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Seasonal stratification, shell flux, and oxygen isotope dynamics of left-
coiling N. pachyderma and T. quinqueloba in the western subpolar
North Atlantic
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and M. Femke De Jong®

Received 17 August 2009; revised 21 November 2009; accepted 15 December 2009; published 6 May 2010.

[11 We present an almost 3 year long time series of shell fluxes and oxygen isotopes of left-coiling
Neogloboquadrina pachyderma and Turborotalita quinqueloba from sediment traps moored in the deep
central Irminger Sea. We determined their response to the seasonal change from a deeply mixed water
column with occasional deep convection in winter to a thermally stratified water column with a surface
mixed layer (SML) of around 50 m in summer. Both species display very low fluxes during winter with a
remnant summer population holding out until replaced by a vital population that seeds the subsequent
blooms. This annual population overturning is marked by a 0.7%o increase in 6'%0 in both species. The shell
flux of N. pachyderma peaks during the spring bloom and in late summer, when stratification is close to its
minimum and maximum, respectively. Both export periods contribute about equally and account for >95% of
the total annual flux. Shell fluxes of 7. quinqueloba show only a single broad pulse in summer, thus
following the seasonal stratification cycle. The 6'%0 of N. pachyderma reflects temperatures just below the
base of the seasonal SML without offset from isotopic equilibrium. The §'®0 pattern of T. quinqueloba
shows a nearly identical amplitude and correlates highly with the §'%0 of N. pachyderma. Therefore T.
quinqueloba also reflects temperature near the base of the SML but with a positive offset from isotopic
equilibrium. These offsets contrast with observations elsewhere and suggest a variable offset from
equilibrium calcification for both species. In the Irminger Sea the species consistently show a contrast in
their flux timings. Their flux-weighted A§'®*0 will thus dominantly be determined by seasonal temperature
differences at the base of the SML rather than by differences in their depth habitat. Consequently, their
sedimentary A§'®0 may be used to infer the seasonal contrast in temperature at the base of the SML.
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between species, their interspecies A§'®0 can be used to
trace past stratification of the upper ocean [Mulitza et al.,
1997; Rashid and Boyle, 2007; Simstich et al., 2003]. Sea-
sonal differences in growing periods may however result in
similar sedimentary A6'®0 and bias paleoceanographic
inferences of stratification [e.g., Conan and Brummer, 2000;
Deuser and Ross, 1989; Hillaire-Marcel and de Vernal,
2008]. It is therefore essential to constrain both the verti-
cal and seasonal distribution of planktonic foraminifera
whose oxygen isotope composition is used to infer past
ocean dynamics.

[3] Here we report on an almost 3 year long record of
intercepted sediment fluxes from the central Irminger Sea.
We concentrate on Neogloboquadrina pachyderma (the

1. Introduction

[2] The oxygen isotope signature of planktonic forami-
nifera has long been successfully applied to reconstruct past
continental ice volumes and sea surface conditions from
sediment cores [e.g., Shackleton, 1967]. In-depth knowl-
edge on when and at what depth planktonic foraminifera
register the oxygen isotope signature of the ambient water is
not only a prerequisite for paleoceanographic inferences, but
may additionally carry reconstructions beyond conventional
estimates of mean conditions toward addressing past upper
ocean seasonal variability. Given depth habitat differences
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sinistral coiled species as opposed to the dextral N. incompta)
and Turborotalita quinqueloba as together they account for
over half of the total planktonic foraminiferal shell flux dur-
ing the main export season. Both species are found abun-
dantly in the sedimentary record [e.g., Carstens et al., 1997;
Pflaumann et al., 1996; Schroder-Ritzrau et al., 2001] and
often used to infer past oceanography [e.g., Aksu et al.,
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Figure 1. Schematic surface hydrography of the western
North Atlantic and locations of moored sediment traps
[Nansen, 1912]. Black lines indicate warm surface cur-
rents, North Atlantic Current (NAC), Irminger Current (IC),
and North Iceland Irminger Current (NIC), and the Irminger
Gyre. The gray line depicts the cold East Greenland Current
(EGC). Moorings (IRM-1, 3, and 4) are indicated by dots.

2002; Castarieda et al., 2004; Kahn et al., 1981; Norgaard-
Pedersen et al., 2007; van Kreveld et al., 2000]. Addition-
ally, the species oxygen isotopic difference has been pro-
posed as an indicator of thermal stratification [Simstich et
al., 2003] and our data set allows for evaluating this
proposed method in the North Atlantic. The left coiling
(morpho)species N. pachyderma [Cifelli, 1973; Darling et
al., 2006] is a (sub)polar species that dominates in cold
areas, where it constitutes almost 100% of the total fora-
miniferal fauna found in sediments [Bé and Tolderlund,
1971; Schréder-Ritzrau et al., 2001]. The species thrives
at temperatures below 10°C [Bé and Tolderlund, 1971;
Tolderlund and Bé, 1971]. Individuals are found through-
out the upper water column, generally most abundantly in
the upper 50 to 100 m, but most calcification is reported to
occur at depths ranging from 100 to 200 m [Bauch et al.,
1997; Simstich et al., 2003; Stangeew, 2001; Volkmann
and Mensch, 2001].

[4] The other species of interest, T. quinqueloba, is gen-
erally found in warmer waters than N. pachyderma [Bé and
Tolderlund, 1971], yet may dominate at high northern lati-
tudes [Stangeew, 2001]. In the Nordic Seas it is associated
with the western side (cold) of the Arctic front [Schrdder-
Ritzrau et al., 2001]. According to Hemleben et al. [1989]
the species is symbiont bearing and due to the symbionts’
dependence on light for photosynthesis it is considered a
(near-) surface dweller [Bé and Tolderlund, 1971; Simstich
et al., 2003]. High abundances at greater depth [Schiebel
and Hemleben, 2000; Stangeew, 2001] may be introduced
by the low sinking speed of its small, thin-walled test
[Schiebel and Hemleben, 2000]. Since T. quinqueloba
undergoes little secondary calcification at depth, its isotopic
signal is thought to reflect conditions near the surface
[Simstich et al., 2003]. Based on depth habitat differences
between N. pachyderma and T. quinqueloba Simstich et al.
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[2003] proposed that their A§'®O reflects thermal stratifi-
cation of the upper water column. We document the flux and
oxygen isotope patterns of N. pachyderma and T. quinqueloba
in relation to seasonal hydrographic changes, assess their
isotopic offset from equilibrium 6'*0 and propose a new
mechanism based on interspecies A§'®0 to infer past
stratification and seasonality.

2. Regional Hydrography

[5] The surface water masses in the central Irminger Sea
east of the southern tip of Greenland (Figure 1) are char-
acterized by the relatively warm and saline waters of the
cyclonic Irminger Gyre that surround colder waters in the
center of the basin. The cold and fresh waters of the East
Greenland Current are confined to a narrow zone along the
Greenland continental slope. At intermediate depths (~500—
2000 m) Labrador Sea Water is present [Falina et al., 2007;
Yashayaev et al., 2007].

[6] During the annual cycle sea surface salinity varies
from 34.92 PSU in winter to 34.65 PSU in summer; with the
slight decrease mainly due to increased net precipitation and
some meltwater input. Sea surface temperature varies from
~10°C in summer to ~5°C in winter, whereas temperatures
at 200 to 250 m depth (and deeper) remain relatively con-
stant at approximately 5°C (Figures 2a and 2b). Conse-
quently the upper water column exhibits strong temperature
stratification in summer. Multiple CTD casts during late
summer and early autumn, i.e., during and just after maxi-
mum stratification, show a wind-driven surface mixed layer
(SML) that is about 50 m deep (Figure 2c). Highest fluo-
rescence levels (0.45 to 1.0 mg m ) are observed within the
SML. The water column is cold and virtually homogenous
(down to nearly 1000 m depth) during the winter season.
This lack of stratification during the winter season is one of
the main preconditions for deep convection, which occurs
incidentally when atmospheric and oceanic conditions allow
[Bacon et al., 2003; Pickart et al., 2003; Vage et al., 2009].
The Irminger Sea is thus characterized by pronounced (~5°C)
seasonal changes in sea surface temperature (SST) and low
sea surface salinity (SSS) variability (Figure 2a), allowing to
determine the effects of seasonal changes in thermal strati-
fication on foraminiferal fluxes and isotope signatures.

3. Material and Methods

[7] Export fluxes were intercepted for nearly 3 years using
moored time series sediment traps at ~2750 m water depth
(250 m above the seafloor) in the central Irminger Sea
(Table 1) on the WOCE A1/AR7E section. Collecting cups
were rotated every 19 days during the first year and every
16 days during the last two. Tilt of the traps on the mooring
line was monitored every eight minutes and was on average
less than 2° (o < 0.7) with occasional short intervals of up to
6°. Mean current speeds at trap depth during September
2007 to September 2008 were ~10 cm s ', with maxima not
exceeding ~40 cm s '. Consequently, mooring line motion
and hydrodynamic contrasts should not have compromised
trapping efficiency.
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Figure 2. Annual temperature and salinity variability and
autumn mixed layer depth. (a) Daily resolved temperature
and salinity at the surface and at depth (black and gray sym-
bols, respectively). (b) Contoured annual temperature down
to 300 m water depth (data from WOA 2005 [Locarnini et
al., 2006]). (c) Temperature, salinity, and fluorescence
from CTD casts conducted during mooring deployment or
recovery. Note that even during maximum stratification the
mixed layer does not extend deeper than ~50 m.

[8] Prior to deployment the trap bottles were filled with
ambient seawater, poisoned with HgCl, (1.9 g L™") and pH
buffered with Borax (Na,B40,-10H,O, 1.9 g Lfl). Upon
recovery samples were stored at 4°C. Before sample
processing the supernatant was sampled for dissolved Si
analysis to enable correction for the dissolution of the par-
ticulate biogenic silica [Bauerfeind and von Bodungen,
2006; Koning et al., 1997]. Swimmers larger than 1 mm
were removed prior to splitting of the samples. One half of
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the samples was analyzed for total mass flux, total and
organic carbon, carbonate, nitrogen and biogenic silica (BSi)
content. Carbon and nitrogen were separately analyzed on
weighed aliquots of the bulk material before and after
removal of the carbonate carbon [Bonnin et al., 2002], using
a Carlo Erba Instruments Flash 1112 elemental analyzer.
Biogenic silica was determined by continuous alkaline
leaching that accounts for contributions by coleaching of Al
silicates [Koning et al., 2002].

[9] For foraminifera analysis the other half of the samples
was washed using Milli-Q water over 150 and 250 pum
sieves and dried at 45°C. All shells were picked from the
150 to 250 pum fraction as this is the size range normally
used in paleoceanographic studies. Approximately 200
individuals (if present) were counted to determine the flux
of N. pachyderma and T. quinqueloba and a rest group
containing all other taxa. Stable isotopes were measured
with a Finnigan MAT 253 mass spectrometer with an
automated Carbo-Kiel IV preparation line. To ensure that
representative samples were taken from the entire popula-
tion and to assess intra population spread, six aliquots of
every sample consisting of four shells were measured. Due
to low shell numbers in the winter samples it was not always
possible to perform multiple measurements on the same
sample, yielding these observations less representative of
the foraminiferal population. All isotopic values are reported
versus the PDB scale established via the NBS19 carbonate
stable isotope standard. Analytical precision of the standard
is 0.05%o for §'%0 (1 standard deviation). All raw export
flux and isotope data are available in the auxiliary material.'

[10] Insolation values at the top of the atmosphere are
based on the Berger [1978] solution and were downloaded
from http://aom.giss.nasa.gov. Equilibrium 60 values
were calculated according to Kim and O’Neil [1997] fol-
lowing the equation by King and Howard [2005]:

4.64 — /2153 —(16.1 —-T
51806(]: ( ) +6180W (1)

0.18

where T denotes temperature in °C and §'%0,, the oxygen
isotope composition of the ambient water. Temperature and
salinity data were compiled from in situ measurements, real-
time remote sensing and hydrographic databases. The entire
water column was profiled by CTD during deployment and/
or recovery of the moorings. Temperature and salinity var-
iability below ~200 m water depth was monitored daily by
an adjacent moored McLane CTD profiler (Table 1). For the
2003-2004 period the average temperature between 190 and
210 m was used, and for 2005-2007 a more continuous data
set was available from the 240-260 m depth interval.
Temperature differences between these depths appear neg-
ligible for this study. Satellite-derived daily sea surface
temperature data (L4 AVHRR OI) was obtained from
the GODAE High Resolution Sea Surface Temperature
Pilot Project (obtained from the Physical Oceanography
Distributed Active Archive Center (PO.DAAC) at the NASA
Jet Propulsion Laboratory, Pasadena, CA. http://podaac.jpl.

'Auxiliary materials are available at ftp:/ftp.agu.org/apend/pa/
2009pa001849.
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Table 1. Details on Moored Sediment Traps
Collecting
Collecting Number Interval CTD Profiler
Position Type Area (m?) of Bottles (days) Start Date Position

IRM-1 ~ 59°20.74'N, 38°51.82'W Kiel HDW 0.5 20 19 31 Aug 2003 59°25.78'N, 39°00.09'W
IRM-3 59°14.86'N, 39°39.47'W McLane mark 78G-21 0.5 21 16 21 Sep 2005 59°16.21'N, 39°29.80'W
IRM-4  59°14.85'N, 39°39.47'W Technicap PPS-5 1.0 17 16 5 Sep 2006 59°11.76'N, 39°30.61'W

nasa.gov). Sea surface salinity data from CTD casts was
complemented by data gathered from a wider area around
the site (61.5°N-57.5°N, 37.5°W—41.5°W) for the entire
deployment period from the Global Temperature-Salinity
Profile Program [Operational Oceanography Group, 2006].
Given the spatial and temporal scarcity of surface salinity
data, an average sea surface salinity curve was composed
(Figure 2a) and used throughout this study. Salinity vari-
ability at 200 m depth is only 0.12 PSU, of which about half
is caused by a short period of increased salinity and tem-
perature in summer 2004. Seawater §'°0 was estimated
assuming a linear relationship between salinity and 6'*0,,
based on regional data available through the Global Sea-
water Oxygen-18 Database [Bigg and Rohling, 2000;

Schmidt, 1999] (6'*0,, = 0.5417 * S — 18.767) and subse-
quently converted to the PDB scale by subtracting 0.27%o
[Hut, 1987]. Note that the influence of varying salinity on
surface equilibrium §'*0 is much smaller compared to that
of temperature (0.27 PSU ~0.15%o versus 7.80°C ~ 1.82%o),
yielding our inferences relatively insensitive to the chosen
salinity-8'%0,, relationship.

[11] In order to link the deep time series fluxes and iso-
tope changes to (near) surface processes we considered the
time delay the particles need to reach the trap at 2750 m
depth. Von Gyldenfeldt et al. [2000] reported sinking speeds
for N. pachyderma and T. quin{]ueloba ranging from 163 to
372md " and 129 to 190 m d ™', respectively. We shifted all
N. pachyderma and T. quinqueloba records 2 and 3 weeks

10 —
A B 0m
o 8
- 6 4
j - P
4 200 m —~
120 — — 2000
— i [ 5,
— (]
B & 1600 §
~ 80 [ E
£ 1200
. A
= 800 @
g “7 -
= i 400 5
N el
0- Lo
25 — 2000
¢ | 3 =
—_— >
T 204 - 1600 &
7 —— QuI I S
° £
TE 15 | N --~-- Total - NPS 712004
o r Q
E 800 &
2 s
- 400 5
r -
0 Lo
D Z 8 - 15 %
el T L (1]
« 6 4 1 N
£ | — a9
o 4 - E
E , ] I o5 2
UgOLTI‘F‘ITI‘!‘I‘F‘IT""‘HJ‘l‘Iru"TL\ \I'\I I\II\"\'I\II\"\I\"\I \I\I'\II\"\"\"\“\"\I Lo =
- O MMM S+ 3§ & & & & O WWO© OO O©O©O©O©O©O©O©O©ONNINNINIDNSIDNS -
2323233333333 929239329239 909529933939
A 29 caog5>2c35 9 B Z2QEQK52E5220 29955 2>¢
B0288¢=<23°28 02838¢L=<23°280288¢=<23

Figure 3. Intercepted fluxes (J) in relation to temperature. (a) Satellite-derived daily sea surface temper-
ature and in situ measured temperature at 200 m depth, averaged for the collecting intervals. (b) Total
mass and shell fluxes. (c) Biogenic silica (BSi) and species-specific fluxes. (d) Total N and organic car-
bon fluxes. Note distinct seasonality in all fluxes and that these are raw data and not compensated for

settling time.
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Figure 4. Stacked and time-shifted time series fluxes. (a) Annual cycles of temperature (black open cir-
cles, 0 m; gray open circles, —200 m), surface salinity (black solid line), and insolation at the top of the
atmosphere (black dashed line). (b) BSi flux. (¢) N. pachyderma flux (extremely high flux in June 2007
omitted). (d) T. quinqueloba flux. Vertical dashed lines separate phases (see text). In Figures 4b—4d the
symbols denote the actual observations and the lines denote the weekly averaged value.

earlier, respectively, to compensate for production and set-
tling time of the shells. Both settling times are on the high
end of the velocity ranges of Von Gyldenfeldt et al. [2000].
This is to account for the difference between sieve and true
diameter sizes, as the sieve fraction tends to be coarser and
thus to settle faster. These time lags are in the same range as
the temporal offset between the SST and shell §'*0 maxima
in summer 2006, which serve as the tie point in the time
series since 6'*0 cannot lead SST. The BSi flux has been
shifted back by 4 weeks to account for the lower sinking
speed of the aggregates in which most BSi settles. In
sections 4-6 and in Figures 4-10 this settling delay has
been applied. In order to average out interannual variability,
all time series records have been collapsed onto 1 year
composites. This was achieved by converting all calendar

dates to year days and calculation of daily averaged fluxes
assuming that the observed fluxes did not vary during the 16
or 19 days collecting interval. Based on these values we
derived weekly averages of different parameters and a
synthetic sedimentary signal (Figures 4 and 6). Note that the
symbols in Figures 4 and 6 represent the middates of the 16
to 19 days collecting intervals.

4. Results

4.1. Seasonal Fluxes

[12] Total mass fluxes intercepted at 2750 m depth vary
from about 7 to 103 mg m > d' and are generally lowest in
winter to early spring when the water column is mixed to
great depths and highest during summer when maximum
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Figure 5. Time-shifted oxygen isotope patterns of 7. quinqueloba and N. pachyderma. (a) Here §'*0 of
T. quinqueloba and N. pachyderma (solid lines) with respect to & 180,3‘;l (thin gray lines, calculated accord-
ing to Kim and O’Neil [1997]) at the surface and at 200 m depth. Error bars depict standard error of
replicate analyses. Samples without error bars depict measurements of single aliquots and should be taken
as an indication only. Note reversed 6 80 axis. (b) Fluxes of 7. quinqueloba and N. pachyderma plotted

on a logarithmic scale.

stratification occurs (Figures 3a and 3b). As a measure of
diatom export production the biogenic silica flux shows a
more pronounced seasonality with low fluxes (approximately
2.5mgm 2d ") during winter and early spring (Figures 3¢
and 4b). The spring bloom starts in early April as evidenced
by the increase in BSi fluxes, which reach maximum values
of up to 22 mg m > d ™" in July (Figure 4b). BSi fluxes above
background levels occur when insolation at the top of the
atmosphere exceeds ~275 W m 2. Similar to BSi, fluxes of
total nitrogen and organic carbon (Figure 3d) vary from only
0.05and 0.27 mgm > d " in winter to 1.17 and 7.13 mg m >
d”! in summer, respectively.

[13] Total foraminifera fluxes range over 3 orders of
ma;nitude from near zero in winter to almost 2000 shells
m ~ d”! in summer and show two prominent pulses during
the year (Figure 3b). One pulse arrives in late spring from
May to June and the second in autumn, from September to
November—December (Figure 3b). The spring peak in the
foraminifera flux is formed almost entirely by N. pachyderma
and its start is concurrent with the onset of the spring bloom
as evidenced by an increased BSi flux (Figures 3c and 4).
Shell fluxes of N. pachyderma remain rather low during
summer, but peak again in early autumn, when stratification
is at its maximum (Figures 3¢ and 4c). By contrast, the flux
of T. quinqueloba shows only one broad pulse that starts
to develop in spring approximately 2 to 3 weeks after

N. pachyderma (Figure 4). Its maximum is reached in late
September around SST maximum and lasts longer than that
of N. pachyderma into December (Figure 4).

[14] The seasonal succession of settling particles can be
categorized in five intergrading phases (Figure 4) of which
the exact timings will differ somewhat from year to year.

[15] 1. In November—March, there is no stratification and
almost zero or background fluxes of all biogenic particles.
Deep convection occasionally takes place during this period
[Bacon et al., 2003; Pickart et al., 2003; Vage et al., 2009],
but shell fluxes contribute very little to the total annual flux.

[16] 2. In April-mid-May, the deep winter mixed layer
starts to disappear and some stratification develops; occa-
sionally the flux of N. pachyderma increases to a maximum
of around 200 shells m > d”' in mid-May. The BSi flux
increases simultaneously with that of N. pachyderma.

[17] 3. In mid-May-July, the SST rises, reflecting that
stratification starts to increase rapidly. The shell flux of
N. pachyderma decreases to <40 shells m > d~', while those
of other species, including 7. quinqueloba, start to increase.

[18] 4. In July-mid-September, the stratification reaches
its maximum after the maximum insolation, just before the
storm season starts. The flux of 7. quinqueloba reaches its
maximum at ~900 shells m™> d~' and N. pachyderma
develops a second maximum around 300 shells m > d ..
Both species peak around SST maximum when stratification
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Figure 6. Stacked and time-shifted time series §'*O with respect to surface § mOeq. Symbols indicate
observed values glotted at middates of the intervals; lines are weekly averages. Thin black and gray lines
show weekly &' Ocq at the surface and at 200 m depth; red and blue colors depict N. pachyderma
and T. quinqueloba, respectively. (a) Sea surface temperature and salinity and insolation at the top of
the atmosphere; legend is the same as Figure 4. (b) Here 8'80 of N. pachyderma and T. quinqueloba
versus & 18Oeq. Note low values, especially during spring and summer, and reversed §'®0 axis. (c) Weekly
averaged interspecies oxygen isotope contrast. (d) Weekly averaged shell fluxes of N. pachyderma

and T. quinqueloba. Vertical dashed lines separate phases defined in text.

is most pronounced. The flux of BSi decreases to back-
ground values.

[19] 5. In mid-September—October, surface cooling
weakens stratification until the upper water column is mixed
at the end of October. All shell fluxes fall to background
levels, but that of 7. quinqueloba is sustained longest.

4.2. Oxygen Isotopes

[20] The temporal patterns of oxygen isotope values are
very similar in both species (Figures 5, 6, and 7). Both show
a seasonal amplitude of ~2%o with highest values in early
spring and lowest in autumn and winter (Figure 5a). Both
species exhibit an increase of over 0.7%o from winter, when
export production almost ceased (phase 1), to spring when
production is resumed during phase 2 (Figures 5a and 6).
Oxygen isotopes of N. pachyderma vary between 0.9%o and
2.6%o, i.e., with an amplitude comparable to that of surface
1 lgOeq (Figure 5a). Highest values occur when production
starts in spring when SST is still low; a minimum is present
around SST maximum during the start of autumn. Low
isotope values are recorded again in late autumn/winter
(Figure 5a), but since only very few shells could be mea-
sured for these low fluxes 6'*O values are less accurate
than for the preceding phases. The oxygen isotope values
for T. quinqueloba vary over a wider range, between 1.4%o
and 3.8%o. In 35 out of 37 cases they are higher than in

N. pachyderma (Figure 5a). The seasonal pattern is sim-
ilar to that of N. pachyderma (r* = 0.7, n = 45, P < 0.001;
and 0.9, n = 25, P < 0.001 during the growing season;
Figure 7), resulting in a relatively stable A§'®0 of 0.7%o +
0.2%o (Figure 6¢) that is independent of SST and stratification

.33x+0.01,r2=0.9
.95x +0.83,r2=0.7

1 T T T ]
1 2 3

880 N. pachyderma
[%o vs. PDB]

880 T. quinqueloba
[%0 vs. PDB]

[y

Figure 7. Scatterplot of weekly averaged oxygen isotope
values of N. pachyderma and T. quinqueloba. Crosses depict
values for the whole year. Open circles represent the period
when fluxes of both species are above background values,
i.e., when calcification takes place.
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(* = 0.2, not shown). Like N. pachyderma, T. quinqueloba
8'80 shows a shift to lower values during late autumn/winter
cooling. The spread within one sample is also considerably
larger for T. quinqueloba (0.20%o versus 0.07%o), probably
due to the low shell mass with low gas yields that enhance
the scatter in the measurements.

|;z21] The N. pachyderma 60 is lighter than surface
5! Ocq when fluxes are low during phase 1 (Figure 6). As
fluxes increase during spring bloom in phase 2, the offset
from surface equilibrium disappears. Oxygen isotope values
become progressively higher than surface equilibrium dur-
ing phases 2 to 4 and remain relatively constant, crossing the
surface equilibrium line, during phase 5 (Figure 6b). Values
for T. quinqueloba are consistently larger than surface
6 18Oeq when export production is above background during
phases 2 to 5 and even larger than ¢ 18Oeq at 200 m depth
during phases 2 and 3 and most of phase 4 (Figure 6b). Both
species show very similar temporal §'%0 patterns that pri-
marily differ in their offset from surface equilibrium
(Figures 6 and 7).

5. Discussion

[22] Time series shell fluxes show distinctly different
patterns for N. pachyderma and T. quinqueloba. The flux of
N. pachyderma starts earliest in the season and shows a
bimodal pattern with one pulse in May and a second in early
September. The flux of T. quinqueloba, on the other hand,
starts later during the year, is clearly unimodal and reaches a
maximum in September. Given their coherent temporal
patterns and large amplitudes, the oxygen isotopes of both
species closely trace a (near) surface signal rather than one
at greater depth. The flux data thus suggest that differences
in temporal habitat are more important in determining the
sedimentary oxygen isotope signal than differences in the
depth habitat of both species [cf. Rashid and Boyle, 2007,
Simstich et al., 2003]. In this section we will analyze the
observed flux patterns and constrain the depth at which both
species record temperature to propose a new way to infer
past stratification differences.

5.1. Annual Flux Patterns

[23] All particle fluxes are lowest during winter and
highest during summer (Figures 3 and 4). The shell flux
patterns show a temporal structure different from seasonal
SST, suggesting that they are not directly related. Moreover,
elsewhere both species also thrive at lower temperatures
than those reached in winter in the Irminger Sea when fluxes
are virtually zero [Bé and Tolderlund, 1971]. Deep winter
mixing [Pickart et al., 2003; Vage et al., 2009] and low
insolation apparently limit primary production and ulti-
mately cause the shell fluxes to be near zero in winter. Shell
fluxes show two peaks during the year. The first peak occurs
when the deep winter mixed layers starts to erode due to
intermittent (re)stratification. The second peak arrives
around the SST maximum when the upper water column is
fully stratified. We therefore conclude that in the Irminger
Sea not absolute temperature, but rather temperature dif-
ferences, i.e., stratification and other factors such as light
and food availability, control export shell fluxes.
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[24] The rise in BSi flux during phase 2 marks the start of
the spring bloom (Figure 4b), which is also evident from the
increasing N and C,,, fluxes (Figure 3d). Its timing agrees
well with enhanced surface chlorophyll concentrations
recorded by spaceborne sensors [Henson et al., 2006; Siegel
et al., 2002]. The BSi flux appears to reach a broad maxi-
mum between the shell flux maxima of N. pachyderma and
T. quinqueloba (Figure 4b). The flux of BSi, considered to
reflect diatom export from the surface layer, reached values
above background only when insolation exceeded a
threshold (~275 W m ~ at the top of the atmosphere)
during phases 2, 3 and 4. Together with BSi the flux of
N. pachyderma starts to increase during the spring bloom
(phase 2). With the onset of stable surface stratification,
when SST increases rapidly (phase 3), the export flux of
N. pachyderma decreases again (Figures 4b and 4c). The
second flux pulse during phases 4 and 5 starts after BSi
fluxes reached their maxima and peaks around SST maxi-
mum. The export flux of N. pachyderma is not directly
related to permanent stratification, as it starts earlier and
because its temporal pattern is bimodal. Such bimodality of
the N. pachyderma flux might be caused by competition by
other species in June and July (Figure 3c) that is overcome
when growth conditions are optimal and all species fluxes
peak at maximum SST and stratification. A double pulse in
the flux of N. pachyderma (Figure 4c) is consistent with
findings by Tolderlund and Bé [1971] in the North Atlantic,
but was not found in the colder Arctic and Nordic Seas that
are characterized by a single broad production period in
summer [Bauch et al., 1997, Simstich et al., 2003,
Volkmann and Mensch, 2001]. The relative contribution of
the two seasonal pulses to the annual flux appears to be
approximately equal (spring/autumn = 0.9), suggesting that
the high N. pachyderma flux in July 2007 would be pro-
portional to the following autumn pulse (Figure 3c).

[25] There is pronounced interannual variability in the
N. pachyderma fluxes during phases 4 and 5 (Figure 4c).
Using a Student’s t test we evaluated whether the monthly
shell fluxes during the minimum around the transition from
phase 3 to phase 4 were significantly different from those
during the months surrounding it. With a confidence level of
alpha = 10% it is yet impossible to conclude that there is a
significant difference in the mean of the monthly fluxes
from April to September. However, such statistics are con-
founded by (1) the interannual differences in timing of the
flux pulses, (2) the fact that the data represent intervals that
spread beyond the month boundaries, and (3) the unequal
temporal spacing of the data over the 3 year long record.
Therefore, we stress the importance of the observation of a
double pulse and the associated minimum in the annual flux
of N. pachyderma. Although the present time series is too short
to provide a statistically robust basis, we observe that bimod-
ality characterizes the annual flux pattern of N. pachyderma in
the Irminger Sea in our record. Such a bimodal flux agrees
with temporal abundance data of the species in the North
Atlantic [Tolderlund and Bé, 1971]. Finally and importantly,
the statistics should not distract from the fact that the
N. pachyderma export flux clearly starts earlier in the
year than that of 7. quinqueloba.
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Figure 8. N. pachyderma §'*0O with respect to (51806q of
the upper 300 m. The ¢ 18Oeq values are based on CTD casts
(legend in Figure 2). Gray bars highlight N. pachyderma
8'®0 at same time during the year as the CTD casts. Since
N. pachyderma reflects 6'%0,, without a significant offset
from equilibrium (see Fi%ure 6¢, phases 2 and 5), its oxygen
isotope signal reflects 6'°O,, at or just below the base of the
surface mixed layer.

[26] The unimodal flux pattern of 7. quinqueloba
(Figure 4d) suggests that this species is more uniformly driven
by seasonal variations in stratification than N. pachyderma.
Repeated plankton tows further south in the North Atlantic
[Tolderlund and Bé, 1971] revealed a bimodal abundance
pattern for 7. quinqueloba whereas a unimodal flux pattern
is a common feature at higher-latitude localities [Schroder-
Ritzrau et al., 2001; Simstich et al., 2003]. The unimodal
flux pattern of T. quinqueloba suggests that the species is in
the colder part of its temperature range in the Irminger Sea.
The observation that the flux of 7. quinqueloba is sustained
further into the cold season than N. pachyderma (Figure 4d,
phase 5) might be due to the presence of symbionts
[Hemleben et al., 1989] that would allow T. quinqueloba to
persist when food availability declines.

[27] Seasonal differences in shell fluxes cause the flux-
weighted 6'®0 of both species to represent temperature
during different times of the year. Thus N. pachyderma
reflects an average of near minimum and maximum tem-
perature, whereas 7. quinqueloba dominantly reflects the
latter. The similarity in the amplitude and pattern of §'%0 of
both species N. pachyderma and T. quinqueloba can only be
explained by variations in the upper ocean and not by
temperature changes at greater depths. Therefore, the sea-
sonal shell flux variability and not interspecies depth habitat
differences, dominantly determines the sedimentary A§'%0
signal.

5.2. Shell §'®0: Temperature at What Depth?

[28] Since annual surface salinity variability is small
compared to temperature changes, shell §'*0 will domi-
nantly register temperature. The hydrographic data allow us
to derive the depth at which the shell 6'%0 reflects tem-
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perature. This depth is not necessarily equal to the depth
habitat of the species involved as the foraminifera migrate
through the upper water column while they build their
skeleton [e.g., Hemleben et al., 1989; Loncari¢ et al., 2006;
Peeters et al., 2002]. A species’ §'°0 thus reflects a
weighted average of seawater 6'*0 of its depth range. For
inference of past upper ocean dynamics it is imperative to
constrain the depth at which the oxygen isotopes reflect
temperature, rather than knowing the actual depth habitat of
the living species. Seasonal changes in the salinity-6'*0,,
relationship due to meltwater input may potentially bias our
degth inferences. However, the influence of salinity on
8! Ocq is much smaller than that of temperature (0.12%o
versus 1.82%o). The effect of a constant salinity-6'%0,,
relationship is thus insignificant for the annual 6 18Oeq pat-
tern and our depth estimates will not critically depend on the
relationship used.

[29] The upper water column is well mixed during phase 2
and equilibrium 6'®0 values are therefore effectively equal
at all depths. This period thus allows for the determination
of any species specific offset from ¢ 18Oeq. During phase 2,
N. pachyderma §'*0 approaches 6 18Oeq closely (Figure 6a),
thus recording §'0,, and temperature without a significant
offset from 61803(]. When the water column is stratified
(phases 3 to 5) the isotopic offset from surface equilibrium
increases, indicating that N. pachyderma traces temperature
below the developing surface mixed layer. For a constant
zero offset from 51806q, the depth at which N. pachyderma
880 reflects temperature can be constrained with the CTD
profiles to just below the isothermal surface mixed layer at
approximately 50 m depth in summer (Figure 8). This is
shallower than the 100-150 m calcification range reported
previously [e.g., Kozdon et al., 2009; Peck et al., 2008;
Simstich et al., 2003] and in apparent contradiction with
abundance and isotope data from plankton tows in the North
Atlantic Ocean and Nordic Seas conducted in July and
August [Bauch et al., 1997; Stangeew, 2001; Volkmann and
Mensch, 2001]. These contrasting observations can how-
ever be reconciled when N. pachyderma incorporates a
significant part of its 6'%0 signal in the upper water column
before descending to export depths around 150 m. Contrary
to the zero offset in the Irminger Sea, N. pachyderma in the
Nordic Seas records temperature with an offset around
—0.6%0 from &'°0,, [Simstich et al., 2003]. During
phase 1, the 8'®0 of N. pachyderma values are lower
than surface § 18Oeq and similar anomalously low values are
found for T. quinqueloba (Figure 6). These low values are
within range of the 6 180‘:q of the preceding SST maximum,
particularly when considering the poorly constrained error
on the single aliquot measurements. Therefore, we attribute
these low isotopic values to a noncalcifying late summer
population survives into the winter, rather than advection of
shells from much warmer and/or fresher water. The subse-
quent step of 0.7%o in §'*O observed for both species during
phase 1 (Figure 6) marks the turnover from a dormant
noncalcifying population to a vital calcifying population that
seeds the subsequent blooming. Since export fluxes outside
the bloom period amount to only a few percent of the total
annual flux, these low 6'%0 values are insignificant for the
average annual §'0 signal. Thus the §'%0 of N. pachyderma
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Figure 9. Flux-weighted frequency histogram of the spe-
cies’ offset from 6'®0,, at the surface. Inclusion or exclu-
sion of the period with extremely high fluxes of N.
pachyderma in spring 2007 does not significantly alter the
mean or modal offset.

accurately and dominantly reflects seawater temperature at
the base of the surface mixed layer with a flux-weighted mean
offset from surface 6180eq of around +0.3%. (Figure 9)
equivalent to about —1.3°C.

[30] Oxygen isotope values of 7. quinqueloba seem to
reflect very low temperatures at face value, hence suggest-
ing a much deeper habitat compared to N. pachyderma
(Figures 3c and 6b). However, the expected isotope tem-
peratures as calculated from the Kim and O’Neil [1997]
equation would drop well below the observed 2.5°C at
trap depth (2750 m). Furthermore, the amplitude in §'%0
indicates that 7. quinqueloba experienced a seasonal tem-
perature cycle that matches that of SST at the site as well as
that of N. pachyderma from the same samples. Since the
annual temperature amplitude at the site decreases with
depth, the 6 '*0 of T. quinqueloba must reflect temperature
at, or close to, the sea surface. This strongly provides evi-
dence for an offset from equilibrium calcification, with a
flux-weighted modal value of +0.85%0 with respect to sur-
face 6 ISOeq (Figure 9). Period 2 offers again the possibility
to deduce the offset from (5180eq directly, since the water
column is then completely mixed. Indeed, 7. quinqueloba
shows a +0.7%o offset from §'®0,,, which is consistent with
the +0.85%o offset from surface §'°O,, (Figure 6). The high
correlation between the §'°0 of N. pachyderma and
T. quinqueloba and the close to 1 slope of the regression
line indicates that both species record temperature at
approximately the same depth near the surface (Figure 7).
We therefore conclude that in the Irminger Sea the 6'0 of
T. quinqueloba reflects temperature at a similar near surface
depth as N. pachyderma. However, in contrast to in the
Nordic Seas, it does so with a significant positive offset
from equilibrium [Simstich et al., 2003]. Interestingly the
8"80 values of T. quinqueloba show an abrupt decrease in
the offset from surface & ]8Oeq in phase 4, just prior to SST
maximum (Figure 6b). This possibly indicates minor dif-
ferences in calcification regimes or depths before and after
the shift. The flux-weighted offset from surface 51808q
(Figure 9) has however a clear mode at +0.85%o, indicating
that the sedimentary 6'*0 T. quinqueloba reflects 6'*0 and
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temperature at the same depth as N. pachyderma, but with a
greater offset from surface 51806q.

[31] Both species thus record temperatures at or just below
the seasonal SML; N. pachyderma with very little offset
from ¢ 18Oeq and T. quinqueloba on average +0.7%o heavier
6180cq To the best of our knowledge only Volkmann and
Mensch [2001] reported such a positive interspecies
AS"0 in a high northern location, whereas others found
isotopically lighter 7. quinqueloba relative to N. pachyderma
[e.g., Castarieda et al., 2004; Simstich et al., 2003; Stangeew,
2001]. To account for the observed A&'®O, the local
hydrography (Figures 1 and 2) offers little ground as the
water column appears normally stratified. Advection of
T. quinqueloba from a different water mass is unlikely
given the remarkable similarity, in both timing and ampli-
tude, between its 6'°0 and the ambient 6 18Oeq pattern. To
compensate for the 0.7%o offset between the two species,
T. quinqueloba would need to be advected from areas far
south of the mooring site where 6 80, values are higher, or
from within the East Greenland Current (EGC) where tem-
peratures are much lower. However, in the first case
advection is unlikely given the settling velocity of the shells
that prevent their transport over such distances [cf. Von
Gyldenfeldt et al., 2000] and in the second case the 6'%0
amplitude of 7. quinqueloba would remain unexplained as
seasonal temperature differences in the EGC are only in the
order of 2°C-3°C. Advection of only the shells of
T. quinqueloba is unlikely an?/how given the consistently
high correlation between the § 80 of T. quinqueloba and
N. pachyderma throughout the 3 year time series (Figures 6
and 7). An alternative explanation for the contrasting A§'%0
could be a difference in the species specific offset from
equilibrium calcification between the Irminger Sea and the
Nordic Seas [Simstich et al., 2003]. Clearly, such a variable
isotopic offset and interspecies contrast require further study
as they may seriously affect reconstructions of past oceano-
graphic change.

5.3. Seasonal Paleoceanography

[32] Since fluxes are nearly zero during the winter season
when the water column is mixed to great depths, wintertime
phenomena will not be directly reflected in the sedimentary
record. Consequently, it is difficult to infer the past occur-
rence of deep convection in the Irminger Sea from plank-
tonic foraminiferal proxies. Spring to autumn conditions, on
the other hand, will dominate the sedimentary 6'°0 signal,
enabling inference of seasonal stratification changes.
Simstich et al. [2003] proposed the use of the isotopic dif-
ference between N. pachyderma and T. quinqueloba as an
indicator of stratification. They argued that in the Nordic
Seas N. pachyderma records temperature deeper in the water
column than 7. gquinqueloba and that therefore the inter-
species A8'®0 could be used to infer thermal stratification
from sediment records. In the Irminger Sea however, the
species seem to reflect temperature at the same depth,
offering an alternative approach to infer past stratification
that is based on flux timings rather than differences in depth
habitat. Evidently, all such approaches depend critically on
the assumption of a constant species specific offset from
equilibrium calcification. This assumption may not always
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Figure 10. Flux-weighted temperature estimates based
on 60 N. pachyderma and interspecies offset corrected
T. quinqueloba compared to the temperature distribution of
surface waters. Temperatures were calculated according to
Kim and O’Neil [1997], ignoring §'®0,, variability. The
sedimentary 8'®0 of both species will reflect temperature
during different seasons, thus enabling inference of past
seasonal temperature contrasts. Arrows indicate average
values.

hold as our data suggest that regional differences in isotopic
offsets occur.

[33] The data presented here offer two potential ways to
assess past seasonal near surface temperature variability from
sedimentary records. The first way is to use the bulk isotopic
contrast between T. quinqueloba and N. pachyderma. Since
the export flux of 7. quinqueloba is concentrated in summer,
its sedimentary §'0 dominantly represents temperature
maxima. The export flux of N. pachyderma however extends
from early spring to late summer and the species §'*0 con-
sequently reflects a weighted average of near minimum and
maximum temperatures (Figure 10). Their isotopic differ-
ence thus reflects the seasonal thermal contrast at the base of
the surface mixed layer and consequently an indicator for
stratification. Smaller A§'®0 values indicate decreased
seasonality and vice versa. This approach requires that
N. pachyderma records early spring and late summer
temperatures, thus either a bimodal flux or a single broad
production period through the year. Both are probably not
the case when N. pachyderma dominates the sedimentary
record, such as in colder conditions at higher latitudes where
it only displays a narrow unimodal flux in late summer. Care
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should thus be taken when interpreting A§'®0 changes
across large temperature shifts. To derive an equation that
links sedimentary A&'®0 quantitatively to seasonal SST
contrast, similar time series of shell fluxes across an SST
gradient are required. Such studies may also reveal the
mechanism causing the unimodal and bimodal flux patterns
of planktonic foraminifera.

[34] As a second approach a bimodal flux pattern such as
shown by N. pachyderma could be more optimally used for
seasonal paleoceanography when individual shell isotope
variability is considered. Potentially the two production
periods during the year will result in a bimodal 6'%0 fre-
quency histogram, allowing direct inference of both maxi-
mum and near minimum temperature and consequently a
conservative estimate of seasonality. Such a single specimen
approach clearly offers great potential for the reconstruction
of seasonal temperature and stratification variability.

6. Conclusions

[35] Multiyear time series of intercepted particle fluxes in
the central Irminger Sea reveal the following.

[36] 1. Total mass and especially shell fluxes of N
pachyderma and T. quinqueloba are not primarily con-
trolled by absolute seas surface temperatures, but rather by
other factors such as seasonal stratification of the upper
water column, insolation and food availability.

[37] 2. Production of N. pachyderma starts earliest in the
season and shows one pulse in spring and a second around
maximum stratification in late summer. The production of
T. quinqueloba follows later during the season with a
single peak around maximum stratification. It is continued
longer during autumn/winter cooling.

[38] 3. The low fluxes during winter preclude the regis-
tration of wintertime phenomena such as deep convection,
in sediments.

[39] 4. A dormant noncalcifying summer population of
N. pachyderma and T. quinqueloba remains present in the
water column during autumn and winter cooling. This
population is replaced upon restratification of the water
column during spring when shell fluxes rise.

[40] 5. The oxygen isotope signal of N. pachyderma
reflects temperature at around 50 m, just below the base of
the surface mixed layer when stratification is at its maxi-
mum. Oxygen isotope values of T. quinqueloba reflect
temperature at the same depth but show a flux-weighted
mean offset of about +0.7%0 with respect to equilibrium
calcification.

[41] 6. Based on previous findings reported in literature,
there are indications that the offset from equilibrium calci-
fication of both species may vary regionally. This likely
complicates paleoceanographic reconstructions based on the
8'80 of either N. pachyderma or T. quinqueloba or on their
As'™0.

[42] 7. In the Irminger Sea both species record tem-
perature around the same depth but during different per-
iods of the year, the sedimentary isotopic contrast
between N. pachyderma and T. quinqueloba may serve as
an indicator of (changes in) past seasonality.
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