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[1] Past water column stratification can be assessed through comparison of the §'0 of
different planktonic foraminiferal species. The underlying assumption is that different
species form their shells simultaneously, but at different depths in the water column. We
evaluate this assumption using a sediment trap time-series of Neogloboquadrina
pachyderma (s) and Globigerina bulloides from the NW North Atlantic. We determined
fluxes, 8'%0 and §'>C of shells from two size fractions to assess size-related effects on shell
chemistry and to better constrain the underlying causes of isotopic differences between
foraminifera in deep-sea sediments. Our data indicate that in the subpolar North Atlantic
differences in the seasonahty of the shell flux, and not in depth habitat or test size,
determine the interspecies AS'0. N. pachyderma (s) preferentially forms from early spring
to late summer, whereas the flux of G. bulloides peaks later in the season and is sustained
until autumn. Likewise, seasonahty influences large and small specimens drfferently, with
large shells settling earlier in the season. The s1m11ar1ty of the seasonal 8'*0 patterns
between the two species mdlcates that they calcify in an overlapping depth zone close to
the surface. However, their 5'°C pattems are markedly different (>1%o). Both species have

a seasonally variable offset from 8'°Cp;c that appears to be governed primarily by
temperature with larger offsets associated with higher temperatures The variable offset
from &' CDIC implies that seasonality of the flux affects the fossil 313C signal, which has
implications for reconstruction of the past oceanic carbon cycle.
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1. Introduction

[2] Differences in the depth or seasonal habitat between
planktonic foraminiferal species can lead to differences in
the geochemical composition of their shells. In principle,
the stable oxygen isotope contrast (A8'*0) between two
(or more) species can therefore be used to infer past upper
water column stratification [Hillaire-Marcel et al., 2001;
Mulitza et al., 1997]. However, this approach requires a
detailed knowledge of the controls on stable isotope
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incorporation, the depth habitat, and the seasonal signal
recorded in foraminiferal calcite, particularly because
foraminifera are able to change their spatial and temporal
habitat preferences [Field, 2004; Tolderlund and Bé,
1972]. Furthermore, distinguishing between the effects of
depth and seasonality on the fossil interspecies A3'%0 is
nontrivial and different authors have interpreted the A3'%0
between the same species to reflect either seasonality
[Jonkers et al., 2010a] or depth habitat differences [Simstich
et al., 2003].

[3] The 8'°C of the dissolved inorganic carbon (DIC) in
seawater is the product of various interfering fractionation
processes, with nutrient cycling and air-sea CO, exchange
probably the most important [Broecker and Peng, 1982;
Broecker and Maier-Reimer, 1992]. The 8'C of planktomc
foraminiferal species is often used as a proxy for changes in
the 8'°C of DIC and therefore the carbon cycle. However,
foraminiferal 5'*C can be offset from 8'*Cp;c due to various
biological, physical, and chemical processes, commonly
referred to with the broad term vital effects. The most
important vital effects are (i) ontogenetic/metabolic effects,
(i1) photosynthetic activity by symbionts, (iii) temperature,
and (iv) carbonate system parameters [e.g., Bemis et al.,
2000; Peeters et al.,2002; Ravelo and Fairbanks, 1995; Spero
etal., 1997]. Compared to oxygen isotopes, the controls on the
mcorporatron of 8'3C into foraminiferal calcite are much less
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well constrained, limiting the applicability of foraminiferal
3'3C in paleoceanographic research.

[4] Both oxygen and carbon isotopes have been shown to
be dependent on foraminiferal shell size [e.g., Berger et al.,
1978; Billups and Spero, 1995; Bouvier-Soumagnac and
Duplessy, 1985]. In foraminifera preserved in the sediment,
size-dependent differences reflect the combined effects
of ontogeny, seasonality and depth habitat [e.g., Deuser
et al., 1981; Kuroyanagi et al., 2011; Peeters et al., 2002].
However, if the ontogenetic effect is known, and this may
be deduced using sediment traps, the residual isotope differ-
ence between different-sized foraminifera can be better
constrained. Additionally, in the case of 8180, this differ-
ence can potentially be used as an indicator of thermal water
column stratification [Kuroyanagi et al., 2011]. A better un-
derstanding of the dependence of stable isotope composition
on shell size and foraminiferal species can therefore improve
the accuracy of inferences of past oceanographic conditions.
To that purpose, we explore in this paper the effects of
seasonality and shell size on the stable oxygen and carbon
isotope composition of left-coiling Neogloboquadrina
pachyderma sinistral (s) and Globigerina bulloides using a
moored sediment trap time series across 2.5 seasonal cycles
from the subpolar North Atlantic.

1.1.

[s] The hydrography of the study site in the central Irminger
Sea (Figure 1) has been extensively discussed previously; see
Jonkers et al. [2010a]. Briefly, the upper 200 m of the water
column in the Irminger Gyre is characterized by sea surface
temperatures between 5 and 10°C, sea surface salinities
between 34.92 in winter and 34.65 in summer, and a
wind-mixed layer of approximately 50 m deep during sum-
mer (Figure 1B). Below about 200 m temperature and salin-
ity are virtually constant throughout the year around 5°C
and 34.9, respectively (Figure 1B). During winter, the entire
water column is well mixed down to depths of >1km,
allowing for occasional deep convection and formation of
deep water [Bacon et al., 2003].

Seasonal Hydrography

2. Methodology

2.1. Sediment Trap

[6] Weusea2.5year time series (2003—2004 and 2005-2007)
of settling flux from sediment traps moored at 2750 m depth
(250 m above the seafloor) in the central Irminger Sea
(59°N, 39°W; Figure 1). Collection cups, poisoned with
HgCl, to ensure sample preservation, were rotated every
19 or 16days. A full description of the sediment trap set-up
is given in Jonkers et al. [2010a]. To compensate for produc-
tion and settling offsets, all flux data have been shifted back-
ward by one month.

2.2. Foraminiferal Analyses

[7] Shells of N. pachyderma (s) and G. bulloides were
counted and picked from two sieved size fractions commonly
used in paleoceanographic studies: 150-250 pm (small) and
250-315 um (large). Data on small N. pachyderma (s) were
reported earlier [Jonkers et al., 2010a]. Foraminiferal analyses
were carried out on half of the original sample (1/2 split). Shell
counts were performed on these sample halves, or on further
binary splits when the number of shells exceeded 200. For

stable isotope analyses, a minimum of 20, but generally 40
shells were used. Prior to analysis, shells were cracked open
between clean glass plates and repeatedly cleaned ultrasoni-
cally with milli-Q and MeOH. Measurements were conducted
on a Thermo MAT 253 IR-MS coupled to a Kiel IV device at
the Universitat Autonoma de Barcelona, Spain. Long-term
precision, based on repeated measurements of NBS19 and
IAEA COl, is 0.05 for 8'%0 and 0.03%o for 8'*C (1 ©). To
ensure consistency between the new data presented here
and those of Jonkers et al. [2010a], 15 samples of small V.
pachyderma (s) were also analyzed at the Universitat
Autonoma de Barcelona. Results from both mass spectrome-
ters are statistically indistinguishable, thus data from the
two studies can be confidently compared. The flux and stable
isotope data are available at http://doi.pangaca.de/10.1594/
PANGAEA.807458.

2.3. Water Column Data

[s] Daily satellite-derived sea surface temperature data
(L4 AVHRR_OI) were obtained from GODAE High Reso-
lution Sea Surface Temperature Pilot Project (accessed via
http://podaac.jpl.nasa.gov). To compensate for the sparse
spatial and temporal sea surface salinity observations, a
composite salinity curve was constructed using data from
the Global Temperature-Salinity Profile Program [Jonkers
et al., 2010a]. In situ temperature and salinity measurements
at 200 m depth were made daily with a nearby moored CTD-
profiler (site “loco” in Figure 1) and vertical hydrographic
profiles were obtained annually when the mooring was
serviced [Jonkers et al., 2010a]. Temperature and salinity
were converted to equilibrium &'%0 (61806(1) using a linear
relationship between salinity and seawater 8'*0 [8'*0y, =
0.5417 * S—18.767; Jonkers et al., 2010a], converted to
the VPDB scale by subtracting 0.27 %o [Hut, 1987] and
using the Kim and O’Neil [1997] equation

T (°C) = 16.10 — 4.64(3'*0, — 6'*0,,) (1)
+0.09(5'%0, — 6"%0,,)°

where 8'%0, and 8'%0,, are the 8'®0 of calcite and water,
respectively.

[¢9] Due to the extreme scarcity of measurements, the
seasonal cycle of 8"3Cpyc and carbonate ion concentration
([CO57]) in the mixed layer were estimated from hydro-
graphical data from the wider North Atlantic using a
multiple linear regression (MLR) approach. Data were
assembled from the GLODARP [Key et al., 2004] and CARINA
[Key et al., 2010] data sets. Data from cruise 64TR19900417
(R/V Tyro, 1990) were excluded, as 8"3Cpjc values were
suspiciously low and variable, likely as a result of incomplete
extraction of CO, from the samples. To enhance coverage data
from the 1981 TTO-NAS cruise, obtained through CDIAC
(http://cdiac.esd.ornl.gov/ftp/oceans/keeling.data/) were added.
The resultin% combined data set contains approximately 250
values of 8'°Cpjc in the upper 500 m of the North Atlantic
Ocean (between 50°N and 65°N; see Figure S1 in the
Supporting Information). All §'*C values were “time-shifted”
to 2007 using the —0.018%o/yr rate determined by Quay et al.
[2007] to compensate for the ongoing decrease in 6 “Cpyc due
the uptake by the ocean of (low-3'°C) fossil fuel derived CO,.
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Figure 1.

Location of the sediment trap mooring and local hydrography. (A) Contoured mean annual sea

surface temperature in the northern North Atlantic [Locarnini et al., 2010] and position of the moorings.
The black numbers in the blow-up refer to the moored sediment trap: 1 is 2003—-2004, 3/4 is 2005-2007.
Temperature and salinity data at 200m depth are from the LOCO mooring and mixed layer nitrate
concentrations from the CIS mooring. (B) Biweekly averaged temperature and salinity at 0 and 200 m
depth. (C) In situ temperature and salinity profiles (B and C after Jonkers et al. [2010a]).

[10] Next, using MLR, a predictive relationship for DIC
was established using concurrent observations (n=1139)
of DIC and temperature, salinity and NO3 in the region
between 53°N-65°N; 45°W-34°W; 0-450m (this region
was deemed the optimal compromise between the desire to
(i) include as much data as is available and (ii) maximize
its representativeness of our study site). For alkalinity, an
identically set up MLR was performed (n=929) to allow
for the calculation of [CO%’] later on. Third, for 8" *Cpc
an MLR was performed (albeit in a larger region due to data
scarcity:  45°N-68°N; 80°W-10°E; 0-450m) using

temperature, salinity, NOJ and (observed) DIC as predictive
properties (n=134). Performance of these MLRs appears
satisfactory (see Figure S2 and equations in the Supporting
Information): the root-mean-square error of the residuals
between predicted and observed DIC, ALK, and 3"3Cprc
are 6.9 and 5.2 pmol/kg and 0.12%., respectively.

[11] Using the obtained MLR coefficients, values of
DICM™R ALKMR and §"3Cp; MR were calculated from
(i) monthly mean values for S, T, and NO;3 from the World
Ocean Atlas 2009 (WOAO09) [Antonov et al., 2010; Garcia
et al., 2010; Locarnini et al., 2010] for the region around
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the sediment trap (57°N to 61°N; 41°W to 37°W; 0-35m)
and (ii) from in situ observations (at near daily resolu-
tion) from September 2003 to May 2004 from the CIS
mooring (59.6°N; 39.6°W; 3040 m; data obtained through
www.eurosites.info/cis/data.php). Calculation of §'*Cp MR
required the additional use of DIC™™® as an input variable.

[12] Asmay be expected, the predicted values of 13Cpyc of
surface waters (0—35m) in wintertime closely resemble the
values observed in summer at depths below the stratified,
euphotic surface layer at around 0.75%o. The estimated
seasonal amplitude of 8"*Cpyc at the surface (0-35m) of
approximately 0.5%o is comparable to literature values for the
North Atlantic (0-50 m) [Gruber et al., 1999], further strength-
ening the case for the appropriateness of this approach.

[13] Lastly, the seasonal cycle of [CO3~| was calculated
from DICM"® and ALKM™® using CO2SYS for MATLAB
[van Heuven et al., 2009].

3. Results

[14] The time series data are presented first as raw data for
the entire period and second as one-year composites with
biweekly averages.

3.1. Shell Fluxes

[15] The flux of small N. pachyderma (s) is by far the
highest with maxima reaching 1843 shells/m®/d during
spring 2007 (Figure 2). The flux appears to be characterized
by a bimodal pattern, with a first pulse in April-May and a
second, of approximately equal magnitude, in August—
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September (Figure 2). From December to the end of March
settling fluxes are close to zero (Figure 2). Large N.
pachyderma (s) have fluxes that are an order of magnitude
lower and predominantly settle earlier in the season than
the small ones (Figure 2). The settling flux of large N.
pachyderma (s) starts approximately 2 weeks after that of
the small shells of this species, and fluxes decline to zero
from as early as mid-July (Figure 2).

[16] In G. bulloides the difference in the magnitude of the
settling fluxes between the size classes is less pronounced
than in N. pachyderma (s), with the flux of small shells only
slightly higher (Figure 2). The fluxes of both size classes have
a unimodal shape and arrive between April and December:
small G. bulloides with a maximum between August and
October and large G. bulloides, with an earlier maximum from
June to August (Figure 2).

3.2. Oxygen Isotopes

[17] Stable oxygen isotopes of small N. pachyderma (s)
vary in concert with the predicted sea surface §'Oc,
between 0.93 and 2.63%o0; values below sea surface
8180eq only occur after the autumn flux pulse (Figure 3).
Large N. pachyderma (s) 8'®0 values range between
1.62 and 2.75%o and follow the same pattern as the small
shells without any significant offset (mean 0.04 + 0.10%o;
Figure 3).

[18] The 8'%0 of G. bulloides also closely follows the
seasonal SISOeq cycle (Figure 3). Small shells vary
between 0.87 and 2.46%o and the large ones between
1.34 and 2.65%o (Figure 3). However, contrary to N.
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Figure 2. Shell fluxes of N. pachyderma (s) and G. bulloides. Left-hand panels show the complete time
series compared to seawater temperature at 0 and 200 m depth. Symbols indicate midpoints of the 19
(2003-2004) to 16 (2005-2007) days collecting intervals. Right-hand panels show annually stacked data
(colored points) and biweekly averaged values (thick lines). In the right-hand panels zero fluxes are
plotted as 0.01. Biweekly temperature ranges (£ 1 o) are shown in grey. Note the different scales of

the flux axes for both species.
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Figure 3. Stable oxygen isotopes of N. pachyderma (s) and G. bulloides compared to equilibrium 3'*0
calculated using the 0 and 200 m temperature and salinity shown in Figure 1B and equation (1). Lay out of
the plots follows Figure 2. Thick horizontal lines just above the x-axis indicate periods when the shell
fluxes were >10/m*/d. Both species’ 8'0 overlap with SISOeq in late winter/early spring when the water
column is mixed, indicating calcification in accordance with equilibrium.

pachyderma (s), the difference between the size classes is
larger in G. bulloides, with the small shells having on av-
erage 0.2040.18%0 lower 8'®0. This difference varies
interannually and appears larger during sea surface
temperature maxima, when the small shells have lower
8'%0 than large shells (Figure 3).

[19] Because the water column is deeply mixed between
December and May, 818Oeq values are identical at all
depths during these months (Figure 3). Thus, the offset
from equilibrium calcification can be determined for
shells formed during this period without making an
assumption on the depth habitat of the species. For both
N. pachyderma (s) and G. bulloides and for both size
classes the 8'%0 values overlap with the predicted Slsoeq
from March to early May, indicating that they all precip-
itate calcite in accordance with inorganic calcification
(Figure 3).

3.3. Carbon Isotopes

[20] The 8'*C of small N. pachyderma (s) varies seasonally
between —0.29 and 0.49%o (Figure 4A). Values generally
increase rapidly from March to early May and then slowly

decrease during the rest of the year (Figure 4A). Large shells of
this species have slightly higher 8'°C values (0 12 4 0.04%o)
than small shells, and although the time series is shorter,
the 8'3C pattern of the large and small shells is similar
(Figure 4A).

[21] G. bulloides 8"*C values are considerably lower than
N. pachyderma (s) and there is a larger, but more variable,
difference between the two size fractions (0.28 4=0.21%o).
Small G. bulloides 8'*C values vary between —0.53 and
—1.56%o and large between —0.31 and —1.21%o (Figure 4C).
Interannual variability is considerable, but a pattern similar,
although delayed relative to N. pachyderma (s) is observed
with the switch to higher 8'°C values in June for the small
and in July for the large shells (Figure 4C).

22] Both species show an offset from mixed layer 5! CDIC
3 3Ceal pic) that changes durmg the season (Flgures 4B and
4D). N. pachyderma (s) 8'>C is always closer to 8'*Cpyc than
G. bulloides (mean offsets —0.81 and —1.97%. for N.
pachyderma (s) and G. bulloides, respectively). In both
species the 8"3Ceapic increases toward the sea surface
temperature maximum and is more variable when fluxes are
low in the autumn (Figures 4B and 4D). The offset from
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Figure 4. Stable carbon isotopes of N. pachyderma (s) and G. bulloides compared to 8'*Cp;c and
temperature. (A and C) Complete foraminiferal 5'*C time-series compared to 8'*Cp;c; (B and D) annual
composites of the offset from 8'*Cpy;c compared to temperature. In Figures 4A and 4C 8'°Cp;c estimates
based on WOAO09 and CIS data are in light and dark grey respectively. Note different y-axis scales for the
two species and that the 8"*Ceaipic axes are reversed in Figures 4B and 4D to better visualize the
coherence between temperature and 8"Cearpic. Thick horizontal lines just above the x-axis indicate

periods when the shell fluxes were >10/m*/d.

8'3Cpjc increases with calcification temperature and with
[CO%'] (Figure 5). Ignoring two anomalously low 8'%0 values
of small N. pachyderma (s) from midwinter and a single
anomalously high value from large G. bulloides, the slopes
of the offsets are approximately —0.17%0/°C and —0.016%o/
pmol/kg for all species, except for large G. bulloides in
the case of [CO%’] (Figure 5). The relationships are stronger
for N. pachyderma (s) and also between the 8'°Cey.pic and
temperature.

4. Discussion

4.1.

[23] Settling fluxes of large and small shells of M.
pachyderma (s) and G. bulloides in the Irminger Sea show
clear seasonal patterns. From December to March all fluxes
are virtually zero and production occurs during the
remaining period of the year (Figure 2). Proxy records will
thus be weighted toward the spring to autumn season,
barring the reconstruction of wintertime phenomena such
as deep-water formation. Little is known about the flux of
N. pachyderma (s) in the North Atlantic. In the Nordic Seas

Flux Timing

maximum fluxes are generally equal or larger (>2000 shells/
mz/d) than in the Irminger Sea [Jensen, 1998; Kohfeld et al.,
1996; Wolfteich, 1994]. N. pachyderma (s) often dominates
assemblages at low temperatures and is probably at the
warm end of its temperature habitat in the Irminger Sea
[Tolderlund and Bé, 1972], which is in agreement with its
relatively low fluxes. Importantly, abundances of N.
pachyderma (s) show a bimodal pattern in the northern North
Atlantic, similar to our observations in 2006 [Tolderlund and
Bé, 1972]. Fluxes of G. bulloides in the Eastern North Atlantic
north of 50°N are generally comparable to those in the
Irminger Sea (< 10% shells/m*/d) [Chapman, 2010; Wolfteich,
1994]. Further south however, the magnitude increases
(10°-10° shells/m?/d) and the season of highest flux shifts
toward winter [Tolderlund and Bé, 1972; Wolfteich, 1994].

[24] The exact timing of the flux pulses of the two species
and of the two size fractions depends on the time correction
for production and settling. The applied uniform one-month
lag for all fluxes might appear to be a crude estimate. How-
ever, estimates of the settling speed of foraminiferal shells
differ widely and for the size fractions investigated here
overlap (40-600m/d) [Takahashi and Be, 1984]. Using
sinking speeds of 189—372 m/d for small, and 398-450 m/d
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Figure 5. Controls on 8"3Capic. Scatter plots of 8"3Ceapic Vs calcification temperature calculated
according to equation (1) for (A) N. pachyderma (s) and (B) G. bulloides and (C, D) vs. [CO%‘]. Grey
circles indicate anomalous temperature estimates during low flux periods that were omitted from regres-

sion analysis.

for large shells [Von Gyldenfeldt et al., 2000], the difference
in settling time between the size fractions is between 0 and
9days. Given the uncertainties in the sinking speeds, the
16—19 day resolution of the time series and the variable life
span of foraminifera, the uniform lag applied here is there-
fore reasonable. The duration of the production period is
also different for both size fractions with the time of high
shell fluxes of large N. pachyderma (s) particularly short

in comparison to the small shell fluxes (Figure 2). We
therefore consider the observed early pulse of large shells
to be a real feature of our records (Figure 2). Small N.
pachyderma (s) fluxes are maintained throughout the
production period, but only in spring are conditions favor-
able enough to allow the production of larger shells of this
species (Figure 2). Because the shape of the large shell
flux pattern differs from that of the small shells, and the
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Figure 6. Depth habitat of (A) N. pachyderma (s) and (B) G. bulloides inferred from §'%0. Profiles of
5! Ocq compared to the observed foraminiferal 8'%0 values of at the time of CTD profiling.
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magnitude of the flux is approximately an order of magni-
tude lower, the larger shells probably do not represent
further matured specimens, but more likely reflect optimum
growth conditions for this species [Deuser et al., 1981]. Sim-
ilarly, the large tests of G. bulloides settle earlier in the year,
although both size fractions show comparable shapes in the
seasonal flux pattern (Figure 2).

[25] The flux of N. pachyderma (s) rapidly increases
in March, 1 to 2 months prior to the onset of stratification
(Figure 2). The flux of small shells of this species remains
high and may show a second maximum around the time
of the sea surface temperature (stratification) maximum
(August; Figure 2). Large shells fluxes generally decrease
following the spring bloom in April-May (Figure 2). The
flux increase before the onset of stratification as well as the
difference in the patterns between large and small shells,
suggest that temperature driven stratification changes do
not control the seasonal flux of N. pachyderma (s). Jonkers
et al. [2010a] instead highlighted the availability of light
and its role in food production as a control on flux timings.
However, eddy-driven local stratification may also account
for the early start of the springbloom [Mahadevan et al.,
2012]. Fluxes of G. bulloides seem to be more directly
controlled by temperature, but with small and large specimens
responding slightly differently, leading to large shells settling
earlier in the season than small ones (Figure 2). The exact
mechanisms causing seasonal differences in different sized
shells and those responsible for the bimodal flux pattern of
small N. pachyderma (s) remain as yet poorly understood.
Ecological models do not currently resolve these (size-related)
patterns [Fraile et al., 2008; Lombard et al., 2011], limiting
our ability to assess the effects of transient seasonality changes
on planktonic foraminiferal proxy records.

4.2. 3'80-Depth

[26] Both species calcify without an offset from 61806q,
thus the shell 3'®0 can be used to directly estimate calcifica-
tion depth using the water column profiles of SISOeq. Such
profiles from late summer and autumn indicate that the

3'%0 of large and small N. pachyderma (s) from the same
period reflects seawater 8'0 over the same narrow zone
just below the surface mixed layer, around 50m depth
(Figure 6A). For G. bulloides the size-related A8y is
close its maximum during this same period, resulting in an
upper estimate of the depth habitat differences (Figure 4B).
Small G. bulloides reflect temperatures in the upper 50 m,
including the mixed layer, whereas large shells reflect thermo-
cline temperatures only (Figure 6B). The divergence from
surface o 8Oeq seen in all shells except small G. bulloides
(Figure 3), is in agreement with a depth habitat below the sur-
face where the amplitude of 818Oeq is slightly muted compared
to at 0 m depth (Figure 1).

[27] The estimated calcification depth of ~50m in the
thermocline for N. pachyderma (s) is shallower than often
reported [Bauch et al., 1997; Simstich et al., 2003], but the
amplitude of the §'%0O signal as well as the absolute values
recorded here are in good agreement with this inferred depth
(Figure 3). This species is known to adjust its depth habitat
in response to local hydrography, which is probably the
main reason why the estimates of its depth habitat differ
regionally [Jonkers et al., 2010a; Kohfeld et al., 1996;
Simstich et al., 2003]. Different ecological preferences as a
result of genotypic variability within N. pachyderma (s)
[Bauch et al., 2003] may also contribute to the different
depth habitats observed in different regions, but this cannot
be verified here. This depth habitat variability complicates
reconstructions based on this species, particularly across
intervals accompanied by changes in the density structure
of the upper water column.

[828] The 5'%0 of small N. pachyderma (s) is below surface
5! Ocq when fluxes are near zero between November and
January (Figures 2 and 3). Jonkers et al. [2010a] suggested
that these low values were due to remnants of the summer
population that survived in the upper water column without
actively calcifying. These shells have therefore retained a
880 signal associated with the preceding summer.

[20] In G. bulloides the differences between the 3'0 of
large and small shells (Figure 3) could be due to vital/
ontogenetic effects [Bemis et al., 1998; Peeters et al., 2002],
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Figure 7. Seasonality effect on flux-weighted 8'®0. The colored bars show flux-weighted 8'%0

histograms and the grey curve is the sea surface 5'®

Ocq as shown in Figure 3. Largest A8'®0, and thus

an improved estimate of seasonal stratification, can be obtained when large N. pachyderma (s) and small

G. bulloides are analyzed in parallel.
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but in the Irminger Sea more likely reflect a combination of
these effects as well as differentiation in the depth habitat of
larger and smaller shells. Two lines of reasoning support
this; (I) the higher amplitude of the 'O of small shells is
consistent with a shallower habitat where temperature
changes are larger than at depth, and (II) a different depth
habitat for the two size classes can explain the progressive
increase in the A3'%0,, during the season because the tem-
perature difference between the two depth zones increases
with increasing stratification.

4.3. Size Effects on 5'%0

30] The data do not show a consistent size effect on the
8"80 of N. pachyderma (s) in the Irminger Sea (Figure 3).
However, in other areas, larger shells collected by plankton
tows or from sediment traps generally show more positive
values than smaller foraminifera (up to 0.79%o difference
between 125-180 and 180-250 pm in the North Pacific
[Kuroyanagi et al., 2011]), suggesting that larger N.
pachyderma (s) either calcify deeper in the water column,
or with a different offset from equilibrium than smaller ones
[Bauch et al., 1997; Donner and Wefer, 1994; Kuroyanagi
et al., 2011]. The hydrographic and/or nutrient/food condi-
tions in the Irminger Sea probably prevent depth habitat
differentiation of this species, resulting in similar 5'%0 in
small and large shells. Thus, any differences between the
two size classes in fossil specimens from this area, most
likely reflect growth at different times of the year.

[31] The size effect on 8'*0 in G. bulloides is larger and
intra-annually and interannually more variable than in N.
pachyderma (s) (Figure 3). The more positive 8'%0 of larger
shells agrees well with studies from laboratory cultures and
plankton tows [Bemis et al., 1998; Peeters et al., 2002].
The 0.20%0 difference between shell sizes is also within
the reported range, but because the size classes differ
amongst studies an absolute comparison cannot be made.

4.4. Seasonality Effects on 5'%0

32] For accurate interpretation of fossil foraminiferal
580, the flux-weighted mean 3'*0 of the sediment trap
data is important, because this determines the signal that is
preserved in the sediment. Note that the flux-weighted values
are independent of any assumptions on the time lag for settling
and production. In both species large shells settle earlier in
the season, thereby recording lower temperatures than the
small shells (Figure 7). The sediment trap data do not show
a systematic size-related difference in the 8'°0 of N.
pachyderma (s). Therefore, the flux-wei §hted average of large
minus that of the small shells (A3'%0g) solely reflects
the difference in seasonality between the size classes. The
flux-weighted A3'®0, ; in N. pachyderma (s) amounts to
0.29 %o, equivalent to approximately a 1.2°C lower estimated
temperature for the large shells. In G. bulloides, where there is
a difference between small and large shells, the flux-weighted
A8'%0, ; is 0.48 %o, more than double the average size-related
A8"04 | of 0.20%0 and roughly equivalent to a 1.9°C
difference in estimated temperature. In this species, the total
flux-weighted A8'®0g_ thus reflects a combination of size
and seasonality effects, of approximately 0.20 %o and 0.28
(0.48-0.20) %o, respectively.

[33] The fossil A3'®0 between N. pachyderma (s) and G.
bulloides has been used to estimate changes in the

stratification of the upper water column in the past
[Hillaire-Marcel et al., 2001]. Such estimates can potentially
be improved by taking into account the differences in sea-
sonality between large and small shells (Figure 7). The
flux-weighted interspecies A6180pac_bu1 for small and large
shells is 0.66 and 0.48%o, respectively, whereas the seasonal
surface 6]8Oeq amplitude is 1.29%o. Taking advantage of the
early production of large N. pachyderma (s) shells and the late
timing of small G. bulloides the ASlgOpac l-bul s INcreases to
0.95%o, providing a seasonality estimate that is considerably
closer to the annual 818Ocq amplitude (Figure 7). Note also
that due to the single high flux event in large N. pachyderma
(s) in July 2006 the ﬂux—weighted mean is skewed toward
the summer, the sedimentary 3'°O may therefore more closely
reflect winter and early spring conditions, providing an even
larger A(SlgOlDaC 1ul s (Figures 2 and 7). While the difference
in flux timing between size fractions varies regionally
[Kuroyanagi et al., 2011; Reynolds and Thunell, 1985,
Thunell and Reynolds, 1984] these are the first data from the
northern North Atlantic that suggest that the flux- and size-
weighted A8'®0 could be used as an indicator of past sea-
sonal changes in the stratification of the upper water
column.

4.5. Interspecies and Intraspecies A8">C

[34] The 8'°C of G. bulloides is on average >1%o lower
than that of N. pachyderma (s), whereas the difference
between the size fractions is much smaller (0.28%0 G.
bulloides; 0.12%o N. pachyderma (s)). Of the four main factors
that can cause differences in 8'°C, symbiotic activity can be
excluded as neither species bears symbionts [Hemleben
et al., 1989]. The 3'°0 values indicate that large G.
bulloides and N. pachyderma (s) form simultaneously
within the same depth zone (Figure 3). Consequently,
neither temperature or carbonate system parameters can be
responsible for the interspecies A8'°C. Species-specific
ontogenetic/metabolic effects must therefore be the most
important cause of the observed difference in 8'>C between
N. pachyderma (s) and G. bulloides.

[35] The same reasoning leads to the conclusion that the
difference between large and small N. pachyderma (s) must
also be predominantly due to ontogenetic/metabolic effects
[Kohfeld et al., 1996]. G. bulloides, however, shows a
clearer separation of depth habitats between size fractions
and a larger and more variable size-related A3'*C (Figure 4).
Size-related differences, due to metabolism/ontogeny are
known to affect the carbon isotopic composition, causing
larger tests to have higher 5'°C values [Bemis et al., 2000
Spero and Lea, 1996]. However, the influence of tempera-
ture and carbon system parameters at the different depth
zones cannot be readily evaluated with the present data set,
but may also play a role in explaining the variable differ-
ences between the size fractions in G. bulloides.

4.6. Seasonal 8"°C Change

[36] The seasonally variable offset from 8'3Cpyc for both
species indicates that so-called vital effects cause the forami-
niferal 8'°C to deviate from 8'°Cp;c (Figures 4B and 4D).
Temperature and [CO%’] have both been shown to have an
influence on this offset from 8'°Cpyc [Bauch et al., 2002;
Bemis et al., 2000; Spero et al., 1997]. In the training area
for our MLR and in the wider North Atlantic region
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temperature and [CO%’] are however strongly positively
correlated (»=0.94, not shown), yielding it difficult to distin-
guish their respective influences on foraminiferal 5'°C. Nev-
ertheless the slopes of the temperature dependence of
3"3Capic (Figure 5A, B) are v1rtually identical to that ob-
served for G. bulloides collected in the northwestern Pacific
[Bemis et al., 2000]. Moreover, using a very different ap-
proach Kohfeld et al. [2000] calculate offsets from 8'*Cpyc
of N. pachyderma (s) in sediments in the South Atlantic and
derive a temperature dependence of 8"3Ceapic (—0.16%0/°
C) strikingly similar to that in the Irminger Sea (Figure 5). Cul-
turing of G. bulloides under controlled laboratory conditions
yielded gentler slopes (—0.11 vs. —0.18%0/°C) [Bemis et al.,
2000], suggesting that there is some variability in the sensitiv-
ity of 8"*Cearpic to temperature between regions and/or be-
tween (genetically) different populations. Nevertheless,
the similarity of the slope to other studies, in conjunction
with the higher correlation coefficient (Figure 5), suggests
that temperature has a stronger control on the 8'°Ce,pic
than [CO2 ] in the Irminger Sea. Thrs temperature sensitivity
of ~0.17%0/°C of foraminiferal 5'°C is close to that of 5'%0
(~0 25%0/°C) and warrants reinterpretation of foraminiferal
3'3C records previously interpreted as nutrient or ventila-
tion changes [e.g., Jonkers et al., 2010b; Van Kreveld
et al., 2000]. The scatter in the temperature 8"3Carpic Te-
latlonshlp as well as the different 8'*Ceopic patterns for
shells grown at the same depth indicate that ontogenetic/
metabolic effects also have an impact on the seasonal §'°C
patterns of both species and controlled experiments are
needed to firmly disentangle the respective influences of
temperature and [COZ'] on the foraminiferal offset from
seawater 8"3Cprc. Irrespective of the exact control on the
3"3C.aL DIC: its seasonal Varrabrhty means that fossil forami-
niferal 3'°C reflects 8'>Cp;c with an offset that is not only
determined by temperature or [CO3™ |, but also by timing
of the flux during the year.

5. Conclusions

[37] The data from the 2.5 year time series from the [Irminger
Sea indicate:

[38] 1. That the seasonal flux patterns of N. pachyderma (s)
and G. bulloides are not primarily controlled by temperature
(and hence stratification) because flux patterns differ for differ-
ent size fractions, and in the case of V. pachyderma (s), appear
bimodal and start before the onset of stratification. The two
species show a difference in their seasonality: shells of
N. pachyderma (s) settle earlier in the season than those of
G. bulloides. In both species large shells (250-315 pm) are
formed earlier in the season than small shells (150-250 pm).

[39] 2. Both species’ 8'%0 are indistinguishable from inor-
ganically precipitated calcite, i.e., they do not show an offset
from 8'%0 predicted according to Kim and O’Neil [1997].
Using this information we estimate a shallow (<~50 m) habi-
tat for both species and no depth habitat differentiation be-
tween small and large N. pachyderma (s) The §'®0 of large
G. bulloides shells however, reflects 5'°0 slightly deeper in
the water column than small shells.

[40] 3. Differences in seasonality between the species and
size classes cause the flux-weighted 5'%0 to reflect different
periods in the year, with large N. pachyderma (s) reflecting

the coldest, early spring conditions and small G. bulloides bi-
ased toward warm summer conditions. In the region the differ-
ence in seasonality between size classes could potentially be
used to obtain a more robust estimate of seasonal stratification
from fossil interspecies A5'®0 than when comparing 8'0
values in the same size range.

[41] 4. N. pachyderma (s) 8"C are, throughout the season,
approximately ~1 %o higher than G. bulloides. This difference
is attributed to species-specific ontogenetic/metabolic effects.
Similar effects are probably responsible for the observed dif-
ferences between small and large shells of both species (large
0.12-0.28 %o > small). In both species the seasonally variable
offset from seawater 5'*Cpc appears to be to a large degree
controlled by temperature, but since sea water temperature
and [CO%’] strongly correlate, this conclusion requires fur-
ther research. The seasonal variation in the offset from
8"Cpic, however, implies that fossil 5'*C also depends on
the seasonality of the foraminifera, further implicating the
use of planktonic foraminiferal 5'°C in paleoceanography.
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