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Geochemical signals from planktonic foraminiferal tests provide a wide array of tools to investigate past hy-
drographic changes, but these techniques are limited by our understanding of the habitat at which these or-
ganisms form their shell. Quantitative constraints on the variability of the calcification habitat of these organisms
can thus lead to better interpretations of these signals and more quantitative constraints on indirect properties
related to these signals. We compiled oxygen isotope data from the Tropics to investigate global trends in the
apparent calcification depth (ACD) of commonly used planktonic foraminifera. Using Globigerinoides ruber albus,
Trilobatus sacculifer, Globorotalia tumida, Neogloboquadrina dutertrei and Pulleniatina obliquiloculata, we find that
our ACD estimates for the global tropics largely match regional ACD estimates from other studies. G. ruber and
T. sacculifer seem to calcify in the surface mixed layer with a mean ACD and 95% confidence interval of 17 [0,86]
m and 48 [0,128] m, respectively, and G. tumida, N. dutertrei, and P. obliquiloculata seem to calcify below the
mixed layer with a mean ACD of 210 [123,385] m, 114 [42,173] m, and 94 [0,169] m, respectively. The global
data set enables the determination of calcification depths across locations with a wide range of thermocline
depths. We find that G. tumida exhibits a calcification depth that is more spatially invariant, while N. dutertrei and
P. obliquiloculata seem to calcify deeper in the water column in regions where the thermocline is deeper, as has

been previously suggested.

1. Introduction

Geochemical signals from foraminiferal tests (fossilized shells) are
often used as proxies for environmental variables. Preserved in the
sediment record for up to millions of years, these tests can provide
insight into how Earth's climate has changed through time. The ratio of
oxygen isotopes in the test is primarily correlated with the temperature
at which the test formed and the ambient ratio in seawater, allowing for
proxy measurements of past ocean temperature given assumptions of the
oxygen isotopes in seawater (Emiliani, 1955; Emiliani and Shackleton,
1974; Erez and Luz, 1983). By combining information from shells of
multiple species, past water column structure can be inferred (eg. Ford
et al., 2018; Mohtadi et al., 2011; Mulitza et al., 1997; Rincén-Martinez
et al., 2011; Spero et al., 2003). However, this technique is limited by
constraints on foraminiferal habitats. These microorganisms can verti-
cally migrate as they form their tests, resulting in an oxygen isotope
record that integrates the conditions of their habitat (Hemleben et al.,
1989; Lohmann, 1995). This complex biomineralization process is often
simplified as occurring at a single depth, an apparent calcification depth
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(ACD) (Hemleben et al., 1989). For a species that can live and record
signals over a range of depths, changes in geochemical signals through
time can be due to a real climatological change at the presumed depth of
calcification, or due to variability in the calcification depth of individual
specimens over time. Constraining and understanding ACD variability is
critical for extending the use of geochemical signals from subsurface
calcifying foraminifera beyond qualitative analyses of vertical ocean
structure.

Individual foraminiferal species prefer different ambient conditions,
and thus calcify at different depths. Some species, such as Globigerinoides
ruber albus and Trilobatus sacculifer, have obligate photosynthetic sym-
bionts for calcification and other essential functions (Hemleben et al.,
1989). These species tend to form most of their calcite test in the photic
zone, reflected in their oxygen isotope ratio as more negative. Other
species, such as Neogloboquadrina dutertrei, choose a habitat based pri-
marily on temperature despite its symbionts (Gastrich, 1987; Ravelo and
Andreasen, 1999; Ravelo and Fairbanks, 1992). N. dutertrei tends to
calcify near the top of the thermocline globally, with regional depth
habitat differences that are correlated with thermocline depth (Ravelo

Received 11 May 2021; Received in revised form 4 November 2021; Accepted 23 November 2021

Available online 27 November 2021
0377-8398/© 2021 Elsevier B.V. All rights reserved.


mailto:klakhani@gatech.edu
www.sciencedirect.com/science/journal/03778398
https://www.elsevier.com/locate/marmicro
https://doi.org/10.1016/j.marmicro.2021.102074
https://doi.org/10.1016/j.marmicro.2021.102074
https://doi.org/10.1016/j.marmicro.2021.102074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marmicro.2021.102074&domain=pdf

K.Q. Lakhani et al.

and Andreasen, 1999; Ravelo and Fairbanks, 1992). Foraminifera can
also follow reproductive and ecological cues to alter their habitat depth.
Reproduction can occur on biweekly, monthly, or yearly cycles
depending on the species, and during these cycles, individuals vertically
migrate to ensure appropriate conditions for themselves or their
offspring (Schiebel and Hemleben, 2017). G. ruber spends much of its
adult life in the photic zone, but as individuals approach gametogenesis,
they migrate deeper towards subsurface chlorophyll maximum layers so
that juveniles can acquire dinoflagellate symbionts, as symbionts do not
pass from adult to offspring (Brummer et al., 1987; Schiebel and Hem-
leben, 2017). Many other foraminiferal species engage in similar
behavior but calcify differently over this range of depths, resulting in
differences in apparent calcification depth. Some species, such as Glo-
borotalia tumida, move towards subsurface chlorophyll maximum layers
from below for food and reproduction rather than from above (Schiebel
and Hemleben, 2005). Some species add a final layer of calcite in the
form of a crust, veneer or cortex, sometimes in association with game-
togenesis (Lohmann, 1995; Schiebel and Hemleben, 2017; Steinhardt
et al., 2015). Ultimately, no species is alike in following the same
ecological/environmental cues, yet these are intimately linked to
habitat preferences and average depth of calcification.

Understanding the habitat drivers for an individual species allows for
an accurate estimate of the calcification habitat for that species and how
that habitat could change through time. However, these species can
follow multiple drivers, such as temperature, availability of food sour-
ces, salinity, pH, reproduction cues, etc. A first step in simplifying this
complexity is to distinguish between drivers that are fundamentally
linked with depth (such as pressure) and those where the link with depth
may change depending on the location (such as the thermocline or
chlorophyll maximum layers). There may be some drivers, such as light
availability that may be more closely linked with depth in the tropics,
although the relationship will change with season, latitude, and
turbidity. Other drivers, such as the depth of the nutricline may more
directly follow thermocline depth which is highly variable in the tropics,
and may have had a different pattern during past climates. In the open
ocean, a species that prefers a certain light level will not change its
habitat much as climate changes, while a species that prefers to calcify at
the same temperature will change its habitat over time in accordance
with changes in the isotherm depth. Identifying which of these factors
play a larger role in the calcification habitat for a species is a useful first
step to identifying and quantifying how these drivers determine the ACD
and underlying biomineralization for that species. This knowledge will,
in turn, allow for more accurate reconstruction of past ocean conditions
based on geochemical measurements on foraminifera.

Here, we compile oxygen isotope data for five tropical planktonic
foraminiferal species, G. ruber albus (henceforth G. ruber), T. sacculifer,
G. tumida, N. dutertrei, and Pulleniatina obliquiloculata. Calcification
depth is inferred based on the modern water column profiles of tem-
perature and the oxygen isotope ratio in seawater, and the paleo-
temperature equation for calcite. We compute the depth of calcification
at each data location and compare with a model in which the calcifi-
cation follows a specific position within the thermocline. We further
investigate the local single-depth model to disentangle these competing
influences in setting the calcification depth for G. tumida, N. dutertrei,
and P. obliquiloculata.

2. Materials and methods
2.1. Database compilation

We compiled a database of published Holocene and core top tropical
planktic foraminiferal shell §'80 (Anderson and Mulitza, 2001; Benway
et al., 2006; Broecker et al., 2000; Cléroux et al., 2013; Dang et al., 2018;
Hollstein et al., 2017; Leech et al., 2013; Leech, 2013; Malevich et al.,
2019; Mohtadi et al., 2011; Monteagudo et al., 2021; Ravelo and Fair-
banks, 1992; Regenberg et al., 2009; Rincén-Martinez et al., 2011;
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Russell et al., 1994; Sagawa et al., 2012; Savin and Douglas, 1973;
Schmidt and Mulitza, 2002; Spero et al., 2003; Stainbank et al., 2019;
Steph et al., 2009; Waelbroeck et al., 2005; Zhang et al., 2016; Zhang
etal., 2019a, 2019b). Also included is previously unpublished G. tumida
580 data from four sediment cores in the Central Tropical Pacific. The
methods are the same as described for the previously published G. ruber
data from these sediment cores (Monteagudo et al., 2021).

For this compilation, we include data between 30°S and 30°N. We
used as a base for our compilation the MARGO database, and augmented
this with both additional data from surface dwelling species and data
from the subsurface species that were not compiled by MARGO (Kucera
et al., 2005; Waelbroeck et al., 2005). Many methods of age determi-
nation were allowed for this compilation, including radiocarbon dating,
oxygen isotope stratigraphy, and core top records. Metadata about the
age constraints is included in this database using the MARGO database
format. For some cores in the Pacific, core tops have been dated to be-
tween 4 and 6 ka, and these data are included in the dataset and marked
as Chronozone level 6. Duplicate data was removed from this database,
as many later papers cite and use data from existing literature, but
replicate data for a single location was kept.

The species compiled were G. ruber, T. sacculifer, N. dutertrei, G.
tumida, and P. obliquiloculata. Size fraction information from available
sources is included in the metadata. G. ruber size fractions range from
250 to 400 pm, T. sacculifer size fractions range from 250 to 500 pm,
G. tumida size fractions range from 315 to 500 pm, N. dutertrei size
fractions range from 315 to >500 pm, and P. obliquiloculata size fractions
range from 250 to 500 pm. The database is provided as supplementary
information to this article, and also archived at the World Data Center
for Paleoclimatology at the National Climatic Data Center.

2.2. Calcification depth calculations

We used a linear paleotemperature equation established using data
from (Kim and O'Neil, 1997) for all species: 5'80.(PDB) — (5804, (VS-
MOW) — 0.27) = 0.2 * T + 3.25 (Lynch-Stieglitz et al., 1999). While
accurate, species-specific paleotemperature equations have been widely
applied and tested for G. ruber and T. sacculifer, less work has been done
to determine the best paleotemperature equation for the other subsur-
face species (Bemis et al., 1998; Farmer et al., 2007; Mulitza et al., 2003;
Spero et al., 2003; Wejnert et al., 2013). The Kim and O'Neil (1997)
equation is based on inorganic precipitation and has been applied to
each of these species previously, resulting in reasonable apparent
calcification depths (Leech et al., 2013; Lynch-Stieglitz et al., 2015;
Wejnert et al., 2013). Bemis et al. (1998) cultured the planktonic fora-
minifera Orbulina universa under high and low light conditions. They
found the low light equation was very close to the study of Kim and
O'Neil (1997), suggesting that this equation may be appropriate for the
deeper calcifying foraminifera in this study. They did, however, find that
the high light experiments have an offset from the low light experiments
of —0.3%o and suggest that this equation better fits the data for G. ruber.
Using a more limited core-top data set from the Atlantic and simulta-
neously solving for ACD and paleotemperature equation parameters in a
Bayesian statistical framework, Farmer et al. (2007) inferred paleo-
temperature equations for all species considered in this work. They
found equations for G. tumida and P. obliquiloculata that are statistically
different from the Kim and O'Neil (1997) equation. For P. obliquiloculata,
using the Kim and O'Neil (1997) equation as opposed to their species-
specific equation results in no significant change in our ACD results,
while for G. tumida, their species-specific equation yields systematically
deeper ACD. Aside from this, our conclusions do not change, and so for
consistency, we use the Kim and O'Neil (1997) paleotemperature
equation for all species considered.

Along with a paleotemperature equation, temperature and 51804
profiles for each location were needed. For these profiles, we use the
World Ocean Atlas 2013 (WOA13) annual mean temperature clima-
tology and the éilgOsea‘,‘,ater climatology from LeGrande and Schmidt
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(2006). While studies using sediment traps or tows where the time of
calcification is known have used seasonal climatologies to determine the
ACD, we opt for annual climatologies because we cannot constrain the
season in which the foraminifera in the core top data set calcified.
However, our data is largely from locations where the seasonal differ-
ences in flux are small and the seasonal temperature changes are small
(Curry et al., 1983; Gibson et al., 2016; Jonkers and Kucera, 2015).
Jonkers and Kucera (2015) describe the seasonal fluxes of G. ruber, T.
sacculifer, N. dutertrei, and P. obliquiloculata using sediment trap data. In
places with high mean annual 0-50 m temperatures, these species do not
display strong seasonal changes in flux. Using Fig. S6 from Jonkers and
Kucera (2015) to estimate temperature ranges for low seasonality for
each species, we find that the bulk of our data is from locations with very
little change in seasonal flux (85% for G. ruber, 82% for T. sacculifer, 69%
for N. dutertrei, and 74% for P. obliquiloculata). For these core locations,
the maximum deviation from annual mean conditions is also generally
small. For the surface ocean (0-50 m), this deviation is less than 2.5 °C
for 91% of locations in the Pacific Ocean, less than 2.5 °C for 89% of
locations in the Indian Ocean, and less than 3 °C for 86% of locations in
the Atlantic Ocean. For the subsurface seasonal temperature changes,
we looked at seasonal movement of the 20 °C isotherm. The error we
would expect from using the annual mean climatology as opposed to the
appropriate seasonal climatology should be bounded by the seasonal
change in this isotherm, which is a common proxy for thermocline
depth. We find that 90% of our locations have a maximum seasonal
isotherm depth deviation of 25 m, 40 m, and 40 m for the Pacific, Indian,
and Atlantic oceans relative to annual mean conditions. The uncertainty
seen in Fig. 2 and Table 1 are much larger than this, suggesting that this
is a not a significant source of error. For these reasons, we use the annual
mean temperature climatology.

Using the annual climatologies and the paleotemperature equation
from above, a field of predicted 5'80, was created. Measured 580, data
from our compilation was binned into 0.01° by 0.01° grid boxes. This
has the effect of matching cores whose location information is stored to
different levels of precision by different sources and averaging replicates
at the same core site. For the ACD estimate, a vertical profile of predicted
5180, at the location nearest to each surface sediment measurement in
the database was extracted from the full field and compared to the
measured 8'80, at this location. The ACD at each data location is the
linearly interpolated depth where predicted §'®0. equals observed
8180.. This results in a distribution of depths for each species, shown in
Fig. 2. At some locations, the observed 5180, value is lower than the
predicted 580, at the surface; the ACD at these locations is set to 0 m.

In this analysis, we choose to focus on apparent calcification depth
(ACD) as opposed to the true calcification depth or the true living depth.
The depths at which these organisms live and calcify during the totality
of their life cycle is determined by the biology and ecology of the indi-
vidual foraminifer and are of great interest to the community, but the
data we compile and report is not very useful for these questions. Due to
the complexity of calcification and deposition of shells, the isotope-
derived depth may not always reflect these biologically relevant quan-
tities. We know that foraminifera vertically migrate through their life-
time, creating calcite chambers at various stages of their life (Schiebel
and Hemleben, 2017). To best represent this, a complex model of partial

Table 1
Species-specific statistics for Holocene dated data. Confidence Interval is CI.
Species Local Local Local Local
ACD p ACD95%  Thermocline Thermocline
(m) CI (m) Position p Position 95% CI
G. ruber albus 17 [0, 86] 0.98 [1.00, 0.86]
T. sacculifer 48 [0, 128] 0.94 [1.00, 0.77]
. [123,
G. tumida 210 385] 0.51 [0.80, 0.27]
N. dutertrei 114 [42,173] 0.73 [0.98, 0.40]
P. obliquiloculata 94 [0, 169] 0.82 [1.00, 0.59]
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calcification at multiple depths would be required, along with the
appropriate data to constrain this model. We are not able to do this, as
the data compiled is for bulk 5'80,. Similarly, some of the species
investigated form secondary calcite at a deeper depth and with a
different 8180C than the rest of their calcite (Lohmann, 1995; Steinhardt
et al., 2015). As we only compile bulk slsoc data, we cannot constrain
this aspect of calcification. While a single ACD at each location is
perhaps not the most relevant quantity for fully understanding the
ecology of these organisms which calcify at a variety of times and depths
throughout their life cycle, it nonetheless can be of great practical utility
when using chemical or isotopic measurements on foraminiferal tests
accumulating on the seafloor to reconstruct past environmental
conditions.

2.3. Calcification habitat relative to the thermocline

We also quantitatively investigate how the calcification depth for
these species is related to the mean annual thermocline depth. To do
this, we created a metric, TP (Thermocline Position), to reflect position
relative to the thermocline using mean annual temperature data from
WOA13. Using the temperature at the surface and the temperature at
1000 m, this metric recasts depth in terms of position within the ther-
mocline where TP = 0 represents the water column properties below the
thermocline at a depth of 1000 m, and TP = 1 represents conditions
above the thermocline, at the surface. Other TP values represent con-
ditions at depth z where the temperature equals this fraction of the
temperature difference between the surface and 1000 m. For example, if
the surface and 1000 m temperature are 25 °C and 5 °C, respectively, the
depth at which temperature is 20 °C corresponds to TP = 0.8.

T(z) = Tiooo + TP*(To — Tio00)

For each grid point, there is a 1:1 mapping for depths (0 m-1000 m)
to TP (1-0), and for a constant TP across the tropics, the corresponding
depth field has a structure similar to the thermocline depth (Fig. 5d),
with the depth at TP = 0.8 best approximating the depth of the 20 °C
isotherm, a widely used proxy for thermocline depth (Kessler, 1990;
Meyers, 1979; Sil and Chakraborty, 2012). The value of TP = 0.8 was
determined by linearly interpolating the mean annual temperature
climatology to determine the depth of the 20 °C isotherm for each
location in the tropics and minimizing the RMS error between the depth
of the 20 °C isotherm and the depth for each TP between 0.50 and 1.00 in
increments of 0.01. For locations that are too shallow (bottom depth <
1000 m), the temperature at 1000 m for the nearest grid point was taken.
At these locations, TP ranges from the TP corresponding to the bottom
water temperature to TP = 1 at the surface.

Using our TP metric, we can investigate foraminiferal habitat in this
variable space. If a foraminifer calcifies near the top of the thermocline,
the best fitting TP for that species should be high, and if it calcifies near
the bottom of the thermocline, the best fitting TP should be low. Similar
to our analyses in depth space, at each data location, we identify the TP
for each species where the measured 6180c matches the predicted 6180C,
iterating TP between 0 and 1 in increments of 0.01.

3. Results

This compilation has 991 data points at 728 locations for G. ruber,
770 data points at 618 locations for T. sacculifer, 273 data points at 209
locations for G. tumida, 389 data points at 295 locations for N. dutertrei,
and 204 data points at 187 locations for P. obliquiloculata. These loca-
tions span the entire tropics, with most of the data clustering in the
Eastern Pacific, the Western Pacific, the coastal Indian Ocean, and the
Atlantic Ocean. The full dataset includes verified Late Holocene (0-4
ka), but also data from the mid-Holocene as well as unverified core top
data for some locations. This was done to balance the need for enough
data for robust conclusions (i.e. there is no verified Holocene data for
P. obliquiloculata in the Eastern Pacific) and only using data from time
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periods that match modern climatologies. 18.38% of the G. ruber data with age control (0-4 ka, MARGO Chronozones 1-4), hereafter referred
and 0.66% of the T. sacculifer data are from the MARGO Late Holocene to as the Late Holocene data, spans a large range of values, where the
5'80 database (Waelbroeck et al., 2005), and 39.55% of the G. ruber data range for G. ruber is 4.80%o, T. sacculifer is 3.76%o, G. tumida is 2.96%o,
and 58.86% of the T. sacculifer data are from Schmidt and Mulitza N. dutertrei is 4.15%o, and P. obliquiloculata is 4.01%o. This variability
(2002). suggests that each species records changing ocean conditions rather than

For each species, the 5'80, for Late Holocene aged samples verified recording a single isotherm or isopycnal. Late Holocene &'%0,
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variability, shown in Fig. 1, matches known temperature features, with
mixed layer species (G. ruber and T. sacculifer) having lower §'80, near
the equator and in the western Pacific (corresponding to warmer tem-
peratures) and higher 8'%0. in the eastern Pacific and towards the
extratropics (corresponding to cooler temperatures). Mixed layer in this
context refers to the relatively homogenous layer above the thermocline.

However, also apparent in Fig. 1 is variability in the core top values
within regions where the ocean conditions that should drive these values
are similar. Some of this variability may be due to the effect of bio-
turbation, mixing shells from older time periods with more recent shells.
This impacts all sediments to some extent but is most important in low
sedimentation regions (Boyle, 1984). Independent of habitat changes
over time, ice volume changes systematically make glacial aged shells
isotopically heavier than modern aged shells.

3.1. Apparent calcification depth

For all species considered in this study, the mean of the local ACD
distributions generally matches the results from regional studies (Fig. 2).
For G. ruber and T. sacculifer, the range of local ACD is from 0 to 150 m,
but within this range, the distributions suggest that G. ruber calcifies
closer to the surface than T. sacculifer, which other studies have shown
(Lynch-Stieglitz et al., 2015; Rincon-Martinez et al., 2011; Steph et al.,
2009). 59% of the G. ruber data is estimated to be above the surface (and
set to 0 m), compared to 22% of T. sacculifer data. N. dutertrei and
P. obliquiloculata local ACDs range from 50 to 175 m, with few below
these depths. G. tumida appears to be the deepest calcifying species, with
most local ACD estimates between 125 and 200 m, but with some below
300 m. Only one location for P. obliquiloculata has a 5'80 lower than the
surface predicted 5§80, while G. tumida and N. dutertrei have no data
above the surface. The subsurface-dwelling species have much more
variability in local ACD compared to the surface-dwelling species. These
results can be seen spatially in Fig. 3.

3.2. Relationship of calcification to the thermocline

Our local TP estimates are similar to our local ACD estimates, with
species calcifying in the same order in the water column (Fig. 4). G. ruber
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and T. sacculifer seem to calcify at TP ~ 1, and P. obliquiloculata, N.
dutertrei, and G. tumida calcify deeper at lower TP, in that order in the
water column. This ordering is consistent with other regional studies
(Ford et al., 2018; Mohtadi et al., 2011). The mean TP estimates for each
species are shown in Table 1, with the subsurface-dwelling species
having much more variability in the local TP distribution. For
P. obliquiloculata, the data in the shallowest TP bin reflects the fact that,
in some locations, this species appears to calcify in the surface mixed
layer. The TP value changes slowly with depth near the surface mixed
layer, and so data that have a local ACD in the mixed layer would have a
TP close to 1.00.

4. Discussion
4.1. Surface-dwelling species

The bulk of the local ACD distribution for G. ruber is within the upper
50 m across the tropics, confirming previous studies. G. ruber is a
cosmopolitan species in the tropical surface ocean with obligate sym-
bionts, making it reliant on sunlight (Hemleben et al., 1989). While 59%
of the G. ruber values were lighter than the predicted 5'%0c at the sur-
face, this is likely due in large part to our use of the paleotemperature
equation based on Kim and O'Neil (1997), while there is evidence that
the true paleotemperature equation for G. ruber may be offset by —0.3%o
(Bemis et al., 1998). Previous work on G. ruber has established its habitat
within the surface mixed layer, with many paleoceanographic studies
using G. ruber 5180 as a proxy for sea surface temperatures (e.g. Kucera
et al., 2005; Spero et al., 2003). Plankton net tows, sediment trap
studies, and core top analyses all find an ACD within the surface mixed
layer in specific regions and globally (Curry et al., 1983; Waelbroeck
et al., 2005; Watkins et al., 1998).

The mean local ACD for T. sacculifer is within the mixed layer at 48
m, with much of the distribution of ACD within the upper 100 m. These
results broadly match the results of previous regional ACD estimates
(Lynch-Stieglitz et al., 2015; Mohtadi et al., 2011; Rincon-Martinez
et al., 2011). Similar to G. ruber, T. sacculifer bears obligate symbionts
and so must live near the surface, and culture experiments show that it
can survive over a range of salinity and temperature conditions (Bijma

N. dutertrei

P. obliquiloculata

400

Counts e Mean Local Depth

----- Holocene Mean Local Depth

Fig. 2. Local ACD distribution for five tropical planktonic foraminiferal species for the full core top data set and for Late Holocene dated (Chronozone 1-4) data.

Dotted line represents mean of local ACD estimates.
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et al., 1990; Schiebel and Hemleben, 2017). While in regions of steep 4.2. Subsurface-dwelling species

hydrographic profiles, T. sacculifer becomes less reliable as a proxy for

surface conditions (Spero et al., 2003), it does record surface conditions The three subsurface species in this study, G. tumida, N. dutertrei, and

well when considered globally. P. obliquiloculata, live in a more variable environment than the surface-
dwelling species. The changing conditions of the thermocline can result
in planktonic foraminifera altering their depth habitat for more suitable
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conditions, which can lead to systematic errors when these species are
used as proxies for past climate. Because many variables tend to change
rapidly near the depth of the thermocline, including not only tempera-
ture but also density and chlorophyll concentration, it is difficult to
disentangle these effects and claim that one is the dominant predictor of
habitat depth. Likewise, it is difficult to disentangle which of the many
hydrographic properties could drive calcification depth for a species that
calcifies independently of the thermocline. Instead, we attempt to
identify whether these species calcify independently of the thermocline
or calcify at a consistent position in the thermocline.

Fig. 5 shows a comparison between the constant thermocline posi-
tion (i.e. a foraminifera on average chooses its calcification habitat
based on a parameter that tracks the thermocline) and constant depth (i.
e. a foraminifera on average calcifies at a fixed depth, independent of
thermocline depth) models in explaining 5180, variability in G. tumida,
N. dutertrei, and P. obliquiloculata. Local ACD is plotted against ther-
mocline depth (depth at which TP = 0.80) to investigate whether the
distribution of local ACD changes as a function of thermocline depth.
Overlayed on these plots are lines estimating the local ACD assuming
either a constant thermocline position or constant depth model. The
constant depth is the mean of the local ACD, and the constant TP is the
mean of the local TP for the species. For the constant TP line, for each
location, the depth for the species' mean TP was estimated, and the line
of best fit is plotted. If the foraminifera are primarily responding to a
variable that does not change with thermocline depth, the local ACD
should be independent of thermocline depth (red line). If the forami-
nifera are primarily responding to a variable that is linked to the ther-
mocline depth, the local ACD should change as a function of thermocline
depth (blue line).

For G. tumida, the best fit line for the data matches the constant ACD
line most closely, suggesting that calcification depth, while exhibiting a
wide range, is independent of thermocline depth. Early work using data
from core top sediments to understand the depth habitat of G. tumida
found that this species calcifies at the Bottom of the Photic Zone (BOPZ)
(Ravelo and Andreasen, 1999; Ravelo and Fairbanks, 1992). This BOPZ
depth is approximately constant across the tropics (~75-110 m), and is
defined as the depth at which light intensity drops to 1% of the surface

intensity (Ravelo and Andreasen, 1999). Since then, some core top
studies have confirmed this findings (Steph et al., 2009), while others
have estimated the calcification depth to be below the photic zone
(Lynch-Stieglitz et al., 2015; Rincon-Martinez et al., 2011). Our results
show that G. tumida calcifies independently of the thermocline, as
Ravelo and Fairbanks (1992) find, but the mean local ACD estimate
(210 m) is deeper than the BOPZ, with large variability in the local ACD.
This discrepancy in ACD is primarily due to the use of different paleo-
temperature equations to interpret the data. When our method is used
on the data from Ravelo and Fairbanks (1992), we find that the G. tumida
ACD is deeper than the BOPZ at 230 m at core V29-144. This highlights
how different paleotemperature assumptions can lead to differing con-
clusions for the ACD and thus interpretations of this quantity as a true
living or calcification depth.

P. obliquiloculata seem to calcify deeper in regions with deeper
thermoclines as opposed to maintaining the same average depth globally
(Fig. 5c). This is corroborated by other studies showing that
P. obliquiloculata calcification is driven by changes in thermocline po-
sition (Dang et al., 2018; Zhang et al., 2019b). P. obliquiloculata is an
herbivorous species, giving it an ecological reason to live and calcify
near the deep chlorophyll maximum/deep biomass maximum (Cornec
et al., 2021; Schiebel and Hemleben, 2017). The highest standing stocks
of this species are linked to the pycnocline/thermocline, which is
correlated with the deep chlorophyll maximum (Ravelo et al., 1990).
Consequently, this species is strongly biased to the upwelling season in
the Indo-Pacific and Western Equatorial Pacific (Dang et al., 2018;
Kawahata et al., 2002; Mohtadi et al., 2009). Variability in the calcifi-
cation depth for P. obliquiloculata in this study and in other studies is
smaller than the variability for other subsurface species (Hollstein et al.,
2017; Rippert et al., 2016). This could be due partly because our
compilation only has data for this species from the Eastern Equatorial
Pacific and the Western Pacific Warm Pool regions, whereas other spe-
cies have data from a wider variety of environments.

N. dutertrei seems to not calcify at the same average depth inde-
pendent of thermocline depth, but the change in ACD with thermocline
depth does not match our constant thermocline position model either.
N. dutertrei has been shown to calcify near the bottom of the photic zone
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while also responding more strongly to the thermocline position than
G. tumida (Ravelo and Fairbanks, 1992; Steph et al., 2009; Rincén-
Martinez et al., 2011). The optimal calcification temperature seems to be
between 16 °C and 19 °C, setting it near the BOPZ in most of the tropics
(Patrick and Thunell, 1997; Ravelo and Andreasen, 1999). We find a
mean ACD that is near the BOPZ (114 m) with variability reflecting the
position of the thermocline at individual core locations (Fig. 3g-h). In
Fig. 5b, there is a clear trend in local ACD with thermocline depth,
suggesting that N. dutertrei calcifies deeper in regions with a deeper
thermocline. This is similar to previous findings from multiple studies
(Ravelo and Andreasen, 1999; Ravelo and Fairbanks, 1992; Rippert
et al., 2016). This species is an opportunistic species that dwells near the
chlorophyll maximum, and this depth has been shown to change
seasonally along with the nutricline/thermocline, giving an ecological
reason for this behavior (Cullen, 2015; Kroon and Ganssen, 1989;
Schiebel and Hemleben, 2017). The best fit line fits the data very well,
but at a different slope than would be expected if it strictly followed the
TP. This suggests that N. dutertrei calcification responds to both envi-
ronmental variables that are linked to the thermocline and those that are
more tied directly to depth.

5. Conclusions

Accurate assessments of ACD are necessary to use foraminiferal
proxies in a quantitative way to investigate ocean structure. By

compiling data from across the tropics, we investigated the ACD of five
species: G. ruber albus, T. sacculifer, G. tumida, N. dutertrei, and
P. obliquiloculata. Despite the large variability introduced by taking data
from hydrographically different regions, the mean ACD estimates for
each species broadly matched previous regional estimates. The mean
and 95% confidence intervals for our ACD estimate for these species are
17 [0, 86] m for G. ruber, 48 [0, 128] m for T. sacculifer, 210 [123, 385]
m for G. tumida, 114 [42, 173] m for N. dutertrei, and 94 [0, 169] m for
P. obliquiloculata.

By computing local ACD for each data point, we can start to inves-
tigate more complex models of calcification and the biological drivers of
calcification. For G. tumida, we find that the temperature and position of
the thermocline are not important drivers of calcification depth. The
calcification depth seems to respond to a variable that is independent of
depth, with more variability in the ACD for this species than any other
species. N. dutertrei and P. obliquiloculata respond to thermocline
changes, with deeper calcification occurring in locations with a deeper
thermocline. Our results confirm existing hypotheses about calcification
for these species on a global scale.

These results suggest the possibility of developing predictive models
for calcification depth for deep calcifying foraminifera in response to
relatively simple environmental variables such as thermocline depth.
This may ultimately allow for the direct use of geochemical data from
these foraminifera to quantitatively reconstruct vertical profiles of
properties in the upper ocean. Improved models for calcification depth
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will also allow for more direct comparison between paleoclimate model
output and proxy data.
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