foraminifera and other
calcifiers. A significant offset would increase the range of
mechanisms by which the tissue/fossil d15N relationship
might vary through time, and variation in this relationship
would greatly complicate interpretation of paleo-proxy
records. Thus, it is both practically convenient and funda-
mentally beneficial that foraminiferal tissue and shell-
bound d15N are not distinctly different. At the same time,
given the variability that we observe in this study, more
work on this question is called for.

While the d15N relationship between foraminifer shell
and tissue N appears to be characterized by a relatively high
degree of variability, inter-season variation in foraminiferal
tissue d15N is positively correlated with variation in shell
d15N for all species for which we have adequate data to
undertake the comparison (Fig. 4a). From this we conclude
that most of the variation in shell-bound d15N has the same
cause as tissue d15N variation (discussed below). For most
species, we observe slopes that are less than 1, implying a
greater d15N range in tissue than in shells. This observation
is consistent with shell-bound N integrating over the life-
time of the organism (i.e., weeks to months), while tissues
like cytoplasm (including food-containing vacuoles) record
recent activity, allowing for greater variation between indi-
viduals of the same species living in the same environment.
Details aside, the positive correlation and lack of a perva-
sive d15N offset between shell-bound and tissue N are aus-
picious for the foraminifer paleo-proxy, as they suggest
that the d15N of organic matter trapped within fossil shells
(as long as it is preserved) largely reflects the d15N of the
organism over the course of its life.

4.2. Factors affecting foraminifer tissue and shell-bound d15N

From the distributions of net tow d15N measurements
(Fig. 5), it emerges that species, season, and depth play a role
in determining foraminifera tissue and shell-bound d15N.
The dominant d15N distinction is between the spinose,
dinoflagellate-bearing shallow dwellers, which dominate
the lower end of the d15N range (O. universa (orange),
G. ruber (dark pink) and G. sacculifer (dark red); Fig. 5a
and b), and the non-spinose, non-dinoflagellate-bearing dee-
per dwellers, which tend to be higher in d15N (G. hirsuta (pur-
ple) andG. truncatulinoides (plum)). A similar d15N offset (of
0.5–2.0‰) between these two groups of species has previ-
ously been observed in sinking and core-top shells (Ren
et al., 2012). Our data confirm an upper ocean origin for this
signal. Two potential mechanisms were put forward by Ren
et al. (2012) to explain the group-specific d15N difference.
First, the lower d15N of spinose, euphotic zone-dwelling for-
aminifera (despite their dietary preference for high-d15N
zooplankton) may result from their dinoflagellate symbionts
consuming (and therefore reducing the excretion of) low-
d15N, metabolically produced ammonium. Second, the
higher d15N of non-spinose, deeper-dwelling foraminifera
(despite being predominantly herbivorous) may reflect their
partial dependence on subeuphotic-zone PON, the d15N of
which increases with depth (Fig. A1) (Altabet, 1988).
Intermediate-dwelling species (including the spinose,
chrysophyte-hosting G. siphonifera (sky blue) and the non-
spinose (possibly chrysophyte-bearing) N. dutertrei (tan),
P. obliquiloculata (blue) and G. inflata (navy)), exhibit a
range of d15N values intermediate between the low-d15N
dinoflagellate-bearing and high-d15N symbiont-barren
groups, but most occupy a higher d15N range, more similar
to the symbiont-barren species.

The d15N in foraminiferal tissue and shells in summer/
fall tends to be lower than in spring (Fig. 5c and d). This
may reflect the advantage that some symbiont-bearing
foraminifera have under the oligotrophic conditions of
seasonal (e.g., summertime in the mid-latitudes) or
near-permanent (as in the tropics and subtropical gyres)
stratification. Photosynthesising endosymbiotic algae use
metabolized N forms (mostly ammonium) respired by their
host and fix them into amino acids that are then available
to foraminifera for biosynthesis. Consistent with this expla-
nation, previous work indicates that dinoflagellate sym-
bionts are primarily sustained by ammonium from the
host foraminifer (Uhle et al., 1999). A similar observation
has been made for symbiotic corals, which also appear to
be low-productivity specialists (Muscatine et al., 2005).
Thus, the shallow, well-lit mixed layers and low euphotic-
zone nutrient concentrations at the Bermuda Time-series
Site in late summer provide favourable growth conditions
for dinoflagellate-bearing, surface-dwelling species
(Tolderlund and Bé, 1971). This seasonality in on-site pro-
duction (although modulated by current-transported tests)
is reflected in the seasonality of shell fluxes in the OFP sed-
iment traps. For example, the dinoflagellate-bearing G.

ruber and G. sacculifer peak between July and October
(Salmon et al., 2015), whereas fluxes of the symbiont-
barren deep-dwellers (G. truncatulinoides and G. hirsuta)
and (possibly chrysophyte-bearing) intermediate-dwellers
(G. inflata and N. dutertrei) peak in late winter and spring,
respectively, when phytoplankton production and export
(and thus food availability) are at a maximum (Lomas
et al., 2013; Salmon et al., 2015). In addition to the seasonal
shift in the dominant foraminifer group (i.e., from
symbiont-barren to dinoflagellate-bearing), enhanced sym-
biotic activity of (and thus reduced efflux of low-d15N
ammonium from) dinoflagellate-bearing species may con-
tribute to the spring-to-summer decline in foraminifer
d15N for a given species. However, at least part of this sum-
mertime species-specific d15N decline must be due to the
observed decrease in the baseline d15N of available food
sources (Fig. A2). Seasonality is examined further in
Section 4.3.

The data indicate an increase in the d15N of foraminif-
eral tissue (and to a lesser extent, shells) with depth within
the upper 150 m (Fig. 5e and f). Depth stratification has
been observed previously in foraminifer species distribu-
tions and in their shell carbon and oxygen isotopic compo-
sitions (Fairbanks et al., 1980; Fairbanks et al., 1982;
Ravelo and Fairbanks, 1992; Mulitza et al., 1997; Mulitza
et al., 2004). Thus, one might suspect that the observed
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d15N increase derives from partitioned depth habitats, with
lower-d15N dinoflagellate-bearing species dominating the
euphotic zone and higher-d15N symbiont-barren/chryso
phyte-bearing species dwelling deeper in the water column.
However, the common occurrence of ‘‘deep-typical”
G. truncatulinoides and G. hirsuta in shallow tow collections
and ‘‘shallow-typical” G. ruber and O. universa in deeper
tow collections argues against strong partitioning of species
over this depth interval, particularly when averaged over
the year. Indeed, many of the species analyzed here have
overlapping depth habitats within the upper 150 m (e.g.,
O. universa and G. bulloides), and others undergo large
depth changes during ontogeny (e.g., G. truncatulinoides).
Therefore, collection depth should not be expected to repre-
sent the primary depth habitat. Rather, the depth gradient
in the d15N of bulk suspended (>0.7 mm) PON below �100
m in the Sargasso Sea (Saino and Hattori, 1980; Altabet,
1988), as well as in the larger (>200 mm) PON size fractions
measured here (increasing by �1.0‰ between the surface
and 150 m; Fig. A1) suggest that the �0.9‰ increase in for-
aminifer tissue over the same interval may reflect an
increase in the d15N of their diet.

An alternative (but not necessarily contradictory)
hypothesis for the observed group-specific d15N differences
is that different species have distinct compositions of amino
acids (King and Hare, 1972; Stathoplos and Hare, 1989;
Robbins and Brew, 1990), which undergo varying degrees
of isotopic fractionation during synthesis and/or transloca-
tion (Uhle et al., 1997; McClelland and Montoya, 2002).
For instance, the apparently greater trophic enrichment of
symbiont-barren foraminifera compared to dinoflagellate-
bearers might be explained as deriving from a greater
proportion of ‘‘trophic” (e.g., glutamic acid) vs. ‘‘source”
(e.g., phenylanaline) amino acids (Popp et al., 2007;
McCarthy et al., 2007) in the symbiont-barren group. While
the existing amino acid content data from core-top planktic
foraminifera do not support this interpretation (King and
Hare, 1972; Robbins and Brew, 1990), amino-acid-specific
d15N measurements would help to robustly test this.

As implied by the histograms (Fig. 5), averaging across
euphotic zone-dwelling, dinoflagellate-bearing species (green
triangles in Fig. 2a) yields a lower d15N than averaging across
deeper-dwelling, symbiont-barren species (blue triangles in
Fig. 2a). The resulting group averages reveal similar shell
vs. tissue d15N relationships: the shells of both euphotic zone,
dinoflagellate-bearing species and deep-dwelling, symbiont-
barren species are only 0.1‰ elevated relative to their respec-
tive tissues. From this observation, we infer that the organic
components employed by both symbiont-bearing and
symbiont-barren foraminifera in biomineralization resemble
their respective bulk tissues in amino acid composition. In
this way, foraminifera may differ from corals: Muscatine
et al. (2005) found that symbiont-barren corals exhibit a sig-
nificantly higher d15N for skeletal N than for tissue N while
symbiont-bearing corals do not.

4.3. Seasonal signals in foraminifer-bound d15N

Here, we consolidate and extend our discussion of the
seasonality of foraminifer-bound d15N and its underlying
drivers. While our tow collections exhibit modest seasonal
variation in d15N (with foraminifer tissue, shell-bound,
and bulk PON d15N generally being lowest in late summer/
fall and highest in spring), the trend in sinking shells is
more apparent (compare Fig. 6 with Fig. A2). This is not
surprising, as sediment traps remain in place year-round,
sampling at regular intervals and integrating over longer
timescales (�14 days) than net tows. By contrast, 120–190
min net tows only provide a snapshot of foraminifer d15N,
and thus capture shorter term variations and small-scale fea-
tures (e.g., storms, short-lived eddies or filaments) that may
blur or overwhelm the seasonal signal (Schiebel et al., 1995;
Beckmann et al., 1987; Schmuker and Schiebel, 2002).

The d15N of sinking shells shows a distinctive minimum
in late winter/early spring (Fig. 6). This follows closely after
the period of deepest mixing (down to �300 m in late
February 2010), when deep nitrate is supplied to surface
waters and the d15N of nitrate is ‘reset’ to the thermocline
value (�2.6‰; Fig. A3) (Knapp et al., 2005; Fawcett
et al., 2015). The late-spring maximum in foraminifer-
bound d15N follows the rapid shoaling of the mixed layer
(to � 20 m in May 2010) and the peak of the spring phyto-
plankton bloom (Lomas et al., 2013). During this time,
nitrate in surface waters is drawn down rapidly, driving
an increase in the d15N of the nitrate pool being consumed
(due to isotopic fractionation during nitrate assimilation)
(Knapp et al., 2005; Fawcett et al., 2015) and thus also
the d15N of any PON subsequently produced from it
(Altabet et al., 1991; Sigman et al., 1999a). Given that all
foraminifera consume a component of the PON pool, it
seems reasonable that shell-bound d15N in sinking shells
also records this d15N increase (depicted by panels 1–2 in
Fig. 8). In short, even though it was not our intention to
focus on seasonal nitrate drawdown at this study of a sub-
tropical gyre site, this signal was recovered.

The decrease in d15N observed in sinking shells through
the summer and fall coincides with the period of intense
stratification when the nitrate supply from below is severely
impeded (Steinberg et al., 2001; Lomas et al., 2013). Previous
studies have found this to be a period of enhanced recycling
of N within the shallow mixed layer (Menzel and Ryther,
1960; Lipschultz, 2001). Because recycled ammonium is
lower in d15N than nitrate (Checkley and Miller, 1989;
Lehmann et al., 2002), as the phytoplankton community
becomes more dependent on ammonium, the d15N of PON
suspended in the euphotic zone (including eukaryotic phyto-
plankton (Fawcett et al., 2014) and thus also the zooplank-
ton that prey upon them) decreases (Fig. A2).
Foraminifera, representing a subset of the zooplankton in
the system, would also be expected to record this signal,
explaining the decrease in shell-bound d15N during the sum-
mer and fall (as illustrated in panels 2–3 of Fig. 8). Thus, the
data argue that the shells of individual foraminifer species
capture seasonal changes in the d15N of phytoplankton
and zooplankton biomass. At the same time, there is evi-
dence for enhanced internal N cycling within the
foraminifer-dinoflagellate system during late spring and
summer from the changing d15N offset between
dinoflagellate-bearing vs. symbiont-barren species, as well
as between dinoflagellate-bearing species and their food



Fig. 8. Cartoon depicting the seasonal progression in d15N (panels 1–3) and the annual average state (panel 4) of dinoflagellate-bearing/
shallow-typical and symbiont-barren/deep-typical foraminifera in relation to copepods, eukaryotic phytoplankton (both primary components
of the sinking flux) and the mean annual nitrate supply to the euphotic zone at the Bermuda Time-series Site. Red arrows indicate feeding
(solid arrows indicating preference for fresh prey, dashed arrows indicating consumption of detrital particles and/or the organisms that feed
upon them), which raises the d15N of the heterotroph relative to their diet. Blue arrows indicate ammonium excretion, which lowers the d15N
of the phytoplankton that assimilate this ammonium. Circular arrows inside the shallow-typical foraminifer represents internal ammonium
recycling between the host and photosymbionts, which lowers the d15N (and trophic level) of the host when active (with the activity indicated
by the darkness of the cyclic arrows). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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sources (Fig. 8). In February/March, the sinking shells of
dinoflagellate-bearing
G. ruber and O. universa are similar in d15N to those of
symbiont-barren species (e.g., G. truncatulinoides) (Fig. 6).
By the end of April, O. universa and G. ruber shell-bound
d15N have decreased slightly, despite sharp d15N increases
in their primary food sources: copepods (200–1000 mm
PON in Fig. 8 and Fig. A2) and eukaryotic phytoplankton
(Fawcett et al., 2014). The resulting divergence ofO. universa

and G. ruber d15N below that of symbiont-barren foramini-
fera (by 1–3‰ in late spring; Fig. 6) may thus reflect more
active or efficient retention of low-d15N ammonium within
the host-symbiont system under improving light conditions
of a shallower mixed layer (Fig. 8). Evaluating this possibil-
ity further might be pursued by measuring the d15N relation-
ship between the symbionts and foraminifer host tissue on a
seasonal basis.

Curiously, we also observe a significant d15N offset
(2–3‰) between sinking shells of G. ruber / O. universa

and G. siphonifera in early spring and summer, despite all
three species being symbiont-bearing and largely carnivo-
rous (Fig. 6). However, by late fall through early spring,
this d15N difference is no longer apparent. This may repre-
sent additional evidence that the chrysophyte symbiosis of
G. siphonifera is not as active in N cycling as the dinoflag-
ellate symbioses of G. ruber and O. universa (Hemleben
et al., 1989; Spero, 1998; Bijma et al., 1998), such that
G. siphonifera is more similar in its N isotope characteristics
to symbiont-barren foraminifera. If this is the case, the con-
vergence of d15N in G. ruber/O. universa and G. siphonifera

in late fall to early spring could result from a decrease in
activity of host-dinoflagellate recycling, effectively raising
the trophic levels (and thus shell-bound d15N) of G. ruber
and O. universa during this period. However, an additional
consideration is that G. siphonifera has two genotypes, each
with a different type of chrysophyte symbiosis: type I
(facultative) and type II (obligatory) (Faber et al., 1988;
Faber et al., 1989; Bijma et al., 1998). The two are morpho-
logically similar (and thus were not separated here), but
exhibit distinct growth, feeding and reproductive behavior
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(Faber et al., 1988; Faber et al., 1989). In the future, types I
and II should be measured separately (at least from net tow
collections) to evaluate their contributions (if different) to
the observed seasonal signal in G. siphonifera d15N.

4.4. Changes in shell-bound d15N with depth

An important consideration for the application of the
foraminifer d15N paleo-proxy is whether the d15N of
foraminifer-bound N changes as a test sinks through the
water column and is ultimately incorporated into the sea-
floor sediments. Between the net tows in the upper 200 m
of the water column and the sediment traps at mid-
depths, the d15N of shells increases by 0.6‰, while the N
content decreases by 1.4 nmol/mg (Nmeasured-weighted aver-
ages; black triangles in Fig. 7a and b). Between the sedi-
ment traps and the seafloor, shell N content continues to
decrease by an average of 2.4 nmol/mg, while average
d15N remains unchanged. Below, we consider potential rea-
sons for these observations.

4.4.1. Alteration in the upper water column

There are several possible explanations for the d15N rise
from the tows to the traps: environmental differences
between the two sampling periods, addition to or alteration
of the test structure or composition during gametogenesis,
and alteration of shell-bound N during early diagenesis
(with or without shell dissolution and the associated expo-
sure of previously protected organic N). In the available
nitrate + nitrite data (Fig. A3) (Fawcett et al., 2011, 2014,
2015), we observe no significant d15N difference (p > 0.05)
between the two sampling periods (July 2011–November
2013 for the tows and November 2009–November 2010
for the traps), nor from the d15N of nitrate + nitrite (2.65
± 0.32‰) at 250 m between June 2000 and May 2001
(Knapp et al., 2005). These data argue that a difference in
the d15N of the N supply to the euphotic zone is not respon-
sible for the observed difference in foraminifer-bound d15N
between net tow- and sediment trap-collected shells.

The remaining possible explanations for the tow-to-trap
d15N difference would have implications for fossil foramini-
fer d15N as a paleo-proxy. First, the tow-to-trap d15N
increase might result from alteration during gametogenesis,
the final stage of a foraminifer’s life cycle. During this stage,
some species migrate to a different depth in the water col-
umn and may form gametogenic calcite (and/or additional
chambers) before releasing their gametes into the surround-
ing water (Deuser et al., 1981; Deuser, 1987; Schiebel et al.,
1997a; Schiebel et al., 2002). Even within the same species,
the degree of gametogenic calcification may vary substan-
tially between specimens (Hemleben et al., 1989; Schiebel
and Hemleben, 2017). Shallow-dwelling species like
O. universa typically descend to the deep chlorophyll max-
imum (near the base of the euphotic zone at the Bermuda
Time-series Site) for reproduction, while deep-dwellers like
G. truncatulinoides and G. hirsuta ascend and proliferate in
near-surface waters in early spring (Schiebel et al., 2002;
Schiebel and Hemleben, 2005). If the gametogenic calcite
encapsulates organic N with a d15N that is different from
that of the shell-bound N laid down during the foramini-
fer’s juvenile and adult life, this might explain at least part
of the difference in foraminifer-bound d15N between net
tow and sediment trap collections. Because gametogenic
calcification (unlike chamber building) does not require a
new structural template, the added calcite lacks the
N-rich primary organic sheet of ontogenic calcite. While
very little is known about the distribution of non-laminar
organics in gametogenic calcite (Branson et al., 2016), we
generally expect this calcite to be organic-poor and thus
to contribute to the decline in shell N content from tows
to traps.

However, our N content data combined with previously
published data on the mass and/or thickness of gametogenic
calcite do not make a compelling case for gametogenesis as
the main explanation for the tow-to-trap differences in shell-
bound N content or d15N. Given that gametogenic calcite
typically contributes 4–20% of the mass in post-
gametogenic O. universa shells (Hamilton et al., 2008), the
observed decrease in N content from tows to traps (from
5.4 nmol/mg to 4.8 nmol/mg, respectively) would require
gametogenic calcite to have an N content of �9.9 to +1.8
nmol/mg. The negative concentrations are physically impos-
sible and thus indicate that the mass of added calcite is gen-
erally too low for it to explain the N content decrease.
Similarly, N. dutertrei (with an average gametogenic layer
that is 46% of the total shell-wall thickness (Steinhardt
et al., 2015), and assuming a range of ±10%) would require
the added calcite to have an N content of �3.5 to �0.7
nmol/mg to reproduce the observed N content decline (from
6.9 to 4.2 nmol/mg). For the remaining four species with
sufficient data to undertake the calculation (all Globoratal-
ids), we assume the thickness of gametogenic calcite in
Globorotalia scitula shells (47% (Steinhardt et al., 2015),
±10%) to be a reasonable approximation. Of these four,
only G. truncatulinoides and G. hirsuta yield non-negative
N contents (between 1.7 and 3.0 nmol/mg). From the calcu-
lated N contents, the d15N of gametogenic calcite in these
two species is inferred to be between 5.2 and 7.9‰. It is
unclear why gametogenic calcite would have a d15N so dif-
ferent from the rest of the shell and tissue. As with the N
content calculations, this argues against the gametogenic
calcite N as the driver of the changes from net tows to sed-
iment traps. These apparent failings of an explanation
focused on gametogenesis compel us to consider N loss from
shells (or the shell assemblage) during early diagenesis.

If a low-d15N N pool were preferentially lost from sink-
ing shells post-mortem, it would leave the remaining shell-
bound N elevated in d15N. As foraminifer tests sink, any
external (i.e., non-calcified) N is accessible (to bacteria,
predators, etc.) and the d15N of the remaining tissue is vul-
nerable to alteration. Indeed, the preferential removal of
14N during decomposition is thought to drive the observed
increase in the d15N of bulk suspended PON with depth in
the Sargasso Sea (Saino and Hattori, 1980; Altabet and
McCarthy, 1986; Altabet, 1988). However, before
foraminifer-bound d15N measurements are made, the tests
undergo harsh chemical cleaning (see Section 2.2) to ensure
that any accessible and potentially compromised organic
matter is removed (Ren et al., 2009). Thus, the tow-to-
trap increase in foraminifer-bound d15N is not easily
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explained by bacterially-mediated diagenesis of the
foraminifer-native N. It is possible that shell-bound organic
matter degrades chemically, without being exposed to envi-
ronmental fluids and bacterial processes. Indeed, such
degradation very likely occurs. As a well-documented
example, biomineral matrix-bound amino acids racemize
over time, with impacts on the proteins in which they occur
(Bada, 1982; Collins et al., 1998). However, it seems unli-
kely that such degradation would provide a mechanism
by which the associated N would be released from the min-
eral matrix, absent changes in the mineral matrix itself.
Thus, especially with regard to the changes in shell-bound
N from net tow- to sediment trap-collected foraminifera,
we focus our attention on diagenesis of the mineral matrix
that protects the shell-bound N.

Partial dissolution of settling foraminifer shells may be
an important process. It is evident from the size distribution
of sinking and sedimentary tests (compared with living
fauna) that larger, faster-sinking tests are preferentially pre-
served over smaller, slower-sinking tests (Peeters et al.,
1999). The shells of juveniles are thinly calcified
(Fehrenbacher et al., 2017) and have not yet undergone
ontogenetic and/or gametogenic thickening, such that the
larger shells of foraminifera that have completed their life
cycle are preferentially preserved through the water column
and into the sediments (Schiebel and Hemleben, 2017; and
references therein). Moreover, substantial (19%) weight loss
in shells of the same size has been observed between 100 m
and 1000 m depth in the North Atlantic, despite the super-
saturated state of calcite in ambient seawater and the addi-
tion of gametogenic calcite (Schiebel et al., 2007). One
explanation is that, as exposed organic tissues (including
cytoplasm and any organic coatings, e.g., pore linings) are
decomposed by bacteria post mortem, weak organic acids
are released, creating a micro-environment within and/or
surrounding the test that is conducive to dissolution (i.e.,
under-saturated with respect to calcite) (Schiebel et al.,
1997b; Milliman et al., 1999; Schiebel, 2002; Schiebel
et al., 2007; Schiebel and Hemleben, 2017). Alternatively,
this shallow dissolution might entail the loss of vaterite,
the unstable (and more soluble) polymorph of calcium car-
bonate, as its protective organic membrane decays post
mortem (Jacob et al., 2017).

For any of these scenarios to explain our observations,
the dissolution would need to expose N-bearing organic
matter with a low d15N to diagenetic loss, causing shell-
bound N to rise in d15N as its N content declines. If disso-
lution alone were responsible for the tow-to-trap differences
in d15N and N content of shell-bound N, the d15N of the
lost organic matter would need to be approximately 2.2‰
lower than that of tow-collected shells. If the smaller, thinly
calcified (thus, high N content) shells of all species are the
main casualties of upper water column dissolution, the
low d15N implied for smaller shells might reflect the lower
trophic level of juveniles (feeding more on small phyto-
plankton and less on copepod zooplankton) relative to
adults. At the same time, weight loss in shells of the same
size class (observed by Schiebel et al., 2007) indicates partial
dissolution of the shells that do survive sinking through the
upper water column. Indeed, shells collected below this
zone often show signs of dissolution within chambers of
the final whorl (e.g., peeling of the chamber wall and cor-
roded pores; Constandanche et al., 2013). The outermost
(and normally the largest) chambers are generally more
vulnerable to dissolution and breakage, as they are not as
sheltered as the innermost chambers. Thus, if the largest
(most recently formed) chambers and/or their inner walls
are the primary sites of dissolution in the upper 500 m,
we might infer that the low d15N of constituent organic
matter reflects an increasing reliance on symbiont photo-
synthesis toward the end of the foraminiferal life span
(i.e., enhanced cyclic N flow). This is consistent with the
observed strong correlation between test size and symbiont
density (Spero and Parker, 1985), in that it may require
greater retention of low-d15N ammonium within the host-
symbiont system to support the increasing photosynthetic
rates of dinoflagellates as the foraminifer grows. Repeating
the above calculation, but separating species by symbiotic
state, reveals that the d15N of calcite lost from the
dinoflagellate-bearing group is notably lower than their
tow shell average (�0.2‰ and 2.3‰, respectively), while
the d15N of calcite lost from the symbiont-barren group is
only slightly lower than their average (2.8‰ and 3.6‰).
This distinction is also evident from paired measurements
(where only species appearing in both tows and traps are
compared; Fig. 7a): while symbiont-bearing species are off-
set by 0.5–1.8‰ above the 1:1 line, symbiont-barren species
(G. hirsuta (purple), G. truncatulinoides (plum)) fall only
slightly (by 0.1–0.2‰) above the 1:1 line. These observa-
tions may indicate the preferential dissolution of the most
recently formed chambers from dinoflagellate-hosting fora-
minifera, bearing the strongest low-d15N imprint of sym-
biont N cycling, as the main driver of the tow-to-trap
d15N increase.

4.4.2. Preservation in the sediments

The average foraminifer-bound d15N of core-top sedi-
ments is nearly identical to sinking shells (Fig. 2a), despite
a further 2.4 nmol/mg decrease in N content (Fig. 2b) from
sinking to burial, with this transition representing a much
longer period of time than from living to sinking. During
this phase, there is no net effect on shell-bound d15N. Pas-
sive encrustation of shells is unlikely to incorporate much
organic matter and thus represents a possible mechanism
for lowering N content. However, substantial shell weight
gain by encrustation is unlikely (Lohmann, 1995). For such
overgrowth alone to explain the 45% decrease in average N
content from traps to core-tops, an increase in shell weight
of at least an 80% would be required. Yet shell-weight data
show neither a consistent increase nor decrease (Takahashi
and Bé, 1984). Thus, the best explanations for the N
content decrease are (1) the dissolution of N-rich shells or
N-rich portions of shells, or (2) chemical degradation of
the shell-bound organic matter that then somehow ends
its protection by the mineral matrix.

Close inspection of the trap-to-seafloor change in shell-
bound d15N suggests a distinction between the d15N of
calcite lost from symbiont-bearing and symbiont-barren
species, with the dinoflagellate-bearing group losing N with
a higher d15N than their sinking shell average (3.6‰ and
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2.9‰, respectively), while the d15N of calcite lost from the
symbiont-barren group appears to be lower than their aver-
age (2.5‰ and 3.8‰, respectively). This weak distinction, if
real, may reflect the interaction between changes in the
d15N of calcite-bound N added during growth with the dif-
ferential vulnerability of different parts of the shell (or shells
of different size and/or maturity) to dissolution on the sea-
floor. In general, though, our essential finding is that sea-
floor alteration appears to have only very minor effects on
shell-bound d15N.

4.4.3. Overview of depth changes

In summary, the observations discussed above suggest a
role for dissolution-driven N loss as shells sink through the
water column and are incorporated into the sediments. In
the early phase, as shells sink through the upper 500 m,
low-d15N calcite is lost, perhaps because this calcite derives
from the lowest-d15N chambers of dinoflagellate-bearing
foraminifera. Gametogenic thickening (which is expected
to add low-N calcite) might contribute to the decrease in
the average N content of shells from net tows to sediment
traps, but cannot explain the entire change. In the deeper
water column and sediments, a second phase of dissolution
appears to remove calcite that is less isotopically distinct
from shell-bound N as a whole. Most likely, the two phases
of dissolution-driven N loss are continuous, with the loss of
the most dissolution-prone calcite/vaterite (e.g., small,
slowly-sinking, perhaps cytoplasm-containing tests, as well
as the outermost chambers of individual tests) transitioning
gradually to dissolution of calcite that is less distinct from
that of the total shell assemblage. Future measurements
of the organic N in separate size fractions and specific shell
components (e.g., ontogenic vs. gametogenic calcite) would
help to test the explanations proposed here.

5. IMPLICATIONS FOR THE FORAMINIFER-BOUND

d15N PALEO-PROXY

Given the near-complete consumption of nitrate in Sar-
gasso Sea surface waters, the mean annual d15N of living
foraminifera in this environment should converge on the
d15N of the nitrate supply. Indeed, we find the annually-
averaged d15N (weighted by Nmeasured) of the bulk tissue
(3.2‰) and shell-bound N (3.1‰) from tow-caught forami-
nifera to be within 0.6‰ of shallow thermocline (�200 m)
nitrate (2.6‰). The individual species reveal two distinct
groupings. Dinoflagellate-bearing, euphotic zone-dwelling
foraminifera have tissue d15N (2.2‰) and shell-bound
d15N (2.3‰) that are similar to the d15N of the annual
nitrate supply from the thermocline. In contrast,
symbiont-barren, deep-dwelling foraminifera record a
higher d15N than thermocline nitrate for both tissue and
shell-bound N (3.5‰ and 3.6‰, respectively). A potential
concern is the subsequent rise in shell-bound d15N by
0.6‰ on average (weighted by Nmeasured) as foraminifera
sink through the upper water column. Further work is
called for to address whether this d15N increase is robust
and widespread or variable. Despite the changes that occur
as foraminifer shells sink and settle on the seafloor, the dis-
tinction between low-d15N euphotic zone-dwelling,
dinoflagellate-bearing and high-d15N deeper-dwelling,
symbiont-barren species holds throughout the water col-
umn and into the sediments (compare green vs. blue trian-
gles from surface tows with deeper sinking and core-top
values; Fig. 2a). Thus, knowledge of the basic ecology of
the chosen foraminifer species is important for accurately
inferring past nitrate d15N from downcore fossil shells.

Time-series of foraminifer d15N appear to follow the sea-
sonal variation in d15N of autotrophic biomass and PON in
general. This is consistent with the expectation that forami-
nifera acquire most, if not all, of their N from feeding and
not directly from the nitrate supply. On a seasonal basis,
PON d15N varies for reasons other than the d15N of the
nitrate supply, including the isotopically fractionating
drawdown of nitrate in the spring and the onset of intense
N cycling in the late summer and early fall, and foraminifer
d15N appears to track these seasonal PON d15N changes.
This raises the concern that, at times in the past, foramini-
fer d15N might stray from the current relationship with sub-
surface nitrate d15N if, for example, N recycling in surface
waters was more or less important (relative to nitrate-
based production). This basic concern is inherent in any
proxy that tracks a component of the PON in the upper
ocean or in the sinking flux, as opposed to the integrated
sinking flux itself. Only the integrated N export is ensured
by mass balance to record the d15N of the nitrate consumed
in the euphotic zone.

We have shown here that, despite an imprint of N recy-
cling on the seasonality of foraminifera, the shell-bound
d15N of the euphotic zone-dwelling, dinoflagellate-bearing
foraminifera approximates the d15N of the mean annual
nitrate supply, as has been found at other sites based mostly
on foraminifer shells from surface sediments (Ren et al.,
2009; Ren et al., 2012). This supports the expectation that,
at least for the subtropical ocean, the d15N of the nitrate con-
sumed in the euphotic zone (equivalent to the annual nitrate
supply) is the underlying control on foraminifer-bound
d15N. The isotopic similarity between foraminifera (espe-
cially the dinoflagellate-bearing, shallow-dwellers) and the
annual mean nitrate supply is consistent with their typical
reliance on zooplankton and eukaryotic phytoplankton as
their prey (Fig. 8). Eukaryotic phytoplankton and small zoo-
plankton together appear to account for most of the sinking
flux at the Bermuda Time-series Site (Fawcett et al., 2011), so
that their consumption by foraminifera should tie the
annually-integrated foraminifer d15N to the d15N of export
production. The linkage exists despite the isotopic fraction-
ation during N metabolism that causes heterotrophs to be
higher in d15N than their prey. This isotopic fractionation
also returns low-d15N ammonium to surface waters, which
drives a compensatory decline in phytoplankton d15N, even-
tually lowering the d15N of zooplankton as well (Fig. 8).
Over the annual cycle, the net effect is for the d15N of grazing
zooplankton to approximate that of the sinking flux, as long
as heterotrophs are responsible for most of the N export; our
data and previous measurements are consistent with this
view of the system. In the case of dinoflagellate-bearing for-
aminifera, their consumption of both eukaryotic phyto-
plankton and heterotrophs weakens the significance of any
isotopic distinctions between the two, potentially making
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these species a particularly reliable measure of the d15N of
the N export in the subtropical ocean.

On the whole, our findings also bode well for the imple-
mentation of the foraminifer-bound d15N paleo-proxy at
high latitudes. We argue above that foraminifera in most
environments should record variations in the d15N of
upper-ocean PON and of the sinking flux. In polar regions,
these isotopic properties will respond to changes in both the
d15N of the subsurface nitrate supply and the degree of
nitrate consumption by phytoplankton. At the same time,
the evidence for a role of upper ocean N recycling in the
seasonality of foraminifer d15N raises the possibility that
the effect of recycling on foraminifera d15N may be impor-
tant in paleoceanographic studies of polar ocean regions,
which appear to have undergone large changes in nitrate
supply and export production over time. Changes in the
d15N offset between different foraminifer species have been
observed (Ren et al., 2015), and the seasonally varying pro-
cesses of nitrate drawdown and N recycling may be respon-
sible. Ground-truthing of the foraminifer-bound d15N
proxy in the modern polar ocean will be critical for identi-
fying and testing such possibilities.
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Takahashi K. and Bé A. W. H. (1984) Planktonic foraminifera:
factors controlling sinking speeds. Deep Sea Res. 31(12), 1477–
1500.
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