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Abstract The major control upon abundance of planktonic foraminifera and their stable oxygen isotope
(δ18O) signature is the seasonally linked variation in water hydrography, key to the proliferation or
attenuation of ecologically beneficial constraints. The range and variance σ(δ18O) of planktonic foraminifera
can reflect changes in either the season or depth of calcification. For a detailed reconstruction of ocean
changes we employed multispecies single‐specimen analysis, which allows extraction of the isotopic
variability within the species for the time covered by the sample. Previous studies with pooled specimens
have shown that the multiannual temperature range may be extracted. Here we investigate how seasonality
can be deduced from single‐specimen analysis of planktonic foraminifera combined with multiple other
proxies (IRD percent, faunal abundance) from Termination III. Our single‐shell isotope results show that the
variance in Globigerina bulloides oxygen isotope values corresponds to the insolation at the core site.
Furthermore, faunal and isotopic analyses of the polar‐subpolar neogloboquadrinid species, N. pachyderma
(NPS) and N. incompta, reveal an intriguing result. These species are sister taxa, representing genetically
distinct species, whose relative abundance reflects warm and cold conditions. While the difference
between their isotopic means should reflect the temperature difference between their distinct growing
seasons, we show that this difference also has a statistically significant relationship with the spread in
individual NPS δ18O. At an appropriate core site, this approach could be used to further constrain the length
of the growing season and therefore the inherent variability recorded within proxy records.

Plain Language Summary Reconstructions of the past climate of the Earth have focused upon
the average signal, either mean annual temperature or distinct seasons (e.g., average summer or winter),
as recorded by the shells of planktonic organisms in deep‐sea sediments. However, these records are biased
by the waxing and waning of environmental variables that benefit or hinder the growth and proliferation
of individual species. The spread in isotope values recorded by individual shells can therefore give more
information as to the extent of the growing period as well as provide information upon the seasonality of
the past.

1. Introduction

Seasonality, the difference in a climatic variable (i.e., temperature, salinity) on an annual scale between posi-
tions in the Earth's orbit relative to the Sun, is an important regulator of both abiotic and biotic oceanic pro-
cesses, with small variations having dramatic consequences. While total daily insolation plays an important
role in the growth of individual phytoplankton cells through photosynthesis, the seasonal entrainment of
nutrients from depth into the surface ocean throughwinter mixing and the subsequent warming of the water
column resulting in summer stratification ensure fertile conditions for a bloom in phytoplankton commu-
nities in spring (Sverdrup, 1953; Sverdrup et al., 1942). In the northern hemisphere for instance, the annual
drawdown of carbon as total organic and total inorganic carbon by the North Atlantic Ocean is 0.7 (±0.1)
petagrams (Pg), yet seasonal variations in biomass and shell production lead to annual changes of ±0.3 Pg
C/year (Gruber et al., 2002). Understanding whether these seasonal changes are amplified, or dampened,
on longer time scales and how they interplay with various climatic boundary conditions (i.e., atmospheric
pCO2, ice sheet extent) is important for our understanding of past ocean processes. For the most part,
gravitational interactions between celestial bodies alter the orbital configuration of the Earth around the
Sun, leading to computable estimates of the changes in the timing, amount, and the distribution of solar
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radiation (insolation) at the top of the atmosphere through time. Three dominant orbital parameters that
force the climate system are used by paleoclimatologists to best describe the changes in orbital
configuration: the shape of the Earth's orbit around the Sun (eccentricity), the distance between the Sun
and the Earth at the summer solstice (precession), and the tilt of the Earth's axis (obliquity; Figure 1). Of
these, the total annual mean insolation is altered only by changes in eccentricity, whereas changes in
both precession and eccentricity alter the length of seasons, from a minimum length of 82.5 days to a
maximum of 100 days (the present‐day length of the seasons varies being between 89 and 92 days). In
contrast, changes in obliquity alter the distribution of heat between low and high latitudes.

1.1. Aims and Objectives

Although orbital parameters can be computed (Figure 1 and Figure S1 in the supporting information), the
quantification of the effect of changes in past seasonality from the geological record has predominately
focused on annually layered sediments (varves), regions of unprecedented high sedimentation (i.e., drift
deposits), and/or biomineralizers that produce (sub) annual layers. This approach excludes much of the
open ocean, in which the sedimentation rate is far less (Lougheed et al., 2018; Olson et al., 2016), while
placing a far greater emphasis on reconstructions from shallow marine and continental shelf settings.
Techniques aiming to disentangle past changes in seasonality have considered both the interspecies
distribution of the stable oxygen isotope (δ18O) composition of planktonic foraminifera (Ganssen &

Figure 1. Schematic of the hydrography at (inset) core site T90‐9P during the studied interval. Equilibrium oxygen isotope values (δ18Oeq) plotted as a function
of time (Julian day) and water depth (m); indicated is the deepened wind mixed layer (e) and the later stratified water column (f). For reference the growing
season of G. bulloides is indicated (c and d), as inferred from sediment trap data (Wolfteich, 1994) and the depth habitats of (g) G. bulloides, (h) G. inflata, and (i) G.
truncatulinoides as established in the literature (Ganssen & Kroon, 2000; Tolderlund & Bé, 1971). Also shown is the relative monthly insolation at 45°N during
the corresponding time period; note that the rise in insolation is not immediately mirrored in the water column (a and b). Insert, map of North Atlantic with
location of core T90‐9P indicated (Metcalfe et al., 2015). Arrows represent the location and direction of surface water masses, and the color represents the relative
temperature from warm (red) to cold (blue).
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Kroon, 2000) and the intraspecies variability in single shells of foraminifera, or σ(δ18O) (Koutavas et al.,
2006; Koutavas & Joanides, 2012; Leduc et al., 2009; Scussolini et al., 2013; Wit et al., 2010). Emiliani
(1954), for instance, showed early on that not only do foraminifera have distinct depth habitats and ecolo-
gical niches but that their shells are capable of recording past upper ocean variability. Further noting at the
time that while single foraminiferal analysis was unattainable at the time, it would provide an opportunity
to expand the ecological information of the individuals within the population (Emiliani, 1954). Likewise,
Mix (1987) proposed that the temperature recorded in the mean isotopic composition is weighted toward
the season that overlaps the species temperature tolerance (Jonkers & Kucera, 2017; Mulitza et al., 1998;
Roche et al., 2018). Through comparison between species with different ecologies, that is, warm and
cold‐water species, and depth habitats, that is, surface and thermocline dwelling species, a measure of
the temperature distribution, both seasonally and vertically can be obtained (Ganssen et al., 2011; Wefer
et al., 1996).

Recently, we conducted single‐specimen analysis (or individual specimen analysis) on T‐III of the lower sec-
tion of piston core JGOFS‐T90‐9p (45°17.5′N, 27°41.3′W; water depth 2934 m) with the intention to unravel
size‐isotope artifacts in oxygen (δ18O) and carbon (δ13C) isotope measurements of three planktonic forami-
niferal (morpho)species (Figure 2), Globigerina bulloides, Globorotalia inflata, and Globorotalia truncatuli-
noides (dextral and sinistral; Feldmeijer et al., 2015; Metcalfe et al., 2015). Glacial terminations, an abrupt
transition from Glacial to Interglacial climate, represent an intriguing period of study as they capture several
oceanic modes over a relatively short period of time (Denton et al., 2010). Evidence of the role of seasonality
on abrupt climate change at the last Termination (Denton et al., 2005, 2010) has shown that it acts as an
amplifier of extreme conditions (Chiang & Bitz, 2005; Isarin et al., 1998; Isarin & Renssen, 1999; Isarin
et al., 1999; Renssen & Isarin, 2001). Yet while several Glacial Terminations have been identified as analo-
gous, in terms of equivalent orbital parameters, with the most recent Termination I (T‐I), there are others
that have different orbital and boundary conditions. Investigation of such Terminations, with different orbi-
tal parameters, is critical for understanding what the common similarities are and which processes can be
considered event specific (Pérez‐Mejías et al., 2017). The Glacial termination between Marine Isotope
Stages 8 and 7, Termination III (T‐III), occurs at a time of dissimilar orbital conditions from those of T‐I with
an ~10‐kyr lag between maximum obliquity and minimum precession. Of the Terminations of the past
~450 kyr it is one that is distinctly muted (Cheng et al., 2009), being referred to as a “low‐amplitude” termi-
nation (Lang & Wolff, 2011) that gives rise to the weak Interglacial MIS 7 that rapidly plunges back into
Glacial conditions (Lang & Wolff, 2011; Pérez‐Mejías et al., 2017). Such an interruption of interglacial con-
ditions makes it similar to T‐I, which is a Termination interrupted by stadial conditions, despite having dis-
similar orbital parameters making it an interesting objective for paleoclimate research (Pérez‐Mejías et al.,
2017). Further similarities include the ice‐rafting events during Glacial MIS 8 having detrital carbonate that
has similar provenance, the Hudson Strait, as the Heinrich events of the last glacial unlike MIS 6 (Obrochta
et al., 2014). The aim of this paper is to investigate the range and variability in the δ18O composition of sev-
eral species of foraminifera to interpret changes during T‐III and over MIS 8 and 7, using a multispecies
approach in combination with faunal abundance counts. In the course of doing this, we have discerned a
relationship between the σ(δ18O) of the polar species Neogloboquadrina pachyderma and the isotopic differ-
ence (Δδ18O) from its sister taxa Neogloboquadrina incompta that represents more subpolar to temperate
climatic conditions; we herein describe and interpret these results.

2. Analytical Methodology
2.1. Samples: Piston Core T90‐9P

Between 728‐ and 828‐cm core T90‐9p was sliced into 1‐cm samples at ~4‐cm intervals; this section of T90‐9P
(Feldmeijer et al., 2015; Lototskaya et al., 1998; Lototskaya & Ganssen, 1999; Metcalfe et al., 2015; van
Kreveld et al., 1996) covers the transition fromMIS 8 andMIS 7 (Figures 1 and 3). The age depth relationship
(Table 1) is that of Feldmeijer et al. (2015), with the downcore record of G. inflata tuned to the “planktonic
foraminifera” depth‐derived δ18O stack of Huybers (Huybers, 2007) to both avoid circular reasoning and
preclude the evaluation of orbital parameters (Huybers, 2007; Huybers & Wunsch, 2004).

Faunal and terrigenous (i.e., IRD) counts were made on a split of ~250 specimens per each size fraction
(212–250, 250–300, 300–355, and 355–400 μm) from each sample and converted into numbers per gram
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Figure 2. Taxonomy of termination III (T‐III) in piston core JGOFS T90‐9p. Species measured for stable isotopes from
T‐III in aperture, side, spiral, and side views: (i and ii) Globigerinita glutinata, (iii) Globigerina bulloides, (iv)
Neogloboquadrina incompta, (v) Neogloboquadrina pachyderma, (vi) Globorotalia inflata, (vii and viii) Globorotalia
truncatulinoides, (vii) dextral and (viii) sinistral, and the benthic foraminifera (ix) Cibicidoides wuellerstorfi. Scale bar is
100 μm for all pictured foraminifera.
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using the sample dry weight. For single‐shell analysis, two surface dwelling species, G. bulloides and N.
pachyderma (sinistral/left‐coiling also referred to as NPS), and two deeper dwellers, G. inflata and G.
truncatulinoides, were picked out from narrow size fractions to exclude potential vertical migration during
ontogeny (250–300 μm for N. pachyderma and 300–355 μm for others). Single‐specimen data of G.
bulloides, G. inflata, and G. truncatulinoides (sinistral and dextral coiling direction) from the 300–355 μm
have been published previously (Feldmeijer et al., 2015; Metcalfe et al., 2015). In conjunction with these
previous measurements, 20 individuals of N. pachyderma from the 250–300 μm were picked from each
sample, weighed in groups of 5 using a Sartorius Microbalance, measured for size using a Nikon digital
research microscope, and analyzed singularly for stable isotopes. Pooled specimens of the surface‐
dwelling planktonic foraminifera G. glutinata and N. incompta (2 measurements of a group of 10

Figure 3. Raw single‐specimen oxygen isotope values. (a) Age versus oxygen isotope (δ18O) values of Globorotalia inflata
(Feldmeijer et al., 2015; Metcalfe et al., 2015) with the record selected as a tuning target, the planktonic stack of
Huybers (2007), plotted alongside. (b) Marine isotope stages (MIS) of the core interval analyzed for single specimens of
(c) G. bulloides (Metcalfe et al., 2015) and (d) N. pachyderma (this paper).
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specimens) as well as the benthic foraminifer C. wuellerstorfi (a single measurement of a group of between 2
and 10 specimens) were measured for stable isotopes (Figures 2–4 and Table 1).

Detecting temperature changes from the oxygen isotope ratio of foraminiferal shells alone is not possible as
it is a product of the ambient oxygen isotope seawater (δ18Osw), an artifact of both ice volume and water
mass provenance, and the ambient temperature during growth. The change in the ratio/proportion

Figure 4. Mean and standard deviation of measured planktonic foraminifera from T‐III. (a) Mean planktonic oxygen iso-
tope curves for G. bulloides, N. pachyderma, G. inflata, and G. truncatulinoides. The δ18O records are based on analysis of
20 single shells for the 300–355‐μm size fraction for G. bulloides, G. inflata, and G. truncatulinoides and 20 single shells
for 250–300 μm of N. pachyderma. (b) Bulk planktonic oxygen isotope curves for G. glutinata andN. incompta and benthic
curve for C. wuellerstorfi. Stable oxygen isotope ranges for (c) G. bulloides and N. pachyderma and (d) G. inflata and G.
truncatulinoides.
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between N. pachyderma and the dextral form N. incompta provides an additional tool (Darling et al., 2006),
as the presence of N. pachyderma has been identified as an indicator for the invasion of polar water at the
core location (Penaud et al., 2008). For this analysis the first hundred specimens of either N. pachyderma or
N. incompta were counted for each sample from the 250–300‐μm size fraction and the resultant ratio
computed (Table 1).

2.2. Shell Geochemistry (δ18O) and (δ13C)

Oxygen (δ18O) and carbon (δ13C) isotope measurements were performed at the VU University Amsterdam
using a Thermo Finnigan Delta+ Mass spectrometer with a coupled GasBench II preparation device.
Samples are placed in 3‐mL exetainer vials with a few glass beads and sealed with a cap with a pierceable
septum. The ambient air was evacuated and replaced with helium; this helium is used as a carrier gas for
the CO2 released from the carbonate shells when phosphoric acid (H3PO4) is added to the sample at a con-
stant temperature of 45 °C. The glass beads ensure that there is contact between the foraminifer and the acid
(Feldmeijer et al., 2015; Lougheed et al., 2018; Metcalfe et al., 2015; Pracht et al., 2018), while also helping to
regulate the temperature of the reaction itself important for fractionation/partitioning of oxygen between
the resulting water and carbon dioxide (2H3PO4 (aq) + 3CaCO3 (s) = Ca3(PO4)2 (aq) + 3CO2 (g) + 3H2O

(aq)). Between the addition of phosphoric acid and subsequent analysis of the gas 160‐min elapse, this is to
ensure that the sample is completely digested by the acid. The He‐CO2 is transported to the GasBench II
using a flow‐through system where the mixture is “cleaned” and “purified” first using Nafion tubing to
remove water and then a gas chromatography column to separate other gases. The purified CO2 is then ana-
lyzed in the mass spectrometer. Isotope values are reported following the standard δ notation in per mil (‰)
versus Vienna Peedee Belemnite. In‐run standards of NBS‐19, IAEA‐CO1, and VICS (the VU Internal
Carbonate Standard) are separately used to produce a CO2‐gas amplitude (in mV) calibration curve and to
check the reproducibility of each run. Reproducibility of in‐run analyzed laboratory standards is less than
<0.12‰ (1σ) for both δ18O and δ13C of small sample measurements (>5 μg). During analysis of groups of
foraminifera, in which sample weight is considerably larger (60–150 μg), the reproducibility of the same
laboratory standards is considerably better (1σ <0.10‰) due to a reduction in the influence of heterogene-
ities present within the standard (Ishimura et al., 2008).

3. Results
3.1. Oxygen Isotope Values

The raw single‐shell data (Feldmeijer et al., 2015; Metcalfe et al., 2015), including the new single‐shell mea-
surements of N. pachyderma, are presented in Figure 3; the computed mean and range in δ18O for the seven
analyzed planktonic species and one epibenthic species are shown in Figure 4, for the core interval repre-
senting 200 to 260 ka. The absolute values, ignoring potential vital effects, of G. bulloides, G. inflata, and G.
truncatulinoides, are similar to those of N. incompta and G. glutinata while N. pachyderma has similar
values to the benthic species C. wuellerstorfi (vertical bars in Figure 4a). In general, most species start to
show a decrease in values of δ18O around 240 ka, 10 kyr prior to the Termination; following the
Termination an increase in values of δ18O occurs before another decrease occurs at 210 ka. The precise tim-
ing and effect of the Termination varies between species, with the Termination being more pronounced in
δ18O values of G. glutinata, G. truncatulinoides, and G. bulloides, whereas both G. inflata and N. incompta
give a more muted signal. While having similar values of δ18O the benthic signal records an earlier onset of
Termination III (~241 ka) than N. pachyderma, the planktonic signal lagging the benthic signal by approxi-
mately ~2 kyr. Most notably the range in δ18O of G. bulloides and N. pachyderma increases toward the
deglaciation (Figure 4c); the deeper living species G. inflata and G. truncatulinoides (Figures 4d and 4e),
however, reveal no clear trend in range in δ18O apart from a drop at Termination III and a slow increase
during MIS7e.

Surface dwelling N. pachyderma shows a peak in δ18O range (~3.0‰) at ~246 ka (Figure 4c) caused by indi-
viduals with more depleted δ18O values attributed to isotopically light meltwater during Heinrich event (HE)
15. Globigerina bulloides (Figure 4c), G. inflata (Figure 4d), and G. truncatulinoides (Figure 4e) seem
unaffected by this meltwater signal, potentially because of either a reduction in ecological space during
ice rafting and/or a relatively deeper depth habitat that is unaffected by the freshwater lid. The range in
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δ18O of G. bulloides and N. pachyderma increases toward the transition from glacial to MIS7e (Figure 4c),
implying an increase in seasonal variability in sea surface temperature (SST) but also large amounts of
freshwater influx affecting these surface dwellers. This range decreases again toward the presumably colder
interglacial substage MIS7d. Furthermore, the deeper living species G. inflata and G. truncatulinoides reveal
no clear trend in range in δ18O apart from a drop at Termination III and a slow increase during MIS7e as to
be expected with the low‐temperature/salinity variability within their depth habitat (Figure 1).

3.2. Additional Proxies

There are three pronounced peaks in IRD: the two occurring at ~250 and ~210 ka are tentatively assigned as
Heinrich events (HE) and the third at ~230 ka is likely a Termination Ice Rafting Event (Venz et al., 1999)
associated with ice sheet decay at Termination III. The abundance of Globigerinoides ruber (0 to 4%;
Figure 5k) peaks several samples after the increase in IRD; the variation in abundance of this warm species
lagsG. bulloides (10 to 35%; Figure 5l), a species with an affinity for colder water. The peak in the cold species
occurs prior to the termination.

While the δ18O of N. pachyderma follows a similar pattern with C. wuellerstorfi δ18O, indicative of the global
ice volume effect, our results downcore also show that the coiling ratio N. pachyderma δ18O are not in align-
ment (Figures 5a and 5b). The spread in single‐shell N. pachyderma σ(δ18O) lies between 0.2 and 1.2‰
(Figure 5c); for the same sections the Δδ18O between N. pachyderma and N. incompta is between 0 and
2‰ (Figure 5d). Intriguingly, comparison between these two parameters, the Δδ18O and σ(δ18ONPS), reveals
a correlation with larger Δδ18O correlating with smaller σ(δ18ONPS; Figure 6). While neither the Δδ18O nor
the σ(δ18O) of N. pachyderma correlates with insolation, this may reflect the position of the core site with
respect to N. pachyderma's southerly biogeographic limit during the interglacial. The poleward shift of the
polar front from its Glacial to its Interglacial position would have led to a considerable reduction in the bio-
geography, given the species affinity with polar waters. Comparison of G. bulloides σ(δ18O), a species that
exists at the core site throughout Glacial and Interglacial conditions, shows that a correlation exists between
G. bulloides σ(δ18O) and insolation (Figures 5f and 5g).

4. Discussion
4.1. MIS 8, MIS 7, and Termination III

The benthic δ18O signal, as well as that of N. pachyderma, shows a relatively early onset of the glacial–
interglacial termination as opposed to the shifts seen in the δ18O records of G. bulloides, G. glutinata, G.
inflata, G. truncatulinoides, and N. incompta (Figures 3 and 4). The gradual depletion of the benthic signal
may reflect changes in ice volume, and/or δ18Osw through water mass reorganization, rather than tempera-
ture variability due to the minor influence of this variable at the core depth (2,934 m). The early onset of
Termination III in the benthic signal (~241 ka) does not fit with this pattern, and could suggest a potential
warming of bottom waters due to the reinstatement of circulation inducing calving of the glacial ice sheet.
N. pachyderma, a polar species living during the coldest part of the year, lags the benthic depletion in
δ18O by ~2 kyr. The lag could imply that the winters began to warm up prior to the other seasons due to
the effect of the Termination. This lag may in fact be less, as it is dependent upon the sampling frequency
of core T90‐9P in both the time and depth domain (Pisias & Mix, 1988; Wunsch, 2000; Wunsch & Gunn,
2003). The other planktonic species (i.e., G. bulloides, G. glutinata, G. inflata, G. truncatulinoides, and
N. incompta) show a very mild, gradual depletion lagging N. pachyderma by ~2 kyr.

The return to interglacial δ18O values at ~230 ka within ~2 kyr suggests that the final stage of Termination
III is very rapid and the seasonal hydrological buildup of the water column is restored in a relatively brief
period. During MIS 7e there is a differentiation between species living at the surface and intermediate‐deep
dwellers, again, likely a result of the reconfiguration of the various North Atlantic water masses and the
retreat of the polar front. N. pachyderma continues to remain more enriched than the other planktonic spe-
cies at the onset of MIS 7e; however, this offset when considered in relation to deep‐dwelling foraminiferal
oxygen isotope values decreases, before later increasing to become more enriched close to the onset of MIS
7d. The other planktonic foraminiferal species decrease in mean δ18O during the lower part of MIS 7e,
however not at the same magnitude as N. pachyderma. Benthic δ18O closely follows the N. pachyderma
curve albeit with a lag of 2 kyr, suggesting a sluggish poorly ventilated deep ocean not so dissimilar to
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Figure 5. Downcore proxies for T‐III. (a) Oxygen isotope of N. pachyderma plotted alongside (b) the coiling ratio of N.
pachyderma versus N. incompta (in % N. pachyderma) with an addition temperature axis as derived from Darling et al.
(2006). (c) The standard deviation of N. pachyderma and the (d) Δδ18O between N. pachyderma and N. incompta. (e) IRD
abundance. (f) Insolation change at 45°N. (g) Individual size fraction (300–355 μm) in blue and composite in gray σ(δ18O)
of G. bulloides. (h) Oxygen isotope values of G. bulloides and G. inflata. (i) Stratification index as per the study of
Ganssen and Kroon (2000), that is, δ18O of G. bulloides minus δ18O of G. inflata converted to temperature using a linear
approximation of −0.22‰ per degree Celsius for the equation of Kim & O'Neil (1997). (j) Δδ18O between large (>250 μm)
and small (212–250 μm) G. inflata. (k) Abundance of Globigerinoides ruber. (l) Abundance of G. bulloides. (m) Benthic
oxygen isotope curve for C. wuellerstorfi. MIS = marine isotope stages.
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glacial conditions. The transition into substage MIS7d represents a return to colder conditions as one of the
two (MIS7b) relatively brief colder stages during MIS7 (Lang & Wolff, 2011). Mean δ18O values of G.
bulloides, G. glutinata, G. inflata, G. truncatulinoides, and N. incompta show a (slight) enrichment in
δ18O after the onset of this drop during MIS7e, with Cibicidoides wuellerstorfi returning to glacial δ18O
values (Figure 4b).

To understand the implications of our new IRD data (Figure 5e), tentatively suggested to be Heinrich events
(HE; Obrochta et al., 2014) 14 (~210 kyr), HE 15 (~249 kyr; Figure 3b), and a Termination Ice Rafting Event,
upon the structure of the water column a stratification index was applied to our previously published G. bul-
loides and G. inflata data (Metcalfe et al., 2015). The difference (Δδ18O) between the δ18O of species with
“known” depth habitats corresponding with shallow and deep has been used as a stratification proxy
(Ganssen & Kroon, 2000; Lototskaya & Ganssen, 1999; Mulitza et al., 1997) that can be converted into an

Figure 6. Comparison between temperature distributions and the isotopes of Neogloboquadrina pachyderma and Neogloboquadrina incompta. (a) Two sine waves
are used as models of the time of the year against the temperature; these high (red) and low (black) amplitude distributions are plotted as (b) a cumulative frequency
distribution and (c) a histogram against temperature. (d) The difference between N. pachyderma and N. incompta mean oxygen isotope values (Δδ18O) versus
the standard deviation of the single‐shell analysis (σ(δ18O)) of N. pachyderma. (e) Schematic showing the variability in N. pachyderma and N. incompta in com-
parison with the change in insolation. Estimate temperature difference based upon the 0.2‰ per °C (Kim & O'Neil, 1997).
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approximate temperature difference by considering that a change of −0.22‰ occurs per °C increase, follow-
ing the equation of Kim and O'Neil (1997). For the North Atlantic Ocean, Ganssen and Kroon (2000) used
G. bulloides that dwells at a shallower depth then G. inflata, and considered that when Δδ18O equals (or
approaches) zero, such as for example occurring in the modern ocean at approximately 58°N, then the water
column is considered to have mixed down to the permanent thermocline, while higher values indicate a
stratified water column. Applying this stratification indicates that conditions during MIS 7 were similar
to the present interglacial, while during MIS 8 the ocean at our core site was predominately well
mixed (Figure 5i). During a peak in mixing between 242 and 232 kyr, the abundance of G. bulloides and
IRD as well as the standard deviation of N. pachyderma increases, which could point toward an elevated
influx of freshwater.

Metcalfe et al. (2015) further examined this freshwater input through the calculation of the difference
between the δ18O of different sized G. inflata (212–250 μm and >250 μm) shells (Figure 5j), as foraminifera
calcify at different depths during ontogeny it stands to reason that this can be used as a stratification index
without the potential variability associated with ecological differences between different species. During the
Glacial Ice rafting event HE 15, a larger temperature difference (2–3 °C) is observed with the Δδ18O for both
stratification indices (between G. bulloides and G. inflate, and small and large G. inflata). Following the ter-
mination, in which themaximum temperature difference occurs (~4 °C), this difference proceeds to decrease
reaching a minimum at HE 14. This gradual decrease is also observed within the difference between small
and large specimens of G. inflata (Figure 5j). The wind regime over this region of the North Atlantic is sen-
sitive to the reduction in seasonal temperature extremes (Metcalfe et al., 2015); comparison with the pollen
data in terrestrial records shows that periods of increased mixing during the interglacial coincide with forests
extending into south‐western Europe (e.g., Roucoux et al., 2006). Whereas, periods of enhanced stratification
coincide with barren more arid conditions. Millennial‐scale climate fluctuations, during MIS 7, have been
likened to similar events during Termination I, that is, the Younger Dryas, using high‐resolution pollen
records from the Mediterranean (e.g., Fletcher et al., 2013).

4.2. N. pachyderma δ18O

Single‐shell δ18O analysis of G. bulloides, G. inflata (Metcalfe et al., 2015), and the coiling ratio (sinistral and
dextral) of G. truncatulinoides (Feldmeijer et al., 2015) have been analyzed previously; here new single‐shell
δ18O data of N. pachyderma were generated. N. pachyderma is an important indicator of “polar” conditions
(Schiebel et al., 2017), being associated with the southward migration of the polar front during glacial con-
ditions (Penaud et al., 2008; Ruddiman andMcIntyre, 1981) and its occurrence either precedes or follows ice‐
rafting during Heinrich events (Kretschmer et al., 2016). As it is considered one of the “coldest” it is therefore
often used as an end‐member for understanding such extreme conditions (Cortijo et al., 1997; Roche et al.,
2004), making it a logical target for σδ18O during glacial conditions. Of the three extant neogloboquanids, the
left‐coiling N. pachyderma differs from the right‐coiling form N. incompta (Figure 2) and the subtropical
symbiotic Neogloboquadrina dutertrei (Bird et al., 2018) with respect to temperature, salinity, and aspects
of its calcification. For instance, N. pachyderma's ability to be incorporated into sea ice, potentially surviving
in brine channels, combined with occurrence in seasonal meltwater suggests a tolerance for extremes in sali-
nity (Lipps & Krebbs, 1974; Spindler & Dieckmann, 1986). The species is capable of calcifying between−2 °C
and either 10 or 12 °C (depending on whether winter, summer, or annual SST is used as a comparison;
Eynaud, 2011) dominating polar sediments (Imbrie & Kipp, 1971; Kipp, 1976; Pflaumann et al., 1996).
The extreme limits of the species distribution have been suggested as far as 25°S and 25°N (Kennett &
Srinivasan, 1980), although it has made occurrences at lower latitudes (Parker, 1962; Zobel, 1973), most
notably in upwelling regions (Ivanova et al., 1999; Ufkes et al., 1998; Ufkes & Zachariasse, 1993). While there
is an indication that morphological variation occurs with environmental conditions (Altuna et al., 2018) and
temperature (Kennett, 1968; Moller et al., 2013), a critical change is the coiling ratio from the predominately
sinistral coiling N. pachyderma to the predominately dextral coiling N. incompta with increasing tempera-
ture (Bandy, 1959, 1960; Ericson, 1959). The change in proportion of sinistral and dextral coiling forms,
now recognized as two discrete species (Cifelli, 1961, 1965; Cifelli & Smith, 1970; Darling et al., 2006),
provides an additional paleoceanographic tool (Bandy, 1959, 1960; Darling et al., 2006; Ericson, 1959). In
our record, this ratio shifts from ~2 to ~87% corresponding in the modern ocean to a mean annual tempera-
ture range between 5< and >10 °C, and thus, when conditions vary between the polar and subtropical water
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masses this proportion can be used to estimate the mean annual average SST (Darling et al., 2006). In
combination with the coiling ratio, isotopic shifts can be inferred to be either actual temperature shifts or
meltwater events and therefore seasonal changes tracked through both intraspecies variability and
interspecies offsets.

Here the standard deviation ofN. pachyderma and the isotopic difference betweenN. incompta andN. pachy-
derma are used as a measure of the extent of both the growing season and the seasonal contrast (Figure 6).
Pooled δ18O analysis of N. incompta and single δ18O N. pachyderma allows for the computation of the differ-
ence (Δδ18O) between the means. The upper temperature limit of N. pachyderma has been suggested to be
~10 °C (Lombard et al., 2009; Lombard et al., 2011; Roche et al., 2018), with the coiling ratio being dominated
by N. pachyderma below 5 °C (Darling et al., 2006). If the major difference in species ecology is temperature,
then the Δδ18O between coexisting specimens of N. incompta and N. pachyderma δ18O (Figure 5d) should
represent a temperature signal, and the σδ18O (Figure 5c) the magnitude of the seasonality (Figure 6).
This is likely a relative proxy, limited to the overlap that exists between the temperature tolerances of both
species, that is, between ~5 and ~10 °C (Lombard et al., 2009; Lombard et al., 2011; Roche et al., 2018). Across
the whole record these parameters (Δδ18O versus σδ18ONPS) show a negative linear relationship with large
isotopic differences associated with small standard deviations in N. pachyderma and vice versa, which has
an r2 of 0.45 (n = 26; yellow line Figure 6d). The two samples with the largest σδ18O (>0.8‰) also reflect
the two samples with the lowest percentage ofN. pachyderma (Figure 5a); anectodical evidence suggests that
when the abundance of N. pachyderma is low it may represent a different form of N. incompta (and vice
versa), although no proof (e.g., genetic studies) beyond anecdotes exist for such claims. Removal of these
two points would increase the r2 to 0.51 (n = 24; blue line in Figure 6d). Plotting a modern core top sample,
here Actuomicropaleontology Paleoceanography North Atlantic Project I (Ganssen et al., 1991; Ganssen &
Kroon, 2000; Troelstra et al., 1987) T86‐5B (46°53′N, 25°21′W; water depth 3,121 m), using either the stan-
dard deviation of N. incompta and N. pachyderma with n = 20 and 5, respectively (red circles representing
the same data plotted with different circumstance; Figure 6), shows that samples with low percentage of
N. pachyderma plot with a large standard deviation. If the extreme data points (σδ18O > 0.8‰) are ignored,
then there appears to be little change with Δδ18O values <0.50‰ (Figure 6d).

While our interpretation is based upon the Δδ18O reflecting a temperature difference between N. pachy-
derma and N. incompta, given the fact that the coiling ratio between the two is generally used as a tem-
perature proxy, of course, temperature is only one aspect responsible for changes and variation in Δδ18O
and δ18O. Detecting absolute temperature changes from the δ18O in foraminiferal shells alone is not pos-
sible. While the ambient temperature during calcification influences δ18Oc, it is also affected by the ambi-
ent seawater signal (δ18Osw), which is itself a product of both water mass history (e.g., evaporation,
precipitation, dilution) and global ice volume (δ18OIVE). Furthermore, potential disequilibrium processes
during calcification, commonly referred to as the vital effect and postmortem effects (i.e., dissolution or
bioturbation), serve to further alter the signal premortem or postmortem. In section 4.3, we elaborate upon
the potential influence of bioturbation, although it is worth noting here that previous work (Feldmeijer
et al., 2015) does suggest that the influence of bioturbation upon this section of T90‐9P is not as extreme
as in other cases (Lougheed et al., 2018; Wit et al., 2013), although appearances can be deceiving. This
leaves either vital effect or the influence of salinity. There is a discrepancy in the literature regarding
whether N. pachyderma calcifies in equilibrium (δ18Oeq); such equilibrium calcification would be indica-
tive of either a minor or no vital effect. Estimates of the oxygen isotopic offset for N. pachyderma range
from 0.8‰ to no offset to −0.45‰ (Duplessy et al., 1988; Kellogg et al., 1978; Kohfeld et al., 1996;
Spielhagen & Erlenkeuser, 1994); such a considerably large range could reflect discrepancies in accounting
for secondary calcification (Kennett & Srinivasan, 1980; Srinivasan & Kennett, 1974), which may shift the
signal deeper in the water column reducing the influence of surface perturbations (Kohfeld et al., 1996;
Roche et al., 2018). However, if vital effect remains constant, for example, that biological and calcification
processes do not vary along a species environmental gradient, then vital effect as an argument can be dis-
counted. If the two species are known to be separated ecologically and the vital effect is constant, then the
difference can be written as Δδ18O = δ18OSpecies a − δ18OSpecies b, where both δ18OSpecies a and δ18OSpecies b

are equal to δ18OSpecies i = δ18Oeq + δ18OVE (Species i); effectively, the δ18OVE terms “cancel” one another
out. The vital effect may serve to mute or exaggerate the actual difference between two species, but if it
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remains constant then it cannot explain the change in Δδ18O through time. This leaves salinity; evidence
suggests that despite the δ18O being unaffected by melting sea ice, core top samples of N. pachydermamea-
sured by Spielhagen and Erlenkeuser (1994) have shown a relationship with salinity. Does this invalidate
the potential for interpreting a seasonal, or interannual, separation between N. pachyderma and N.
incompta? It seems unlikely. The species N. pachyderma is an indicator of subpolar to polar colder and
fresher water masses, whereas N. incompta is a species that inhabits warmer environments (Cifelli,
1961, 1965; Cifelli & Smith, 1970). Therefore, it could equally be possible that changes and variation in
δ18O, Δδ18O, and σδ18O are capturing distinct water masses (e.g., freshwater‐meltwater). The σδ18O could
then reflect different distinct periods, that is, sea ice formation and melting, and the Δδ18O the difference
between open ocean conditions and conditions with ice. The absolute value and sign of the deviation
between the two species would then depend not only on the initial δ18Osw but whether the population
calcifies in the seawater where sea ice is forming, or where sea ice or icebergs are melting. It is interesting
that the ratio between N. pachyderma and N. incompta, a temperature indicator (Darling et al., 2006), and
the oxygen isotope composition of the species are not in sync (Kohfeld et al., 1996). This could reflect
changes in δ18Osw that alter the δ18O of N. pachyderma. Theoretically, the δ18Osw could be calculated by
rearranging the paleotemperature equation to solve for δ18Osw (e.g., de Vernal and Hillaire‐Marcel 2006
or Hillaire‐Marcel et al. 2004). One problem, however, with using the coiling ratio to causally infer tem-
perature shifts or meltwater events is that it is an estimate of annual average SST (Darling et al., 2006)
and the actual seasonally weighted δ18Oc may be considerably different (Jonkers & Kucera, 2017; Mix,
1987; Roche et al., 2018), further complicated by seasonal meltwater‐induced changes in δ18Osw.

Taking these points into consideration, the neogloboquadrinid data, wherein the Δδ18O and σδ18O correlate,
can be interpreted in the following way. It is plausible that during the meltwater event at 250 and 242 kyr,
conditions favored the cold N. pachyderma increasing its growing season and marginalizing the warmer
N. incompta which likely obscured the meltwater spike. Following this event these proxies show that tem-
perature declines even after the apparent ice volume maxima at 242 kyr, based upon δ18O of C. wuellerstorfi
(Figure 5m), until the termination at 230 kyr. Between 230 and 218 kyr the δ18O of N. pachyderma and
coiling ratio diverge, likely indicating an increase in ice volume between 230 and 226 kyr during the rise
in temperatures followed by a decrease at 226 kyr. The onset of the HE (~210 kyr) during the cold stage of
MIS 7d occurs with a drop‐in temperature prior to a meltwater spike, although this is smaller in amplitude
than the preceding, HE during MIS 8, taking the coiling ratio (Figure 5b) as a measure. Between 250 and
242 kyr the depletion in oxygen isotopes, following the peak in IRD (Figure 5e), appears synchronous with
a shift in the coiling ratio (Figure 5b). This implies that the HE likely led to cooling as well as a freshening of
the North Atlantic.

It is important to note that the σδ18O of N. pachyderma does not correlate with either the insolation, or the
summer‐winter insolation difference; this could be the result of the upper temperature limit of this species
restricting the response detectable at our core site. A return to conditions similar to the present day, during
the interglacial of MIS 7, would shift the biogeography of N. pachyderma poleward and away from the core
location (Wolfteich, 1994) which could explain why despite a correlation with N. incompta there is no
correlation with insolation (Figure 5). As conditions improved, and temperatures warmed, N. pachyderma
would have been outcompeted by N. incompta and other warmer species (N. pachyderma > N.
incompta > G. bulloides > G. ruber). Likewise, as conditions deteriorated, it is likely that ecological space
of N. pachyderma was limited by a reduction in food. While this would appear to hamper the usefulness
of this as a proxy, it is worth considering this with respect to the location of the core site, analysis of cores
at higher latitudes whereN. pachyderma's presence is continuous between glacial and interglacial conditions
could be used to further test this proxy. Regardless, in order to compensate for this the σδ18O of G. bulloides
(Metcalfe et al., 2015; Figures 3 and 4) was utilized to test the relationship between insolation and foraminif-
eral σδ18O. It is worth noting that the increase in G. bulloides σδ18O coincides with an increase in the abun-
dance of G. ruber, and as G. ruber is a subtropical to tropical species, it suggests either warmer conditions or
the advection of a warm water mass, the occurrence of warmer conditions that maybe more favorable to
G. bulloides than N. pachyderma (Figure 5k), supporting our inference regarding the mismatch between
N. pachyderma σδ18O and insolation. The shift in both the abundance (Figure 5l) and the oxygen isotopic
standard deviation (σδ18O) of G. bulloides does correspond to a change in the insolation difference

10.1029/2018PA003475Paleoceanography and Paleoclimatology

METCALFE ET AL. 387



between July and December (Figure 5g; Metcalfe et al., 2015). In order to explain why an increase in insola-
tion may have a negative correlation let us consider that the annual surface temperature profile of a core site
can be approximated by a sine wave (Figure 6a), as such the temperature can be high (red curve) or low
amplitude (black) and these have specific distributions (Figures 6b and 6c). Intriguingly such a distribution
is not a normal distribution, as per Mix (1987), instead having two high‐frequency peaks at either end
(Figure 6c; Metcalfe et al., 2015). These specific distributions highlight one aspect of seasonality; a high‐
amplitude distribution (red) will have a larger overall range in temperature, but a reduced frequency at each
point in temperature compared to a lower amplitude distribution (black). When the insolation difference
between July and December is small, the σδ18O of G. bulloides is larger; if we take our low amplitude as
an example, there is higher frequency (i.e., greater “number of days”) at each particular temperature.
While this appears counterintuitive, in the modern North Atlantic Ocean G. bulloides is dependent upon
conditions that trigger the spring bloom (Ganssen & Kroon, 2000). Winter mixing of the water column
allows for the replenishment of nutrients exhausted during summer stratification, creating the foundation
of a formation of a phytoplankton bloom that acts as a food source for G. bulloides. During periods of
enhanced seasonality, it is hypothesized that the stratification that exists during the summer months was
stronger, leading to longer nutrient‐depleted periods. This means that when the two (summer and winter)
insolation parameters are at maximum values in the midlatitude North Atlantic, that is, the difference
between the two seasons is greatest, the growing season is reduced (higher amplitude sine curve; Figure 6).

4.3. Implications: Proxy and Sedimentological Artifacts

Irrespective of our interpretations our results highlight three important aspects: (1) the first is the complexity
involved with the multispecies δ18O approach (Figure 4). The complexity of multispecies δ18O can be seen if
one considers the data at T‐III, an abrupt transition; our multispecies δ18O highlights discrepancies that
cannot be explained purely by depth preferences. For instance, G. truncatulinoides (Figure 4a), the
planktonic foraminifera with the deepest depth preference, has a similar abrupt signal as the cosmopolitan
G. glutinata, whereas both G. inflata and N. incompta have an apparently more “muted” signal across the
transition (Figure 4b). While bioturbation is not species‐specific, it may have different impacts upon differ-
ent species (Bard, Arnold, Duprat, et al., 1987a, 1987b; Bard, Arnold, Maurice, et al., 1987), especially when
considering the finite sampling of paleoceanography. Depending on the intensity of bioturbation, the mixing
of species that are abundant versus species that are scarce may give rise to the apparent appearance of
bioturbation overtly influencing one species more than another, weakening or strengthening the contrast
between samples, especially if the analysis uses too few specimens. However, in reality, the sediment is
equally bioturbated. Previous work (Feldmeijer et al., 2015) gives us confidence that bioturbation has not
unduly influenced this section of T90‐9P. Therefore, it must be considered that a reason for a lack of
coherence between species is that superimposed upon the climate signal is species‐specific variability
(Mix, 1987; Mulitza et al., 1998; Roche et al., 2018), a function of the unique behavior of a species and the
interplay between predators and prey and/or interspecific and intraspecific competition. It does raise the
question whether there are any stratigraphic features that represent species traits rather than attributable
climatic events, and what makes for a better species for stratigraphic purposes: a species with a sensitivity
to regional events, that is, N. pachyderma, or one that records climate extremes, that is, the cosmopolitan
G. glutinata or deep‐dweller G. truncatulinoides.

The (2) second important aspect is the potential problem in viewing the various species in isolation or as iso-
lated facets of the climate system (Figure 6). Here the relationship between N. pachyderma and N. incompta
is further examined, resulting in the detection of a correlation between Δδ18O and σδ18O. Species with simi-
lar ecological niches are likely to have some interplay over climate transitions, as subtle changes in condi-
tions (e.g., temperature or food source) may favor certain species over others. Such relationships between
species can be advantageous; for instance, in previous work the fact that monsoonal conditions favor one
species on another has allowed for the full seasonal range to be computed (Ganssen et al., 2011).
Establishing more detailed ecological information (e.g., food, feeding rate, population carrying capacity)
beyond the current environmental information (i.e., temperature, salinity) would allow for more accurate
climate reconstructions.

Finally, the (3) third important aspect is the “hidden variance” downcore, emphasized by both the raw shell
measurements (Figure 3) and the variability between samples of species specific σδ18O (Figures 5 and 6).
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While the data presented here could be considered as low resolution spatially (one sample every 4 cm;
Table 1) or temporally (one sample every ~1 to 2 kyr; Figures 3–5 and Table 1), we have opted for a
higher density of sample points (n = 6,266) concentrated in a fewer cm (n = 26). The range in δ18O of a
single species (Figures 3 and 4) is an order of magnitude larger than the accuracy and precision associated
through replicate analysis of in‐house and/or international standards. It is worth noting that the spread in
foraminiferal values is generally considered to be an underrepresentation of the total seasonal signal,
either because foraminifera have a monthly life cycle (Hemleben et al., 1989; Spindler et al., 1979); the
flux of all or a particular species of foraminifera is limited to a particular season (Mix, 1987; Roche et al.,
2018); or the sedimentology of the core is unrepresentative (i.e., a slow sedimentation accumulation rate).
One benefit of such analysis is that the individual specimen's δ18O can be considered by the researcher
prior to the calculation of a mean δ18O; anomalous values can be screened via outlier analysis (Ganssen
et al., 2011) or through “unmixing” of the sample into discrete subsamples representing specimens from
unique populations (Wit et al., 2013) so that a more robust downcore species‐specific δ18O can be
produced. In combination with other analytical techniques, such as photographing and weighing of shells
(e.g., Altuna et al., 2018; Pracht et al., 2018) prior to analysis or removing a portion of the shell for
radiocarbon analysis, taxonomic issues (Pracht et al., 2018) and benthic processes (Lougheed et al., 2018)
can be nullified or subsequently corrected. While the range in minimum and maximum values of single‐
shell δ18O (Figures 4c–4e) is a useful first approach, it is unlikely indicative of solely bioturbation, being a
function of the time period encapsulated within the sample, the degree of interannual variability (e.g., El
Niño–Southern Oscillation) and whether the sample is in a climatological plateau (e.g., the Holocene,
wherein bioturbation in a “stable” climate is undetectable by δ18O because of similar δ18O values). What
is evident, however, in the range of single‐shell δ18O (Figures 4c–4e) is the amount of information lost
through continued use of pooled specimen analysis and the potential for replication error should the
number of specimens within a “pool” be inadequate (Morard et al., 2016). While attempts at obtaining a
more robust average include crushing a larger subset of specimens than necessary and analyzing a series
of crushed sample replicates (e.g., Scussolini & Peeters, 2013) inclusion of bioturbated or anomalous
specimens into a pooled analysis cannot be subsequently remedied. Systematic bioturbation caused by the
constant presence of a sedimentary mixed layer throughout the history of the sediment retrieved via
coring will smooth out the true variation of the pooled specimen signal. Single‐specimen analysis
therefore sheds light on the true variation of the paleoceanographic signal; further work is required to
better understand the processes involved (Dolman & Laepple, 2018; Roche et al., 2018) to enable more
accurate interpretations.

5. Conclusions

Seasonality is an important parameter when deducing the climate of the past. The spread in oxygen isotope
values from single‐shell analysis (σ(δ18O)) have been used as an indicator of a populations seasonal and/or
depth habitat. Here the δ18O values of N. pachyderma fromMIS 8 and MIS 7 were analyzed and in combina-
tion with pooled benthic (C. wuellerstorfi) and planktonic (G. glutinata and N. incompta) foraminifera δ18O
compared with existing G. bulloides, G. inflata, and G. truncatulinoides δ18O data. Our results highlight the
interrupted nature of T‐III and the sporadic return to near glacial conditions during MIS 7, identifying three
(two Heinrich style events and one Termination Ice Rafting Event) ice rafting events that occur during and
between MIS 8 and 7. With respect to seasonality we highlight the fact that the oxygen isotopic difference
between N. pachyderma and N. incompta (Δδ18O) correlates with the σδ18O of N. pachyderma, a measure
of the spread. This can be explained as a measure of the size of ecological space (either the result of season-
ality in temperature or salinity) and the degree of overlap and variability of the growing season of the cold
species N. pachyderma and N. incompta. However, the σδ18O of N. pachyderma does not appear to relate
to insolation at the core site, while we cannot explicitly rule out benthic processes such as bioturbation; this
is potentially the result of the conditions at the core site exceeding the upper temperature limit of N. pachy-
derma. In an attempt to bypass this problem, the σδ18O of G. bulloides, a species that is continuously present
throughout MIS 8 andMIS 7, was utilized. Our results suggest that the σδ18O of G. bulloides relates to insola-
tion and thus can be used as a proxy for seasonality. As the difference in summer and winter insolation
increased, curiously the σδ18O of G. bulloides decreased likely a reflection of a reduced habitat.
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