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ARTICLE INFO ABSTRACT

Keywords: We present a multi-year record of shell fluxes and §'0 of six planktonic foraminifera species (Globigerinoides
Planktonic foraminifera ruber pink, Globigerinoides ruber white, Trilobatus sacculifer, Orbulina universa, Neogloboquadrina dutertrei,
Seasonality Globorotalia menardii) from sediment traps located in the southwestern Atlantic. Among the six species, only the

Sediment traps
Western boundary current
South Atlantic

fluxes of G. ruber white and N. dutertrei exhibit a significant seasonal component, with G. ruber white showing a
single flux peak in austral summer, and N. dutertrei exhibiting two flux peaks in spring and autumn. To estimate
calcification depths of the studied species, we then compare their measured §'%0 to vertical §'%0 profiles
predicted for each collection time from in-situ temperature profiles and climatological salinity profiles. For the
majority of the cases, the measured §'®0 could be accounted for by in-situ calcification, assuming species-
specific temperature-8'80 calibrations. The resulting estimates of the calcification depth imply that each species
exhibits a characteristic typical mean calcification depth. The estimated calcification depths for N. dutertrei
(mode 60-70 m) and G. menardii (mode 70-80 m) appear to track the depth of the thermocline in the region,
whereas the calcification depths of the remaining four species correspond to conditions in the mixed layer.
Among the apparent mixed-layer calcifiers, G. ruber pink and white appeared to calcify consistently shallower
(mode 30-40 m) while T. sacculifer calcified deeper (mode 50-60 m). Because of the low flux seasonality, the
observed oxygen isotope offsets among the species are similar to the flux-weighted mean annual §'%0 offsets,
indicating that isotopic offsets among the species in sediment samples are mainly due to different calcification
depths. Since the habitat offsets among the species are consistent across seasons, §'0 in sedimentary shells can
be used to track conditions in different parts of the water column and the difference in the oxygen-isotope
composition between surface species (best represented by G. ruber pink) and thermocline species (best re-
presented by N. dutertrei) can be used as a proxy for stratification in the southwestern Atlantic.

1. Introduction

Our ability to reconstruct past oceanographic conditions depends on
the understanding of how ocean properties are recorded by proxies.
One of the most widely used proxies in paleoceanography is the oxygen-
isotopic composition (8'%0) of planktonic foraminifera in marine se-
diments, which is used to estimate changes in 8§'0 of seawater and
temperature (Duplessy et al., 1991; Bemis et al., 2002). Since plank-
tonic foraminifera species inhabit different depth habitats, which may
vary temporally and spatially, and change during the life of each in-
dividual (Rebotim et al., 2017), assessments of their vertical habitats
and especially the calcification depth is crucial for paleoceanography.
Without knowledge of calcification depths, environmental conditions

reconstructed from the chemical composition of foraminiferal shells
cannot be assigned to the part of the water column, where the signals
were generated. Since living depths (Rebotim et al., 2017) and by in-
ference also calcification depths of planktonic foraminifera vary in re-
sponse to environmental conditions, regional assessments, especially in
areas that lacks this type of information, are needed to provide the basis
for interpretations of the proxy signals in the fossil record. If species
could be identified that consistently calcify in different parts of the
water column, multi-species proxy data could be used to evaluate past
changes in the stratification of the upper water column (Williams and
Healy-Williams, 1980; Mulitza et al., 1997).

A powerful means of constraining the origin of isotopic signatures in
planktonic foraminifera is by analysis of shells from sediment-trap time-
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series, which are an effective method to constrain the effect of flux
seasonality (Jonkers et al., 2010; Zari¢ et al., 2005). Studies using se-
diment traps have shown changes in planktonic foraminifera assem-
blages and shell fluxes (Thunell and Sautter, 1992; King and Howard,
2005; Jonkers et al., 2010) as well as changing calcification depths
(Wejnert et al., 2013) throughout the seasonal cycle. These observa-
tions imply that planktonic foraminifera may adapt their habitat in
order to stay within a preferred temperature range (Jonkers and
Kucera, 2015). Thus, their calcification habitat can only be constrained
by sampling at sufficient seasonal resolution with simultaneous re-
cording of vertical temperature gradients above the sediment trap. In
this respect, a deeply moored sediment trap collects foraminifera from a
potentially large catchment area, which may include spatially variable
vertical water column structure. Therefore, estimates of calcification
depth from a shallow moored trap are likely to better constrain calci-
fication habitat.

In this study, we use a sediment trap record from the southeastern
continental shelf off Brazil to derive shell fluxes and 8'®0 of the
planktonic  foraminifera species Globigerinoides ruber white,
Globigerinoides ruber pink, Trilobatus sacculifer, Orbulina universa,
Globorotalia menardii, and Neogloboquadrina dutertrei. The mooring was
operated over four years with traps moored between 50 and 100 m
depth, minimizing the potential catchment area. Instead of relying on
data from unevenly spaced and scattered CTD profiles (Jonkers et al.,
2010) or on information from climatological oceanographic data
(Gibson et al., 2016), simultaneous in situ recording of the vertical
temperature profile was available throughout the sampling period, al-
lowing direct comparison of shell chemistry with local hydrography. By
sampling over all four seasons (replicating three seasons), we can ef-
fectively investigate the seasonal variation of calcification depths.
Combining calcification depths with flux data allows us to evaluate the
implications of the sediment trap observations for paleoceanographic
records.

2. Materials and methods
2.1. Sediment trap sampling

The mooring line that was available for the study was deployed
within the Brazilian Project Ressurgéncia. The mooring is located over
the Brazilian southeastern continental shelf at 23°36’ S, 41°34’ W
(Fig. 1) at a water depth of 145 m. Sediment traps were positioned at
depths of 50 and 100 m (first to fourth deployment) and 75 m (single
trap, sixth and seventh deployments). The used sediment traps PAR-
FLUX (model Mark 8-13) have an aperture of 0.25 m? and 12 or 13
sequential bottles with 500 ml capacity. Each sample bottle was filled
with pre-filtered MilliQ water with buffered (pH = 8) formaldehyde
(4%) after adjusting the salinity with marine salt (RedSea®©) to 70 PSU
to prevent mixing and bacterial decomposition of collected particles
(Goswami, 2004). In addition to the traps, the mooring line contained
temperature loggers (ONSET tidbits V2) between 30 m and 120 m,
spaced at 5m intervals and two current meters (400 kHz Nortek
Aquadopp Profilers) configured to up and down looking acoustic cur-
rent profiling. The physical parameters (temperature and velocities)
were measured at 30-minute intervals. In general, our mean current
velocities are higher than 12 cm/s with a strong along-shelf component
towards the south, but with the current velocity and direction re-
maining relatively stable between the deployments. Regarding the re-
corded temperature (Supporting information Fig. S3), the 100-m trap is
more influenced by water masses with temperatures below 18 °C, while
the shallow traps (50 and 75-m) are in contact with waters that have
temperature higher than 18 °C, but subsurface intrusions can bring cold
waters to these shallower traps as well. A detailed description of the
temperature, current-meter data (trap efficiency) and bulk composition
was previously published (Albuquerque et al., 2014; Belem et al., 2013;
Venancio et al., 2016a).
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The samples and data used in this study were retrieved during six
deployments between November 2010 and March 2014 (Table 1).
Sampling resolution varied among the deployments. The first experi-
ment (F1) was from November 11th to December 19th 2010 (3-day
sampling rate). The second experiment (F2) was from March 15th to
June 14th 2011 (7-day sampling rate). The third experiment (F3), from
July 20th to September 26th 2011 (5-day sampling rate) and the forth
experiment (F4) covered the time frame between December 2nd 2011
and March 2nd 2012 (7-day sampling rate). Samples for the fifth ex-
periment were not used due to technical problems in the equipment.
The sixth experiment (F6) was from June 9th to September 8th 2013 (7-
day sampling rate) and the seventh experiment (F7) covered the time
frame between September 15th of 2013 and March 16th of 2014. Gaps
in the time series were caused by operational constraints in recovering
the experiments.

2.2. Sample treatment

The sediment trap samples were wet-sieved through 1 mm and
500 pm meshes before being split into four aliquots. A Folsom's
plankton sample divider was used for splitting the samples. The volume
of the resulting aliquots was determined to adjust the split factor used
to calculate the concentration of foraminifera in the total sample. For
deployments 1-4, a split factor close to 4 was used to calculate the
foraminiferal fluxes, while for deployment 6-7 split factors were more
variable ranging from 5.6 to 7.7. After wet-sieving, the > 125 pum
fraction was used for species identification and counting. This size
fraction was chosen because it covers the size range of most recent
species and also contains all foraminifera > 150 um, which are usually
used for paleoceanographic studies (Al-Sabouni et al., 2007; Zari¢ et al.,
2005). The samples were analyzed wet allowing the counting of fragile
shells which could disintegrate during drying. Wet-picking was per-
formed using a transparent gridded tray for zooplankton analysis. The
species G. ruber (pink and white), T. sacculifer (without sac-chamber),
O. universa, G. menardii and N. dutertrei were the most abundant, re-
presenting >70-80% of the assemblage in most samples, and were
therefore analyzed further in this study. The remaining part of the as-
semblage is composed by Globigerinella siphonifera, Globigerinoides con-
globatus, Globigerina bulloides, Globigerinita glutinata, Globoturborotalita
rubescens and Globigerinella calida, with minor contributions by Tur-
borotalita quinqueloba, Globoturborotalita tenella and Globorotalia trun-
catulinoides. The taxonomy of Trilobatus sacculifer follows the proposal
of Spezzaferri et al. (2015). Whereas the two color varieties of G. ruber
(white and pink) were separated, no distinction was made between G.
ruber and G. elongatus (Aurahs et al., 2011). Planktonic foraminifera
fluxes from the first to the fourth deployment were previously pub-
lished by Venancio et al. (2016a). Flux data for the remaining de-
ployments will be made available at Pangaea (www.pangaea.de).

For the oxygen isotopic analysis, 5-10 specimens of each of the
chosen species were selected. Because in many of the sampling inter-
vals, the flux of the studied species was low, the analyses could not be
carried out specifically for a narrow size fraction. Instead, the size of the
measured specimens was recorded by measuring the length of the major
axis of the shells and varied for G. ruber pink (280-720 um), G. ruber
white (280-720 um), T. sacculifer (400-800um), N. dutertrei
(320-760 ym), O. wuniversa (520-960 ym) and G. menardii
(520-960 pum). Stable oxygen isotopes were analyzed with a Finnigan
MAT 252 mass spectrometer coupled to an automated carbonate pre-
paration device at MARUM, University of Bremen. The isotopic results
were calibrated relative to the Vienna Pee Dee Belemnite (VPDB) by
using the NBS 19 standard. The long-term analytical standard deviation
was < 0.07%o. All data, including sizes of the measured specimens will
be made available at Pangaea (www.pangaea.de).
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Fig. 1. Study area and oceanographic features. The mooring site is
marked with a red circle. The color scale represents the distribution
of 10-year mean sea surface temperature. Data was extracted from
the AVHRR dataset (AVHRR Pathfinder v.5). (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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Table 1
Mooring configurations for each of the deployments.
Deployments  Trap N° of cups Time interval Sample
depths analyzed integration
(m) Start End (days)
F1 50; 100 12 11 Nov 19Dec 3
2010 2010
F2 50; 100 12 15Mar 14Jun 7
2011 2011
F3 50; 100 12 20Jul 26Sep 5
2011 2011
F4 50; 100 12 02Dec 02Mar 7
2011 2012
F6 75 13 09Jun 08Sep 7
2013 2013
F7 75 13 15Sep 16 Mar 14
2013 2014

2.3. Evaluation of seasonal cycles

Shell fluxes of each species, sea surface temperatures (SST) from the
Advanced Very High Resolution Radiometer (AVHRR) dataset, tem-
peratures recorded by the mooring and the estimations of calcification
depths (see Section 2.4) were tested for the presence of seasonal cycles
using a periodic regression analysis. For the analysis of the shell flux
data we used the deployments 2 (100 m trap), 6 and 7 that cover all
seasons and also have sampling time integrations ranging from 7 to
14 days, which avoids the interference of short-term flux variations.
The models generated using these three deployments (2, 6 and 7) were
then applied to the entire dataset. The mooring temperatures were
binned in 10-meter sections starting at 30 m, first level of measure-
ments available, and ending at 100 m, which is the depth of the deepest
sediment trap. Both AVHRR-SST and mooring temperatures were ana-
lyzed as daily averages covering the entire time series. For the calcifi-
cation depths the entire dataset was analyzed.

In the periodic regression analysis the independent variable is an
angular representation of time and this approach was demonstrated to
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be robust for detection of lunar periodicity (deBruyn and Meeuwig,
2001) and seasonality (Bell et al., 2001; Jonkers and Kucera, 2015).
Furthermore, the analysis gives information about the timing of the
maximum in the dataset and provides an equation which can be used to
estimate values for a given period. The methods and advantages in
detecting lunar and seasonal cycles are summarized by deBruyn and
Meeuwig (2001) and Jonkers and Kucera (2015), respectively. Re-
garding the shell fluxes, we followed Jonkers and Kucera (2015) and
performed a log transformation of the flux data prior to the analysis. To
facilitate the log transformation, zero flux values were replaced by half
of the second lowest flux value for each deployment, also following
Jonkers and Kucera (2015). The observation time was converted to
days of the year (DOY) and transformed in radian units (DOY/
365 X 2m). In order to test the cycles the following models were ap-
plied to observations:

Fiy = A + Bsinn + Ceos(t)
Fty = A + Dsinzy + Ecosan)

where F, is the shell flux or temperature at a given time and A-E are
the parameters that will be estimated in the analysis. The statistical
significance of the terms of the periodic regression analysis was eval-
uated using ANOVA for multiple regression.

2.4. Calcification depths and flux-weighted §'%0

In order to estimate the calcification depths for each species, we
applied species-specific paleotemperature equations and inverted these
to predict the §'%0 of the calcite (8"®*Opredictea) from the in-situ tem-
perature profiles, 8180 of seawater (8'%0,,) was calculated using
monthly salinity values from the World Ocean Atlas 2013 (WOA13) and
the 8'80y,-salinity relationship derived from the dataset of Pierre et al.
(1991). This 8'80,-salinity was previously used for salinity re-
constructions in the Brazilian margin by Toledo et al. (2007). The
880y, values were converted from VSMOW to VPDB by subtracting
0.27%o (Hut, 1987) from the values derived from Egs. (1), (2) and (5).
In the case of the Egs. (3) and (4) we subtracted 0.20%o (Bemis et al.,
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1998). Since we used monthly salinity values for our 8'®0,,, estima-
tions, sub-monthly and interannual variability was not considered. The
assumption of this approach is that the collected planktonic for-
aminifera calcified during the sampling period in the studied area. The
species-specific paleotemperature equations are as follows:

T(°C) = 14.2 — 4.44 x (8¢ — 8sw) (@))]
T (°C) = 14.91 — 4.35 X (8c — Ssw) )
T (°C) = 15.4 — 4.81 x (8¢ — 8sw); (Bouvier

—Soumagnac and Duplessy, 1985) 3)
T (°C) = 14.6 — 5.03 X (8¢ — 8sw); (Bouvier

—Soumagnac and Duplessy, 1985) (@)
T (°C) = 16.5 — 4.8 X (8¢ — &sw); (Bemis et al., 1998) 5)

Eq. (1) was used for G. ruber (pink and white), Eq. (2) for T. sac-
culifer, Eq. (3) for O. universa, Eq. (4) for G. menardii and Eq. (5) for N.
dutertrei. In all cases, except N. dutertrei, we used equations derived
from plankton tow studies. For N. dutertrei we use the equation derived
from a culture study using O. universa at low-light conditions (Bemis
et al., 1998). The species-specific equation for N. dutertrei from Bouvier-
Soumagnac and Duplessy (1985) is known to produce estimates that are
too cold (Wejnert et al., 2013). It indeed generated unrealistic values
for the region and was therefore not used. Alternative equations based
on plankton tow calibrations exist for some of the species, but these
differ only marginally (e.g., Wejnert et al., 2013).

Profiles of 8'®0predicred With their respective measured §'®0 for G.
ruber white are shown as examples of our calcification depth approach
(Supporting information Fig. S4). We used the maximum and minimum
temperatures from each depth interval to generate the 8180predicted
profiles for a given period (Supporting information Fig. S4). Since the
studied foraminifera may have calcified different portions of their shell
at different times and depths, the resulting isotopic composition is re-
flecting the average conditions in the total calcification habitat. It is
difficult to constrain the effect of calcification across habitats precisely,
which is why we opted for a conservative approach and estimated the
possible range of calcification depths by determining the deepest and
shallowest possible calcification depth given the temperature variation
during the sampling interval, when the analyzed foraminifera lived.

Considering the analytical error of 8'®0 measurements and the
statistical uncertainties of the §'®0,,-salinity and paleotemperature
equations, we can estimate the magnitude of uncertainty for a calcifi-
cation depth value due to these processes. For example, taking the §'%0
value of G. ruber white for a sample (6th bottle of 50-m in the 1st de-
ployment) and representing the calcification temperature range by a
mean profile throughout the sampling interval, we estimate an error on
the calcification depth estimate due to analytical error and calibration
uncertainty of 16.7 m. Using an approach based only on the tempera-
ture profile variation yields an uncertainty of 16.4 m. For deeper layers,
the uncertainty due to variation within the sampling interval will be
larger than the uncertainty due to calibration, because temperature
variation is higher reflecting the changes in thermocline depth, whereas
calibration uncertainty remains the same. Thus, by showing the range
of possible calcification depths based on minimum and maximum
temperatures during a given sampling period, we are making a con-
servative approach that is equivalent to error estimates. Calcification
depths for the entire time series were further evaluated for seasonal
component using periodic regression analysis (Section 2.3).

Next, to assess the effect of seasonal fluxes on the mean §'®0 signal
exported to the sediments, we determined the flux-weighted annual
8'80 values for each of the chosen species. The fundamentals of this
approach were discussed by Mulitza et al. (1998), using the model
proposed by Mix (1987). The flux-weighted annual §'®0 values were
calculated using the following equation:
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Fw = Z (flux; x &c;) / total flux

where Fw is the flux-weighted §'80 value, flux; and dc; are the shell flux
and the 80 of calcite in a specific sample, respectively.

3. Oceanographic setting

The mesoscale surface circulation of the western boundary of the
South Atlantic is dominated by the warm and nutrient-poor Brazil
Current (Peterson and Stramma, 1991). As discussed by Walsh (1988),
continental shelves located in the tropics and linked to the western edge
of oceanic systems are often related to less productive oceanic margins.
However, mesoscale processes related to the dynamics of Brazil Current
(BC) (encroachment, topographic acceleration, meandering and eddies)
may induce the upwelling of cold and nutrient-rich South Atlantic
Central Water (SACW) on the shelf, forming an upwelling system in the
southeastern portion of the Brazilian shelf (Belem et al., 2013; Campos
et al., 2000; Castelao and Barth, 2006; Silveira et al., 2008). This up-
welling system (Cabo Frio Upwelling system-CFUS) is one of the most
productive areas of the southeastern Brazilian shelf. Despite the control
of the nutrient-poor western boundary BC, it interacts with the in-
stabilities of the southward trajectory of the BC carrying oligotrophic
Tropical Waters (Belem et al., 2013) and with the wind-driven coastal
Ekman transport (Castelao and Barth, 2006), and allows a mid-shelf
eddy-induced cold-water intrusion of South Atlantic Central Water
(SACW) to the photic zone (Brandini, 1990; Campos et al., 2000; Calado
et al., 2010). Following Albuquerque et al. (2014), the complex inter-
actions of such system leads to a heterogeneous pattern of primary
productivity (Franchito et al., 1998; Lopes et al., 2006), recycling and
transport of particulate material on the shelf.

The continental shelf circulation off southeastern Brazil (Fig. 1),
especially between 21°S and 25°S, has been widely studied due to this
upwelling system (lkeda et al., 1974; Rodrigues and Lorenzzetti, 2001;
Castelao and Barth, 2006; Castelao, 2012; Castro, 2014; Cerda and
Castro, 2014). The BC flows southward along the shelf break and slope
of the Brazilian margin, as a component of the South Atlantic sub-
tropical gyre, acquiring intensity and speed southward of the Abrolhos
Bank (Silveira et al., 2000). This boundary current carries Tropical
Water (TW) at the upper layers of the water column, as well as the
South Atlantic Central Water (SACW) at an intermediate depth south-
wards (Fig. 1; Stramma and England, 1999). The BC exhibits an annual
cycle in SST in our study area, where SST values range from 26 °C in
March, to 22 °C during August and September. Regional hydrographic
data also point to similar seasonal temperature variation at our study
site (Cerda and Castro, 2014; Chiessi et al., 2014). As pointed out by
Chiessi et al. (2014), variations in surface salinity are less pronounced
than temperature during the annual cycle. In fact, the shallower trap
(50 m) is more influenced by the TW and the deeper trap (100 m) by
the SACW. The material collected by the deeper trap (100 m) is derived
from both layers, while the shallower trap (50 m) material is mostly
derived from the surface layer (TW), although SACW intrusions can be
identified on the temperature dataset for both traps. TW and SACW,
besides the Coastal Water (CW) and the Subtropical Shelf Water
(STSW), are the main water masses at the upper part of the water
column of the southeastern Brazilian margin (Castro, 2014; Venancio
et al., 2014). Our recorded mean temperature profile (supporting in-
formation Fig. S3) also shows that a shoaling of the thermocline (18 °C
isotherm) is more frequent during spring and autumn, with a strong
deepening during the winter. As pointed out by Belem et al. (2013), the
subsurface temperature variability in this area is influenced by several
mechanisms, with the proximity of the BC to the shelf break being the
most dominant factor modulating the temperatures at the top 80 m.
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Fig. 2. Shell fluxes, oxygen isotope ratios of the planktonic foraminifera species and temperature records. The shell fluxes are plotted as lines in blue (50 m), orange (100 m) and green
(75 m). Shell fluxes axes are variable between species. The oxygen isotopes are plotted as circles with the same color representation for each trap depth as the fluxes. The lowest panel
displays the AVHRR-SST temperatures (red circles) and T90-100 m temperature section (grey) recorded by the mooring. The temperatures were averaged according to time integrated by
each sample and the standard deviations are represented by bars with the same color as the circles. Seasons are exhibited above the x-axis. Shell fluxes from the deployments 1-4 were
previously published by Venancio et al. (2016a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Results
4.1. Planktonic foraminifera shell fluxes

Shell fluxes for each of the investigated planktonic foraminifera
species for the entire time series are shown in Fig. 2. Shell fluxes ranged
from O to 489 shellsm™~2d ™! and the values differed among the spe-
cies. Fluxes of G. ruber pink ranged from 0 to 149 shells m~2d ™~ !, while
G. ruber white ranged from 0 to 193 shellsm~2d ™ ’. In the case of T.
sacculifer and O. universa the values ranged from 0 to 49 shellsm ™~ 2d !
and from O to 63 shellsm ™2 d ™!, respectively. Finally, the fluxes from
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N. dutertrei and G. menardii showed wider ranges with values from 0 to
489 shellsm~2d ™! and from 0 to 382, respectively.

Similar patterns of shell fluxes were observed during certain de-
ployments. The first of these patterns occurred during the first de-
ployment (November-December 2010), where N. dutertrei and G. me-
nardii presented very low shell fluxes, while the other species presented
flux peaks at the end of November. Shell fluxes from all species were
generally higher at the deepest trap (100 m) during this first deploy-
ment, which is not necessarily a persistent pattern for the subsequent
deployments. Other distinctive patterns occur during the fourth and
seventh deployments. During the fourth deployment (December
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2011-March 2012) all the species showed flux peaks in December 2011
and lower fluxes until March 2012. During the seventh deployment
(September 2013-March 2014), G. ruber pink and G. ruber white
showed comparable flux patterns with a decreasing trend from
September to December of 2013 and subsequent increase towards a
maximum flux at February of 2014. However, the observed trends for
G. ruber pink and G. ruber white are not statistically significant. The
fluxes of the other species, except G. menardii, have a statistically sig-
nificant (p-value < 0.05) decreasing trend, but with no maximum flux
occurring during February of 2014. The highest fluxes of N. dutertrei
and G. menardii, 489 and 382 shellsm~2d ™' respectively, occurred
during periods of lower SST values (22-23 °C), while peak fluxes of G.
ruber white and G. ruber pink coincide with higher SST values (> 24 °C).

4.2. Oxygen isotopes

The oxygen isotopic composition (§'80) of the investigated plank-
tonic foraminifera species showed distinct offsets (Fig. 2). Values for G.
ruber pink varied from — 1.9 to — 0.7%o and from — 1.7 to — 0.4%o for
G. ruber white. In the case of T. sacculifer and O. universa the values
ranged from —1.2 to —0.1%0 and from — 1.3 to 0.1%o. The highest
values were observed for N. dutertrei and G. menardii, from — 0.8 to
0.4%o and — 1.0 to 0.4%o. Although the ranges of 8*80 values observed
for each species were distinct, the amplitude is very similar with values
around 1.2 to 1.4%o. It is also noticeable that §'%0 values between
different sediment trap-depths showed comparable values, with the
exception of N. dutertrei and G. menardii (Fig. 2), where the 8'®0 range
from the shallower trap (50 m) was lower than in the simultaneously
deployed lower trap (100 m).

4.3. Seasonality of shell flux and temperature

The periodic regression analysis indicates different patterns of intra-
annual shell flux variability among the studied species (Table 2; Sup-
porting information Fig. S1). Shell fluxes of G. ruber pink, T. sacculifer,
O. universa and G. menardii show no significant seasonal component in
their flux variability (p > 0.05), allowing us to assume that the fluxes
fluctuated randomly around a mean value. Conversely, for N. dutertrei
and G. ruber white, the periodic regression identified a significant
(p < 0.01) seasonal component. The fluxes of G. ruber white presented
higher values during austral summer, with the highest peak at the be-
ginning of the summer, revealing a preference of that species for
summer oceanographic conditions in the region. For N. dutertrei, the
analysis indicates the presence of two cycles during the year, with
maxima in spring and autumn. The coefficients of determination for G.
ruber white (r> = 0.46) and N. dutertrei (r> = 0.39) demonstrate that
the periodic model explains a large part of the variance, and the sig-
nificance remains even when excluding specific years or switching
seasons between years (not shown), which confirms the substantial
influence of seasonality on the shell fluxes of these species (Fig. 3).
Using polynomial regressions instead of a sinusoidal model, to account
for alternative shapes of the flux distribution (Supporting information
Table S1 and Fig. S5) also reveals no statistically significant results for
O. universa, T. sacculifer and G. menardii, but confirms statistically sig-
nificant results for G. ruber white and N. dutertrei with peak flux esti-
mated during the same seasons. A general sinusoidal periodic model
also indicates significant results for G. ruber pink fluxes with the pre-
sence of three peaks through the year (Fig. S5). Since we see no me-
chanism causing this kind of flux variability, we conclude that the flux
of this species is virtually constant throughout the year.

As expected, the periodic regression analysis (Table 2; Supporting
information Fig. S2) showed a highly significant (p < 0.01) seasonal
component in the variation of the AVHRR-SST and the temperatures
recorded by the mooring. However, the AVHRR-SST showed a higher
coefficient of determination (r?> = 0.85) than temperatures from dif-
ferent depths of the mooring (0.16 to 0.21), which indicates that a large
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Table 2
Results from the periodic regression and ANOVA for the shell fluxes of each planktonic
foraminifera species, estimated calcification depths and temperature records.

Data N° of Model peak times  Amplitude r? p-Value
cycles (DOY)
Flux G. ruber 1 349 - 0.2 0.07 0.292
(pink) 2 119 302 0.2 0.14 0.293
Flux G. ruber 1 342 - 0.7 0.46 <0.001
(white) 2 132 315 0.2 0.02 0.635
Flux T. sacculifer 1 238 - 0.1 0.03 0.908
2 4 187 0.1 0.02 0.749
Flux O. universa 1 272 - 0.2 0.08 0.214
2 121 303 0.3 0.14 0.265
Flux G. menardii 1 261 - 0.2 0.06 0.745
2 2 185 0.1 0.01 0.083
Flux N. dutertrei 1 334 - 0.2 0.10 0.147
2 119 301 0.4 0.39 <0.002
AVHRR-SST 1 67 - 2.2 0.85 <0.001
2 134 317 0.2 0.02 <0.003
T30-40 1 146 - 0.8 0.16 <0.001
2 175 357 0.6 0.05 <0.001
T40-50 1 162 - 0.9 0.21 <0.001
2 180 363 0.8 0.07 <0.001
T50-60 1 172 - 0.9 0.07 <0.001
2 3 185 1.0 0.21 <0.001
T60-70 1 173 - 0.8 0.04 <0.001
2 5 188 1.1 0.20 <0.001
T70-80 1 176 - 0.6 0.02 <0.001
2 6 189 1.2 0.19 <0.001
T80-90 1 168 - 0.6 0.02 <0.001
2 6 189 1.1 0.17 <0.001
T90-100 1 169 - 0.5 0.02 <0.001
2 8 191 1.0 0.15 <0.001
Depth G. ruber 1 227 - 14.3 0.44 <0.001
(pink) 2 22 205 10.2 0.18 0.007
Depth G. ruber 1 227 - 5.7 0.05 0.305
(white) 2 22 204 10.5 0.28 <0.01
Depth T. sacculifer 1 256 - 11.5 0.32 0.064
2 22 205 7.7 0.12 0.221
Depth O. universa 1 191 - 4.5 0.07 0.123
2 10 193 7.8 0.09 0.182
Depth G. menardii 1 268 - 1.7 0.03 0.591
2 25 208 12.6 0.30 <0.01
Depth N. dutertrei 1 223 - 2.2 0.04 0.164
2 21 204 10.1 0.29 <0.001

Statistically significant results shown in bold font.

portion of the subsurface temperature variability in the region is not
seasonal or that the satellite temperature values are averaged over an
area large enough to alias smaller-scale variability which is preserved in
the mooring measurements. It is noteworthy that for AVHRR-SST and
for T30-40 m and T40-50 m the analysis revealed the presence of one
cycle, while for temperatures at depths below 50 m, we observed the
presence of two cycles per year.

4.4. Calcification depths and flux-weighted 5§50

The estimated calcification depths revealed consistent differences
among planktonic foraminifera species (Fig. 4). G. ruber pink and G.
ruber white (mode 30-40 m) showed shallow calcification depths, fol-
lowed by T. sacculifer and O. universa (mode 50-60 m) with more in-
termediate values, and N. dutertrei (mode 60-70 m) together with G.
menardii (mode 70-80 m) showing the deepest calcification depths. The
presence of vertical separation of calcification depths among the species
is visible both in the distribution of the absolute values (Fig. 4) as well
as when considering the differences in estimated calcification depths of
species from the same sediment trap samples (Fig. 5). However, next to
the strong inter-specific signal, individual species showed a highly
variable range of estimated calcification depths, which is also reflected
in a large variability in offsets among the species. For individual spe-
cies, there seems to be a pattern with the greatest calcification depths
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Fig. 3. Periodic-regression results of two temperature sections (AVHRR-SST and T60-70 m) and logarithmic shell fluxes of G. ruber (white) and N. dutertrei. Coefficients of determination
values and p-values are given for each dataset. The lines in orange represent the models for the temperatures (solid lines) and for the shell fluxes (dashed lines). In the left panels the time
is represented as days of the year and the shell fluxes are derived from the deployments 2, 6 and 7, while temperatures are daily records for the entire time series. In the right panels are
the logarithmic shell fluxes of G. ruber (white) and N. dutertrei for the entire time series plotted with the model (orange dashed line) produced by the periodic regression. Seasons are
exhibited above the x-axis of the right panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(>50m) more frequently observed in summer and winter. Indeed,
periodic regression of the estimated calcification depths pooled for each
species across all traps and sampling intervals (Table 2) indicates sig-
nificant cyclic component in the variation of calcification depth in four
out of the six analyzed species (Fig. 4). The periodic regression explains
about one third of the variance in the calcification depth data for those
four species (G. ruber pink and white, G. menardii and N. dutertrei) and
implies an objectively defined maximum calcification depth values in
July (DOY 204-227) for these four species and also in January (DOY
21-25) for three of the species (G. ruber white, G. menardii and N. du-
tretrei) (Fig. 4, Table 2). These are the times of the year (DOY 21-25 and
204-227) with deep (= 100 m) mixed layer (Fig. S3), which means the
inferred calcification depth would be deeper without any change in
habitat preference of those species. For O. universa and T. sacculifer, the
variability in estimated calcification depths does not appear to have a
periodic component.

When calculating the calcification depth, we noted that 4% of the
oxygen isotopic values exceed the range of possible predicted §'%0
(8180predicted). This indicates that these foraminifera may have calcified
in another (warmer) region, being subsequently transported to our site.
This discrepancy is not observed for the deeper end of estimated cal-
cification depths. Here, all of the observed §'%0 could have resulted
from calcification above the sediment trap during the sampling interval.
This is not to say that we can exclude that the calcification of some
specimens occurred below 100 m and these specimens were still cap-
tured by the trap, because they ascended in the water column after the
calcification due to water mass mixing or vertical migration. However,
the data can be explained without requiring the existence of these
mechanisms.

To obtain an estimate of the stable isotopic composition of sedi-
mentary foraminifera that would be deposited below the sediment trap,
we calculated flux-weighted annual mean §'0 for the studied species.
Because the seasonal component in shell fluxes was weak, the flux-
weighted 880 values should mainly reflect specific calcification depths
(Table 3). In fact, the effect of flux weighting on the annual mean §'%0
was negligible (Table 3). The lowest value of flux-weighted mean an-
nual 880 (— 1.29%o) was shown by G. ruber pink, in line with the in-
ferred shallower calcification depth for this species, while N. dutertrei
showed the highest value (— 0.26%o), in line with its deepest estimated
calcification depth. Flux-weighted 8'0 values for T. sacculifer and O.
universa were — 0.67 and — 0.56%o, in line with the similar calcifica-
tion depth estimates for these species. This points to a comparable
habitat for T. sacculifer and O. universa in the studied region.
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5. Discussion

Since the focus of this work is to provide information relevant for
paleoceanographic studies using foraminifera-based proxies in the
western South Atlantic, we begin by considering the main factors that
can influence the interpretations of paleo-records in this region. We
show the depth ranges in which each species calcify and how they may
change seasonally (Section 5.2), but we also present an evaluation of
the magnitude and timing of the seasonal component in the for-
aminifera fluxes (Section 5.1). Insights about both factors, seasonality
of the shell fluxes and calcification depths, are necessary since a species
may vary its abundance in the water seasonally, independently from its
habitat, resulting in a mixed signal in the sediment. A consideration of
both the seasonal and vertical habitat of the studied species allowed us
to predict the isotopic signal in surface sediments and show the po-
tential of a multi-species approach for reconstructing past changes in
the water column structure (Section 5.3).

5.1. Seasonal fluxes

As pointed out by Jonkers and Kucera (2015), the seasonal com-
ponent modulating shell fluxes in planktonic foraminifera is species-
specific and varies spatially. For the six species analyzed in this study,
the seasonal component in the flux data was significant only for G. ruber
white and N. dutertrei (Table 2; Supporting information Fig. S1). This
observation indicates that most of the warm-water species analyzed
here (G. ruber pink, T. sacculifer, O. universa, G. menardii) show no
seasonal bias in their flux and their sedimentation should reflect mean
annual conditions. This is in line with the inferred decreasing amplitude
of seasonal flux peaks in warm-water species towards the tropics
(Jonkers and Kucera, 2015). Even in the two species that showed a
seasonal variation in their shell flux, the amplitude of the inferred
seasonality is small and has little effect on the flux-weighted §'%0.

Because of the observed temperature dependency of flux seasonality
in planktonic foraminifera (Jonkers and Kucera, 2015), a comparison
with previous observations must be restricted to sediment traps from
similar temperature settings. In this respect, a sediment trap record
located at 11°S in western Atlantic (Zarié¢ et al., 2005) also shows no
significant seasonal component for any of the studied species, and
nearby sediment trap record at 7°S (Zari¢ et al., 2005), shows seasonal
components in the flux of G. ruber pink and T. sacculifer, but with a very
low amplitude. These observations confirm that in the warm-water
region of the western tropical Atlantic, shell fluxes of planktonic
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foraminifera show only weak seasonality.

For the species in which we observe a significant seasonal compo-
nent (G. ruber white and N. dutertrei) one may ask which environmental
conditions caused this preference towards a certain period or season
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Fig. 4. Calcification depths estimated for each
planktonic foraminifera species for the entire
time series. Maximum and minimum calcification
depths are represented by the lines and the mean
values are represented by circles. Colors re-
present the different trap depths 50 m (blue),
100 m (orange) and 75 m (green). The right pa-
nels are histograms displaying the distribution of
the mean values (grey bars) of calcification
depths with the Gaussian distribution (black
line). Seasonal component of the mean calcifica-
tion depths was analyzed by periodic regression
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(Fig. 3). For G. ruber white, we observed higher fluxes during summer
(Fig. 3). This pattern cannot be solely attributed to the temperature
preference of G. ruber white, because the species G. ruber pink and T.
sacculifer show an equivalent degree of affinity towards warmer
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Fig. 5. Box-and-whisker plots of the depth offsets of mean calcification depths of the
investigated planktonic foraminifera species in relation to G. ruber pink calcification
depths. The interspecific comparison was done only for calcification depths estimated in
the same sample.

temperatures (Kucera, 2007), but none of them peaks in summer. An
affinity to oligotrophic conditions cannot explain the summer peak of
G. ruber white either, because other tropical surface-dwelling species
appear to be even better adapted to such conditions (Siccha et al.,
2009). Instead we hypothesize that the detection of the seasonal cycle
in the flux of G. ruber white reflects a combination of high SST and deep
mixed layer during summer (Table 2; Supporting information Fig. S2).
The fact that G. ruber pink does not show an increase in flux during
these summer conditions is coherent, since previous studies suggested
the dominance of G. ruber white over G. ruber pink when the mixed
layer deepens (Ufkes et al., 1998; Sousa et al., 2014). In addition, the
changes in habitat of G. ruber white are similar to the dynamics of the
base of the mixed layer in the region (Fig. 4; Table 2), unlike the other
surface-dwelling species (G. ruber pink, T. sacculifer and O. universa),
showing that this species is more sensitive to mixed layer changes and
calcifies deeper during times when the mixed layer deepens.

The flux of N. dutertrei shows two peaks coinciding with periods of
shoaling of the 18 °C isotherm in our study area (Fig. 3; Supporting
information Fig. S3). Thus, it seems that N. dutertrei abundance in-
creases when the thermocline is shallower, which is in agreement with
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previous findings, relating this species to thermocline dynamics
(Fairbanks and Wiebe, 1980; Ravelo et al., 1990). Shoaling of the
thermocline implies shoaling of the nutricline, which could stimulate
population growth of the species either directly, by providing more
nutrients to its symbionts or indirectly, by stimulating phytoplankton
growth at depth. This hypothesis is supported by the consistently dee-
pest estimated calcification depth for N. dutertrei (Figs. 4, 5). The fact
that the same pattern is not observed for G. menardii can be explained
by lower abundances of this species, resulting in a more “noisy” flux
pattern (Fig. 2, Supporting information Fig. S1).

Considering the coefficients of determination of the periodic re-
gression models, it is important to bear in mind that even for those
species in which we observe a significant seasonal component, most of
the flux variability cannot be explained in this way. As pointed out by
Jonkers and Kucera (2015), this fact may be due to processes occurring
at frequencies different from the annual cycle, such as lunar cycles,
long-term trends or even non-periodic and random signals.

5.2. Calcification depths

The knowledge of the calcification depth of planktonic foraminifera
species is indispensable in order to understand the signals derived from
geochemical proxies recorded in their calcite. Because of discontinuous
growth, calcification depth in planktonic foraminifera is not equivalent
to habitat depth. Habitat depth is an ecological concept, describing the
depth range where a population of a given species will be found. In
contrast, calcification depth reflects the water depth at which most of
the calcite of the shell has been precipitated and hence where the iso-
topic and trace-elemental signature of the shell is acquired. Habitat
depth can be inferred directly from stratified plankton net samples. In
contrast, calcification depth has to be inferred indirectly by comparing
shell composition with vertical profiles of water properties and in-
ferring at what depth the shell was most likely to be produced. This
procedure incurs large uncertainties, and results from earlier studies are
inconclusive as to the exact values of calcification depths and their
regional (and temporal) stability (Cléroux et al., 2013; Farmer et al.,
2007; Jonkers et al., 2010; Ravelo and Fairbanks, 1992; Sagawa et al.,
2013; Simstich et al., 2003; Steph et al., 2009; Tedesco et al., 2007;
Wejnert et al., 2013; Asahi et al., 2015).

Our study indicates species-specific typical calcification depths,
which are variable in absolute values, but consistent in their order
among the species. We observe that both varieties of G. ruber show
shallowest calcification depths, with mode values around 30 to 40 m
(Fig. 4). Both species showed a seasonal component in the estimated
calcification depth with deeper calcification during winter (G. ruber
white also in summer), reflecting deepening of the mixed layer during
this period, which necessarily leads to greater estimates of calcification
depth. This observation implies that both species are consistently

Table 3
Species-specific estimations of §'®0 flux-weighted, annual mean 880, core tops §'®0, calcification depth, seasonal component in calcification depth and seasonal component in shell
fluxes.
Species 880 Flux-weighted Annual mean 8'®0  Core tops 8'%0 (%o) Calcification depth (m) ~ Seasonal depth (season; Model flux peak (season;
(%0) (%0) peak) peak)
G. ruber (pink) -1.29 -1.27 —0.75 (£ 0.14)% —1.16° 30-40 Winter (DOY 227) -
G. ruber (white) —1.06 —1.08 - 0.89"; —0.99¢ 30-40 Summer/winter (DOY 23; Summer (DOY 342)
205)
T. sacculifer —-0.67 —0.68 —0.54 (+0.14)% —0.55° 50-60 - -
O. universa —0.56 —0.56 No data =50 - -
G. menardii -0.30 -0.37 0.06 (+0.18)* 70-80 Summer/winter (DOY 25; -
208)
N. dutertrei —-0.26 -0.25 0.13 (+0.16)* 60-70 Summer/winter (DOY 21;  Fall/spring (DOY 119; 301)
204)

* a: BCCF10-01 in Venancio et al. (2016b) — 100-yr mean values and standard deviations, recent age confirmed by age model based on 210pp, excess; b: CF10-01 in Lessa et al. (2016) —
top centimeter with an age of 1030 yr confirmed by '*C dating; ¢: GeoB3207-2 in Chiessi et al. (2007) — uppermost centimeters with recent age confirmed by the presence of stained

benthic foraminifera.
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calcifying in the mixed layer, irrespective of its thickness. Shallow
(mixed-layer) calcification depths for G. ruber white of 20 to 40 m were
also estimated by Babila et al. (2014) using sediment traps from the
Sargasso Sea. In sediment traps located in Cariaco Basin, calcification
depths for G. ruber pink were also mostly in the same depth range, al-
beit with some deeper estimations up to 100 m during specific periods
in the time series (Tedesco et al., 2007; Wejnert et al., 2013). Studies
using surface sediments from the tropical Atlantic also pointed to a
similar range of calcification depth for G. ruber (Farmer et al., 2007;
Steph et al., 2009). Collectively, our findings and the literature data
reviewed above suggest that despite temporal and regional variability
in the oceanographic conditions in their habitat, the calcification of
both varieties of G. ruber occurs within the mixed layer.

Estimated calcification depths for O. universa and T. sacculifer
yielded slightly deeper values (50-60 m) than G. ruber (pink and white)
(Figs. 4 and 5). Thus, the calcification habitat of these species must
extend below the mixed layer. This conclusion is supported by the
observation that these species did not show a significant seasonal
component in their calcification depths (Table 2), which indicates that
their depth habitat is not strictly linked to the mixed layer dynamics. A
study in the western tropical Indian Ocean also observed similar cal-
cification depths between O. universa and T. sacculifer, characterizing
both as deeper mixed layer species (Birch et al., 2013). Previous studies
also pointed to deeper calcification of O. universa and T. sacculifer in
comparison to G. ruber (Steph et al., 2009; Tedesco et al., 2007; Wejnert
et al., 2013). In contrast, Farmer et al. (2007) found no differences in
calcification depths among these three species, although they also noted
a wider calcification depth range for O. universa.

For the deep-dwelling species (N. dutertrei and G. menardii), the
estimated calcification depths are also consistently deeper than those of
G. ruber (Fig. 5), ranging mostly below 50 m (Fig. 4). Both species show
a seasonal component in their calcification depths (Table 2), with
greater calcification depths during summer and winter when the mixed
layer deepens. This is consistent with tracking of a subsurface habitat
throughout the year. Indeed, the estimated calcification depths for N.
dutertrei have a mode in the interval between 60 and 70 m. This value is
in agreement with the reported thermocline depth or the 18 °C isotherm
for the region (Valentin, 2001; Albuquerque et al., 2014) and with our
temperature records (Supporting information Fig. S3), which show the
presence of the 18 °C isotherm between 60 and 80 m, mainly during
spring and autumn. An upper thermocline calcification depth for this
species is in agreement with previous studies (Farmer et al., 2007;
Steph et al., 2009), including the estimates from Sagawa et al. (2013)
who estimated a 25-35m calcification depth for N. dutertrei in the
western North Pacific in summer, where the seasonal mixed layer is
shallow. In the Cariaco Basin (Tedesco et al., 2007; Wejnert et al.,
2013), the calcification habitat of this species also corresponds to the
uppermost thermocline and it appears to follow the seasonal upwelling
pattern with deep calcification coinciding with the cessation of up-
welling in fall. Although the number of observations on G. menardii is
lower in our study due to lower abundance, it shows similar behavior as
N. dutertrei in all respects, which is consistent with observations from
Cariaco Basin (Tedesco et al., 2007; Wejnert et al., 2013).

Because of the observed high level of consistency between the
measured §'%0 values in the investigated foraminifera species and
predicted values for the water column above the sediment traps, we can
exclude expatriation (Berger, 1970) as a significant process affecting
the foraminiferal flux. Only 4% of 8'80 values were out of range of
possible species-specific SlBOPredimd curves. All of these values ex-
ceeded predictions towards the warmer end, but with different prob-
abilities between the analyzed species. This was more frequent for G.
ruber white, G. ruber pink and O. universa, which showed 9.3, 5.4 and
6.2% of 8'%0 values out of range, while this was observed in < 3% of
the cases for the other species. A possible explanation for the observed
discrepancies is that the chosen species-specific equations are not
adequate. However, these discrepancies remain even when changing
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the paleotemperature equations (not shown). Thus, some of the ana-
lyzed foraminifera appear to have calcified under warmer conditions
outside of the studied area and were then transported to the sediment
traps. This is a reasonable assumption, since our mooring is located
over the southeastern continental shelf, which can be influenced by
intense lateral transport. Therefore, specimens with a distinct oxygen
isotopic signature may have been passively transported to our region by
lateral advection, but their flux appears to have been overwhelmed by
local production.

Finally, we consider the bias that may arise from the fact that our
8'80 measurements could not be carried out in a narrow size range. In
this scenario, part of the intra-specific §'%0 signal may be due to the
size variation of the analyzed specimens. Indeed, Ezard et al. (2015)
using a statistical model approach, suggest a size dependency in §'%0
for species analyzed in this study. However, the trend arises from values
recorded mainly in small specimens and no clear §'®0 trend with size
can be identified in their raw data compilation for the analyzed species
within the size range used here for the isotopic measurements. Fur-
thermore, Birch et al. (2013) in a study in the western Indian Ocean
analyzed multi-species through different size ranges and although a
significant size-dependent effect was observed for the 8'3C, the authors
concluded that no significant correlation was observed between the size
of the test and the 8'®0 composition of G. ruber, T. sacculifer and O.
universa. These observations suggest that although an influence of the
test size on the 8'®0 may exist, it is unlikely to have accounted for a
substantial part of the variance in the 8'®0 signal of the analyzed
species. The existence of a stronger dependency of §'°C on size is also
the reason why 8'3C variation is not being considered in this study.

5.3. Paleoceanographic implications

The southwestern Atlantic has been the focus of recent paleocea-
nographic studies, with most of these reconstructions using planktonic
foraminifera assemblages or the geochemical composition of their shells
in order to reconstruct past surface water conditions (Chiessi et al.,
2014; Chiessi et al., 2015; Lessa et al., 2016). For instance, these studies
used the geochemical composition of the shells of G. ruber (white)
(Chiessi et al., 2014; Lessa et al., 2016) without considering the pos-
sibility that this species might not be recording mean annual conditions
or that the recorded signal might come from deeper layers. Our results
for G. ruber (white) show that the fluxes of this species increase during
summer conditions and that their calcification depths are variable and
linked to the dynamics of the mixed layer, although the mean signal is
linked to the depths of 30-40 m. Thus, our findings can provide im-
portant constraints on the temporal and vertical distribution of the
planktonic foraminifera species fluxes and the resulting §'0 signatures
in their shells, which may help improve paleoceanographic inter-
pretations for the region. Moreover, with this information it becomes
easier to evaluate which species are more suitable for paleoceano-
graphic reconstructions in the area. To this end, we first compared the
8'80 signature exported by the different species to the sediment (flux-
weighted mean annual 8'®0) with §'%0 values observed in recent se-
diments from the same area. We observe that for all species, the flux-
weighted mean annual 880 preserve the same species offsets, but the
values are lower than the §'®0 values measured in recent sediments
(Table 3, Fig. 6), except O. universa for which no data is available from
recent sediments.

The sedimentary values could be higher for several reasons. First,
sediment samples represent multi-annual averages and their mean
isotopic signal is therefore skewed towards years with higher flux.
However, as the species fluxes showed little or no seasonality in our
region (Fig. 3; Supporting information), this process is unlikely to ac-
count for the large offsets we observe (up to 0.4%o; Table 3). Alter-
natively, the difference could reflect recent warming in the region,
which is not reflected in the sediment signature because of temporal
averaging. This is not unreasonable, because the observed §'®0 offset
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corresponds to < 2 °C. Finally, the offset may be due to the fact that
planktonic foraminifera form a secondary layer of calcite at the end of
their life cycle, which results in higher values of §'80 (Bé, 1980; Erez
and Honjo, 1981). Because of their shallow position at 50-100 m, our
traps may have collected not only dead specimens (empty shells) but
also live specimens that would have continued growing if they had not
entered the trap. Therefore, there is a higher probability to find in-
dividuals which have acquired the heavier §'®0 signal associated with
secondary calcite in the sediments than in our traps.

Since the sediment and the trap have different mechanisms of par-
ticle delivery, the difference could also reflect lateral transport of shells
along the sea floor. An intense along-shelf and cross-shelf transport
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could entrain foraminifera that were originally deposited shallower,
closer to coast. Due to the presence of upwelling systems along the
southeastern Brazilian coast, these shells could have acquired a heavier
580 signature due to lower surface (or subsurface) temperatures in
these regions, being subsequently transported to the sediments below
our mooring line. However, we observe that §'%0 differences between
species are still in agreement in both set of samples (traps and sedi-
ments), which means that the vertical differences in calcification depths
were kept in the fossil record. We also note that planktonic foraminifera
are known to avoid shallow waters (Schmuker and Schiebel, 2002) and
the flux of specimens that would calcify over shelf areas substantially
shallower and thus far away from the traps was likely small. Sum-
marizing, we conclude that the main pattern of interspecies isotopic
offsets is preserved in sediment assemblages.

Since G. ruber pink exhibits the shallowest calcification depth with
relatively constant annual fluxes, it would be the best species to char-
acterize surface-ocean conditions in the southwestern Atlantic.
Moreover, this species is very abundant in surface sediments in the area
(Lessa et al., 2014). In contrast, N. dutertrei appears to calcify within the
seasonal thermocline and it consistently tracks this habitat throughout
the year (Fig. 4). Its fluxes also appear to be influenced by the depth of
the thermocline, but the amplitude of the signal is low and does not
affect the flux-weighted annual mean (Table 3). Consequently, N. du-
tertrei 8'®0 could be used to reconstruct the temperature of the seasonal
thermocline. Although G. menardii could also be used to reconstruct the
thermocline conditions, this species has low abundances in the trap and
sediment samples in the area, and is absent during glacial periods in the
cores located in the Brazilian margin (Vicalvi, 1997; Portilho-Ramos
et al., 2015), making it difficult to use the §'®0 of G. menardii for pa-
leoceanographic reconstructions on glacial-interglacial timescales.

The difference between shell geochemistry of G. ruber pink and N.
dutertrei, for example the A8'®0 of these species, should thus be a proxy
for stratification. The use of such a proxy for paleoceanographic re-
constructions was already proposed in sediment traps studies from the
Cariaco Basin (Tedesco et al., 2007; Wejnert et al., 2013). In order to
validate this approach in our region, we compared the A§'®0 between
N. dutertrei and G. ruber pink with temperature difference between
depths where the specimens calcified (Fig. 7). Although G. ruber pink
calcifies mostly around 30-40 m, we used the temperature difference
from the surface (SST) to the thermocline (60-70 m), since G. ruber pink
may calcify at shallower depths. For the thermocline layer we used the
temperatures extracted from 60 to 70 m, which coincide with the mean
calcification depth of N. dutertrei, and represent the same seasonal
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temperature pattern of the temperatures recorded below 50 m (Table 2;
Supporting information).

The estimated calcification depths of G. ruber pink were mostly
around 30-40 m, with the presence of a seasonal cycle in calcification
depth, indicating calcification within the mixed layer, while estimated
calcification depths for N. dutertrei were mostly around 60-70, also with
a significant seasonal component, but with calcification corresponding
to the uppermost thermocline (Fig. 4). Since the annually averaged
sedimentary signal cannot resolve such seasonal habitat migration it
would instead record a flux-weighted mean offset in calcification
depths between the species. We observed that the annual mean flux
weighted A8'80 offset between the species is 1.03%o, which corre-
sponds well to the annual mean difference in predicted §'%0 of 1.08%o
between 30 and 40 m and 60-70 m.

In summary, we show that planktonic foraminifera species in the
studied area show consistent isotopic offsets reflecting mainly their
preferred habitats and that this signal is preserved in the sediment and
only minimally modified by secondary calcite formation or expatria-
tion. Therefore, stratification is captured by interspecific oxygen iso-
topic signatures. The apparent ability to reconstruct stratification in the
studied region could provide valuable information regarding the
strength of the Brazil Current (Belem et al., 2013) and the state of the
nearby upwelling systems (Cordeiro et al., 2014; Souto et al., 2011;
Lessa et al., 2016). This exemplifies the potential of species-specific
calcification depth estimations and highlights the importance of local
assessments using continuous high-resolution records with co-regis-
tered hydrography. However, there is still a need for longer and con-
tinuous time series, as well as better estimates generated by species-
specific calibrations in order to reduce uncertainties and improve our
knowledge about the calcification depths of planktonic foraminifera
species. Nevertheless, our results provide an initial basis for future re-
gional foraminifera-based proxy development, since it shows to what
water depth (or depth range) the chemical composition of each
planktonic foraminifera species should be attributed, thus indicating to
what water depth must a target environmental parameter be calibrated
when developing a proxy using one of the species here analyzed.

6. Conclusions

Based on our mooring records we estimated the influence of the
seasonal component in the shell fluxes of six planktonic foraminifera
species and in their calcification depth ranges in the southwestern
Atlantic. Our main observations revealed the following:

e The majority of the warm-water species analyzed here (G. ruber

pink, T. sacculifer, O. universa, G. menardii) exhibit no significant

seasonal component in their shell fluxes and most likely reflect

mean annual conditions. Only the fluxes of G. ruber white and N.

dutertrei exhibit a significant seasonal component, with G. ruber

white showing a single flux peak in austral summer, while N. du-
tertrei exhibits two flux peaks in spring and autumn, but the am-
plitude of the inferred flux seasonality was small.

Estimated calcification depths indicate species-specific mean calci-

fication depth, albeit overprinted by a considerable variability

throughout the year. The estimated calcification depths for N. du-
tertrei (mode 60-70 m) and G. menardii (mode 70-80 m) appear to
track the depth of the thermocline in the region, whereas the cal-
cification depths of G. ruber pink and white correspond to conditions

in the mixed layer. The calcification habitat of O. universa and T.

sacculifer extends below the mixed layer and these species show no

systematic seasonal variation in their calcification depth.

o Isotopic offsets among the species in sediment samples are mainly
due to different calcification depths. The lower values in oxygen
isotopic composition in sediment samples (up to 0.4%o) relative to
the trap samples can be explained by the presence of specimens,
which added a secondary layer of calcite at the end of their life
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cycle.

Although longer and continuous time series are still needed, our
calcification depth estimations and assessments of the influence of
seasonality provide an initial basis for paleoceanographic inter-
pretations in the study area and allow further studies to reconstruct
water column parameters at specific depth ranges using multi-spe-
cies approach. For example, the A8'80 between surface species (best
represented by G. ruber pink) and thermocline species (best re-
presented by N. dutertrei) can be used for evaluating stratification in
the southwestern Atlantic.
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