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Abstract. The stable carbon (813C) and oxygen isotopes (8180) of planktic foraminiferal tests have been
widely used as proxies in paleoceanography and paleoclimatology. The ontogenetic isotopic profiles of foramin-
ifers are also thought to record ecological information about species, such as changes in habitat depth and sym-
biotic relationships. However, isotopic profiles during “individual ontogeny” have rarely been examined. In this
study, we report the ontogenetic isotopic information for three net-collected modern species, Globigerinoides
sacculifer, Neogloboquadrina dutertrei, and Globorotalia inflata, together with several in situ oceanographic
parameters of the water column in Sagami Bay, Japan (seawater temperature, salinity, nutrients, chlorophyll
a content, 513C of dissolved inorganic carbon [DIC], and 5180 of seawater). We examined the ontogenetic pro-
files of the foraminifers with chamber dissection and chamber-by-chamber analyses of 813C and %0 using a
specially designed continuous-flow mass spectrometry system. The ontogenetic 5180 profiles showed overall
180Q-enrichment in all three species, suggesting their ontogenetic migration toward deeper habitats. When these
records were compared with the physicochemical profiles of the water column, all the ontogenetic records began
within the uppermost thermocline or shallower, corresponding to the depth of relatively high chlorophyll con-
tent. Later in ontogeny, Gs. sacculifer and N. dutertrei migrated to the bottom of the level of maximum chloro-
phyll, whereas Gr. inflata descended to a depth of 200 m. The deviations of foraminiferal 313C from the §'3C
of DIC were largest in the juvenile stages, but were near zero at a test mass of ca. 10 ug for all three species.
Contrary to the subsequent asymptotic profiles of this deviation in N. dutertrei and Gr. inflata, Gs. sacculifer
alone showed a subsequent increase, of up to +1.0%o, reflecting its symbiotic relationship. We conclude that a
certain ontogenetic test mass, in this case of around 10 Lig, can be assigned to a preferable size class of fora-
minifers from which to reconstruct the paleo-513C of DIC in the water column, regardless of the species ecology.

Key words: habitat depth, ontogenetic migration, planktic foraminifers, stable carbon isotope, stable oxygen
isotope

Introduction

The analysis of geochemical traits using foraminiferal
tests has enhanced our understanding in the fields of
paleoceanography, paleoclimatology, and paleoecology
(e.g. Emiliani, 1955; Berger et al., 1978; Norris, 1996;
Zachos et al., 2001). Since Emiliani (1954) first analyzed
stable carbon (8'3C) and oxygen isotopes (8'%0) in the
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calcite tests of foraminifers, they have been used widely
and are now one of the best developed tools for evaluat-
ing environments in deep time. Their use is grounded in
the well established idea that the isotopic composition of
biogenic calcium carbonate, including foraminiferal cal-
cite, reflects the physicochemical conditions under which
it formed (Urey, 1947; Emiliani, 1954, 1955; Bemis et
al., 1998). It is noteworthy that paleoceanographic anal-
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yses using planktic foraminiferal tests are based on a
knowledge of the ecology of modern foraminifers, espe-
cially the segregation of their habitat by depth in the ver-
tical structure of the water column. For example, the
thermal stratification in the Holocene was reconstructed
using the oxygen isotopic composition of multiple spe-
cies of planktic foraminifers living at different depths
(e.g. Mulitza et al., 1997; Mortyn et al., 2002). These
data have also been used in studies of paleoproductivity,
in which carbon isotopic gradients are established
between species that live in the mixed surface layer and
those that live below the thermocline (Mulitza et al.,
1998). These studies would not be possible without a
knowledge of the habitat depths of the species analyzed.
The species habitat depth has been verified with field
observations using depth-discrete plankton tows (e.g.
Fairbanks et al., 1980, 1982; Kuroyanagi and Kawahata,
2004).

In addition to the vertical habitat segregation of adult
specimens, a number of studies using depth-discrete
plankton tows have reported that planktic foraminifers
migrate vertically to some extent throughout their ontog-
eny (e.g. Erez ef al., 1991; Bijma and Hemleben, 1994).
Because the tests of planktic foraminifers are composed
of about a dozen chambers, secreted one by one, the test
potentially contains within this series of chambers a set
of environmental information about the water column.
Theoretically, we can decode that information from a sin-
gle foraminiferal test if we analyze the geochemical
proxies recorded in each chamber individually. Con-
versely, when the environmental conditions of a water
column are known, we can reconstruct the migration
pathways of foraminifers throughout their ontogeny.
Such ontogenetic data sets for specific species have con-
ventionally been obtained by analyzing a series of size-
fractioned tests for each species (Ravelo and Fairbanks,
1992, 1995; Norris, 1996; Wilke et al., 2006; Friedrich
et al., 2012; Birch et al., 2012, 2013). However, for a
small size fraction (e.g. <150 wum) it is often difficult to
identify the smaller specimens to the species level, and
to collect enough individuals (amount of carbonate) for
the isotopic analysis. These challenges may make it dif-
ficult to obtain the hypothetical ontogenetic series of
geochemical profiles. On the contrary, a series of cham-
bers within an individual test undoubtedly shows the
actual ontogenetic order. Besides the stable isotopic stud-
ies, single chamber Mg/Ca measurements using laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) technique has increasingly been being
used as a tool to reconstruct depth migration of planktic
foraminifers recently (e.g. Eggins et al., 2003; Steinhardt
et al., 2014, 2015a).

In this study, we present the chamber-by-chamber

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 10 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

813C and 8'%0 records of modern planktic foraminifers,
together with in situ environmental parameters on the
water column, including the temperature, salinity, nutri-
ents, chlorophyll a content, carbon isotopes of dissolved
inorganic carbon (813CDIC), and oxygen isotopes of sea-
water (SISOSW). The aim was to determine where in the
water column the foraminifers calcified each chamber
throughout their ontogengy by estimating the calcifying
temperatures from the 8'°0 records. We also discuss the
deviation of the test 8'3C from that of dissolved inor-
ganic carbon (DIC) at the calculated calcification depth
to identify preferable species and/or ontogenetic stages
that reflect 613CDIC. We also evaluated the possible
causes of these deviations from equilibrium 813C.

Materials and methods

Foraminifers and water sampling

Samples were collected in Sagami Bay, Kanagawa,
Japan (35°05'N, 139°28’E; water depth, 920 m) on 11
October 2011 (Figure 1). The planktic foraminifers were
collected with a closing plankton net (aperture opening,
30 cm; 100 um mesh; Marukawa Closing Plankton Net,
Rigosha, Tokyo, Japan). The net was towed vertically
through the water over specific intervals between 0 and
600 m (i.e., 0-20, 0-33, 040, 0-50, 0-100, 0-200, 40—
400, 0—400, and 0—-600 m). Seawater samples were col-
lected at depths of 0, 10, 20, 33, 40, 50, 100, 200, 400,
and 600 m. Seawater samples for analyses of 613CDIC
and 8'%0g, were collected in 100 mL glass vials and
sealed onboard without bubbles. To prevent the biologi-
cal consumption of carbon, mercuric chloride was added
to the vials of water for 813CDIC analysis before they
were sealed. Other water samples for nutrient analysis
were filtered with a cellulose acetate filter (pore size of
0.45 um) immediately after collection. These aliquots
were kept frozen until analysis (see below for details).
The vertical distributions of temperature, salinity, and
chlorophyll fluorescence were measured with a conduc-
tivity—temperature—depth sensor (Compact-CTD, JFE
Advantech, Hyogo, Japan) in the water column at depths
of <600 m.

Foraminiferal analyses

The net-collected samples were washed with tap water
and then soaked in 12% sodium hypochlorite solution
overnight to decompose the organic matter. The samples
were then rinsed through a 63 pum sieve with tap water.
Three species of planktic foraminifers with different
ecologies were analyzed: Globigerinoides sacculifer (n =
5), Neogloboquadrina dutertrei (n = 4), and Globorotalia
inflata (n = 3). Globigerinoides sacculifer was selected
as representative of shallow-dwelling species with sym-
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Figure 1.
which is enlarged in panel b. b, Map showing the bathymetry of Sagami Bay. The open star shows the location of the sampling site (35°05'N,
139°28’E; water depth, 920 m).

biotic algae (e.g. B¢, 1977; Erez and Honjo, 1981; Birch
et al., 2013). This is one of the best-studied species of
planktic foraminifers, especially in terms of its ecology
and the isotope characteristics of its test (e.g. Bé et al.,
1981; Caron et al., 1981; Spero and Lea, 1993).
Neogloboquadrina dutertrei was selected as a general
intermediate-dwelling species (e.g. Bé, 1977; Erez and
Honjo, 1981). Globorotalia inflata was selected as
representative of deep-dwelling Globorotalia species
without symbionts (e.g. Bé, 1977; Erez and Honjo,
1981). The specimens of these species were picked under
a stereoscopic microscope and selected specimens were
dissected into chambers with ophthalmic surgical micro-
blades (Feather Safeshield Incision Scalpel 15° Angle,
Feather, Osaka, Japan) (Figure 2). The dissection of the
chambers was continued until the remaining test became
too small to dissect (Figure 2d; see Takagi et al., 2015
for details). The 8'3C and 8'%0 values for each chamber
were analyzed with a customized continuous-flow iso-
tope ratio mass spectrometry system at the Geological
Survey of Japan, Advanced Industrial Science and
Technology (AIST) (for details of the system, see
Ishimura et al., 2004, 2008). Each dissected chamber was
reacted with anhydrous phosphoric acid at 25°C. To
calculate the CaCO5 mass of the sample, the pressure of
the manually purified CO, gas in the fixed volume of the
vacuum line was measured. The CO, gas was then intro-
duced to the isotopic ratio mass spectrometer (Isoprime,
Isoprime Ltd., Stockport, UK) with helium carrier gas.
The system determines both 8'3C and §'%0 values for
microvolumes of carbonate samples as small as 1.0 ug,
with external precision better than +0.1%o. The NBS-19
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a, Map showing the position of the Kuroshio Current on the sampling day (11 October 2011), and the study area (rectangle),

carbonate standard was used for calibration of the Vienna
Peedee belemnite (VPDB) scale.

Analyses of water samples

To determine 8'3Cpyc and 8'%0y,, the CO, gas gen-
erated from and equilibrated with each seawater sample
was analyzed. An aliquot (20 mL) of each seawater sam-
ple was injected into an evacuated glass vial containing
amidosulfonic acid. All the DIC in the seawater was con-
verted to CO,. The vials were shaken in a water bath at
25°C overnight to equilibrate the 8180 of the seawater
with that of the CO, gas generated. The dual inlet system
of the mass spectrometer (Isoprime) at AIST was used
for the analysis, which determines the 8'3C and 8'%0
with analytical error of +0.1%o. The 8'%0g,, values were
reported relative to Vienna Standard Mean Ocean Water
(VSMOW).

The concentrations of nitrate (NOj3), nitrite (NO,),
phosphate (PO,), and silicate (SiO4) were determined
with a colorimetric analysis in a continuous flow system
at Ehime University (AutoAnalyzer 3, Bran + Luebbe,
Norderstedt, Germany). The water samples for chloro-
phyll a analysis (1 L) were filtered through Whatman
GF/F glass fiber filters within 5 h of collection, and the
filters were then immediately soaked in 10 mL of N,N-
dimethylformamide (DMF) in dark glass vials for more
than 24 h. The chlorophyll a concentration in the DMF
extract was measured with a fluorometer at Ehime
University (10AU, Turner Design, California, USA).

Estimation of calcification depth
Based on the SISOSW values determined and the tem-
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Figure 2.

Scanning electron micrographs of the species used in this study, and an example of a series of dissected chambers. a,

Globigerinoides sacculifer; b, Neogloboquadrina dutertrei; ¢, Globorotalia inflata; d, Dissected chambers of Neogloboquadrina dutertrei

(specimen dut2). f, f-1, -2, ...

peratures measured in the water column, we calculated
the expected oxygen isotope values for the inorganic cal-
cite precipitated in equilibrium with seawater (5180e ).
We used the equation of Kim and O’Neil (1997), which
was established for inorganic calcite precipitated in a
temperature range of 10-40°C:

1000 In o= 18.03 x (103 7, ") — 32.42 (1)

where «is the fractionation factor between CaCO; (inor-
ganic calcite) and H,O (seawater), and 7, is the seawater
temperature in degrees Kelvin (K). The fractionation fac-
tor can be written using delta notation:

a=(6"%0,, + 1000)/(5'°0,,, + 1000) )

where 51806q and &'80y,, are relative to the VSMOW
standard. The values of 51806q (vsmow) were converted
to the VPDB scale as follows (Coplen ef al., 1983):

5'%0,, ppp) = (0.970017 x 680, ysprom) — 29.98
3

We estimated the 6180e -derived calcification depth for
each chamber analyzed, assuming that the foraminiferal

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 10 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

indicate the chamber positions counting backward from the final chamber (f). Scale bars are 200 wm.

chambers were precipitated under isotopic equilibrium
with seawater.

Many authors have proposed species-specific relation-
ships among calcification temperature and SISOSW, and
the 8'80 value of the foraminiferal test, indicating that
there is a small vital effect on the 8'0 of foraminiferal
calcite (Erez and Luz, 1983; Bouvier-Soumagnac and
Duplessy, 1985; Bemis et al., 1998; Mulitza et al., 2003;
Spero et al., 2003). For comparison, we also calculated
the species-specific 880 of the foraminifers using equa-
tions that were most recently established:

5105 = (12.0 = 1)/5.67 + (80, — 0.27)
(Spero et al., 2003)  (4)

B0y, = (10.5 - 1)/3.58 + (6'%0,,, — 0.20)
(Bouvier-Soumagnac and Duplessy, 1985) (5)

3B06,m = (149 — T)/5.13 + (6'%0,,, — 0.27)
(Spero et al., 2003) (6)

where 6304, 680y, and 6'%0g,,, represent the
expected species-specific 880, T'is the seawater temper-
ature in degrees Celsius (°C), and —0.27 in eqgs. (4) and
(6) and —0.20 in eq. (5) are the conversion-correction val-
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Spero et al. (2003)
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50 ©

E

= Kim &
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[a)] Spero et al. synthetic calcite
(2003) 51804,
Gs. sacculifer
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Figure 3. Physical and chemical parameters of the water column at the study site on the sampling day (35°05'N, 139°28’E, 11 October
2011). a, Vertical distributions of chlorophyll a content (Chl; gray triangles), temperature (T; black circles), and salinity (S; white squares);
b, vertical distributions of nitrate and nitrite (N; black squares) silicate (Si; white circles), and phosphate (P; gray inverse triangles); ¢, vertical

distributions of the oxygen isotope ratio of seawater (8! OSW,

white triangles) and the carbon isotope ratio of dissolved inorganic carbon

(813CDIC, black dlamonds) d vertical distribution of expected oxygen isotope ratio in foraminiferal calc1te a“‘oeq, equilibrium calcite (bold
line with black squares); 5! OGSS ,Gs. saccultfer-spemﬁc fractionation (dashed line with gray circles); 5! ONd,N dutertrei-specific fraction-
ation (fine line with black circles); 5! OGrm, Gr. menardii-specific fractionation (broken line with white circles) (see text for detail). Gs.,

Globigerinoides; N., Neogloboquadrina; Gr., Globorotalia

ues for 818OSW from the VSMOW scale to the VPDB
scale (see Bemis et al., 1998). Equations (4) and (5) were
used for Globigerinoides sacculifer and Neoglobo-
quadrina dutertrei, respectively, because they were
calibrated for these specific species. Although eq. (6)
was derived from cultured Globorotalia menardii, we
used it for Gr. inflata because it is the only equation
established for cultured globorotaliids.

Results

Water column profiles

The water temperature was almost constant (23.0-
23.1°C) in the upper 20 m. It decreased sharply with
depth to 50 m (to 18.0°C), and decreased gradually
below ca. 70 m (Figure 3a). Salinity increased rather
gradually from the surface to 70 m (to 34.5), showing
two sharply increasing intervals at around 18 and 37 m.
Salinity decreased gradually below 70 m. The concentra-
tion of chlorophyll a showed two peaks, the shallower at
18m (0.33 ug L™ ) and the deeper at 33 m (0.37 ug L™ )
These depths nearly corresponded to those of the
increases in salinity. The chlorophyll a concentration
then decreased sharply with depth to 45 m (to 0.06 ug
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L), and any significant signal was lost below 75 m. The
concentrations of nutrients (NO3z + NO,, POy, and SiOy,)
were significantly lower in the upper 20 m, increased
rapidly to 50 m, and then 1ncreased gradually with depth
below 50 m (Figure 3b). 5! OSW remained constant in the
upper 20 m (—0.1%o), increased to 50 m (+0. 2%0) and
gradually decreased below 50 m (Figure 3c). 5! CDIC
was almost constant in the upper 20 m (ca. +0.8%o), then
decreased sharply between 20 and 50 m, and decreased
gradually with depth below 50 m.

Ontogenetic stable isotope records for foraminifers
Because our foraminiferal samples were obtained from
a vertically towed natural population, the ontogenetic
stages of the individuals may have varied within the
same species. Therefore, for the purpose of interindivid-
ual comparisons, we used the cumulative test mass as an
index of growth (Table 1). The 8'3C and §'%0 results for
each individual are shown in Fl%ure 4. For each individ-
ual, the most '%0- depleted 5180 value was always
recorded at the smallest chambers (Table 1; Figure 4a).
The most '%0- depleted 880 values for each individual
ranged from —2.6%o0 to —1.9%0 for Globigerinoides
sacculifer (test mass 2.4-6.1 ug) and from —2.1%o to
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Table 1. Results of the chamber-by-chamber analysis of 8'3C and §'80, and the estimated calcification depth for each chamber.
Numbers in parentheses in the “chamber calcification depth” column indicate error intervals for the depth estimation calculated from the
+0.1%o analytical error of 830 for each chamber. The presence or absence of a sac-like final chamber is noted in the Gs. sacculifer
specimens. f, f-1, f-2, ... indicate the chamber positions, counting backward from the final chamber (f). The error of measurement for the

test length, calculated from quintuplicate measurements, was +10 pum.

Individuals Chambers Equilibrium depth estimation Species-specific depth estimation
. Test Cumulative 83Cpc of Chamber 813Cpyc of
D Sadr:gglng size ChafgberCl:EZ;:er test 53¢ 5'%0  Temperature caclili?{v? :tei(r)n ccn’es;:;ﬁding AS"Copam.pic Temperature  calcification ccrres;%gding A8"Coram-niIC
(m) (um) position e mass (%o VPDB) (%0 VPDB) (°0) depth (m) depth (%o VPDB) (°C) depth depth (%0 VPDB)
(ug) (%0 VPDB) (m) (%0 VPDB)
Globigerinoides sacculifer Spero et al. (2003) Gs. sacculifer equation
sacl 400-0 500 f 4.7 21.7 +0.9 1.1 18.9 42 (39-44) +0.4 +0.5 17.9 55 (48-80) +0.4 +0.5
(w/ sac) 1 9.5 17.0 +0.5 -1.1 19.1 41 (39-44) +0.5 +0.0 17.9 52 (48-77) +0.4 +0.1
f2 5.0 7.5 +0.3 -1.5 209 32 (30-34) +0.7 -0.4 19.1 41 (38-43) +0.5 0.1
<f3 2.4 2.4 +0.3 -1.9 223 24 (22-26) +0.7 -0.4 21.5 30 (28-32) +0.7 -0.4
sac2 200-0 750 f 11.2 35.0 +0.9 -1.5 21.2 31 (29-33) +0.7 +0.2 19.5 39 (36-42) +0.5 +0.4
(w/o sac) -1 10.5 238 +0.8 -1.5 209 32 (31-35) +0.7 +0.1 19.1 41 (39-44) +0.5 +0.3
-2 72 133 +1.0 -1.6 21.7 29 (27-31) +0.7 +0.3 204 36 (33-39) +0.6 +0.4
<f3 6.1 6.1 +0.6 2.0 227 22 (21-24) +0.8 0.2 22.0 28 (26-30) +0.7 0.1
sac3 200-0 610 f 9.0 31.0 +1.4 -1.2 19.5 39 (3641 +0.5 +0.9 182 48 (45-50) +0.4 +1.0
(w/o sac) -1 122 220 +1.3 -1.7 220 28 (26-30) +0.7 +0.6 20.7 34 (32-37) +0.6 +0.6
f2 6.3 9.8 +0.9 -2.0 227 22 (20-23) +0.8 +0.2 222 27 (24-29) +0.7 +0.2
<f3 35 35 +0.5 2.1 229 21 (19-23) +0.8 0.3 22.0 26 (24-28) +0.7 -0.3
sac4 400-40 640 f 3.1 252 +1.4 -1.4 20.7 34 (31-36) +0.7 +0.8 18.6 43 (40-45) +0.4 +1.0
(w/o sac) f-1 7.8 221 +0.7 -1.6 21.7 29 (27-31) +0.7 0.0 20.4 36 (33-39) +0.6 +0.1
-2 7.8 14.4 +0.7 -1.8 222 27 (25-29) +0.7 0.1 209 32 (30-35) +0.7 0.0
-3 4.0 6.6 +0.6 -1.8 223 25 (23-27) +0.7 0.1 212 31 (29-33) +0.7 0.1
<f-4 2.6 2.6 +0.4 2.0 229 21 (19-23) +0.8 —0.4 220 26 (24-29) +0.7 0.3
sacs 200-0 650 f 9.2 28.7 +0.9 1.1 19.4 40 (38-43) +0.5 +0.5 18.1 49 (47-65) +0.4 +0.5
(w/o sac) 1 113 19.6 +1.0 -1.8 222 26 (24-28) +0.7 +0.3 212 31 (29-33) +0.7 +0.3
f2 53 8.2 +0.7 -1.7 22.0 28 (26-30) +0.7 0.0 20.6 35 (31-38) +0.6 +0.1
<f3 2.9 2.9 +0.3 2.6 — — — — — — — —
Neogloboquadrina dutertrei Bouvier-Soumagnac and Duplessy (1985) N. dutertrei equation
dutl 400-0 430 f 2.7 11.5 +0.7 -1.6 21.5 30 (28-31) +0.7 +0.0 20.6 35 (32-39) +0.6 +0.1
f-1 2.9 8.7 +0.3 -1.2 19.5 39 (3641 +0.5 -0.2 182 48 (45-57) +0.4 0.1
f2 1.5 5.8 -04 -1.3 20.6 35 (33-398) +0.6 -1.0 18.5 44 (41-47) +0.4 -0.8
3 1.8 43 -0.2 -1.6 21.5 30 (28-31) +0.7 -0.9 20.6 35 (31-39) +0.6 -0.8
<f4 24 2.4 -1.0 2.1 23.1 20 (18-22) +0.8 -1.8 225 23 (20-25) +0.7 -1.7
dut2 400-0 450 f 2.7 13.1 +0.4 -1.2 19.5 39 (36-41) +0.5 0.1 182 48 (45-57) +0.4 +0.0
f-1 2.7 10.4 +0.6 -1.4 20.8 33 (31-35) +0.7 0.1 19.1 41 (38-44) +0.5 +0.1
-2 2.9 7.6 +0.5 -1.5 21.2 31 (30-33) +0.7 0.2 19.5 39 (35-42) +0.5 +0.0
-3 2.4 4.7 0.1 2.0 227 22 (20-24) +0.8 0.8 220 26 (23-28) +0.7 —0.8
<f-4 23 23 —0.6 2.0 229 21 (19-23) +0.8 -1.4 223 24 (22-27) +0.7 -1.3
dut3 50-0 520 f 2.1 19.2 +0.1 1.1 18.9 42 (40-45) +0.4 0.3 16.1 73 (49-105) +0.3 0.2
f-1 3.8 17.1 +0.4 1.1 18.9 42 (39-44) +0.4 0.0 16.9 63 (48-97) +0.4 +0.1
f2 6.9 133 +0.5 1.1 18.9 42 (40-44) +0.4 +0.0 16.4 67 (49-100) +0.3 +0.1
3 3.1 6.4 +0.2 -1.0 18.6 43 (41-46) +0.4 0.3 15.9 90 (57-116) +0.3 0.1
f-4 1.7 34 0.3 -1.7 22.0 28 (26-30) +0.7 -1.0 20.9 32 (30-35) +0.7 -0.9
<f-5 1.7 1.7 -1.1 2.0 225 23 (21-25) +0.7 -1.8 22.0 26 (24-29) +0.7 -1.8
dut4 33-0 520 f 3.7 15.9 +0.2 -1.2 19.7 38 (36-41) +0.5 0.3 182 48  (45-50) +0.4 —0.2
f-1 4.4 122 +0.4 -1.4 20.8 33 (31-35) +0.7 0.3 19.1 41 (38-44) +0.5 0.0
-2 2.9 7.8 +0.1 -1.6 21.5 30 (28-32) +0.7 0.6 204 36 (33-40) +0.6 0.5
3 1.7 49 -0.2 -1.7 220 28 (26-30) +0.7 -0.9 20.8 33 (30-36) +0.7 -0.9
f-4 1.5 32 -0.6 2.0 227 22 (20-24) +0.8 -13 223 25 (23-27) +0.7 -13
<f5 1.7 1.7 -1.0 2.0 225 23 (21-25) +0.7 -1.8 22.0 26 (24-29) +0.7 -1.8
Globorotalia inflata Spero et al. (2003) Gr. menardii equation
infl 600-0 510 f 6.6 29.3 0.2 +0.1 12.6 184 (169-200) +0.1 0.3 12.5 195 (177-217) +0.1 —0.3
f-1 9.0 228 0.1 0.2 14.6 136 (120-152) +0.2 0.3 14.5 139 (121-157) +0.2 0.3
-2 7.0 13.7 0.1 +0.1 12.7 181 (166-197) +0.2 0.3 12.5 191 (173-212) +0.1 0.3
-3 2.4 6.7 0.5 0.7 17.9 52 (48-68) +0.4 -0.9 18.1 49 (46-60) +0.4 -0.9
<f-4 43 43 —0.8 0.7 18.1 50 (48-67) +0.4 -1.2 18.1 49 (46-58) +0.4 -1.2
inf2 600-0 440 f 1.5 17.0 — — — — — — — — — —
1 52 154 +0.1 02 15.0 127 (111-142) +0.2 -0.1 14.9 129 (111-146) +0.2 -0.1
f2 4.0 10.2 +0.1 0.2 14.7 134 (119-150) +0.2 0.1 14.5 138 (120-155) +0.2 0.1
3 2.0 6.3 -0.5 0.4 153 109 (93-125) +0.2 -0.7 153 109 (90-127) +0.2 -0.8
<f-4 43 43 0.5 -0.9 18.5 45 (43-48) +0.4 -0.9 18.5 44 (41-46) +0.4 -0.9
inf3 surface 340 f 2.4 5.8 —0.2 —0.6 16.8 65 (50-82) +0.3 0.5 17.9 56 (48-76) +0.4 0.6
f-1 1.1 3.4 0.7 -1.2 19.5 39 (37-42) +0.5 -1.2 20.0 37 (35-40) +0.5 -1.2
-2 0.8 23 0.7 -1.2 19.5 39 (37-42) +0.5 -1.2 20.0 37 (35-40) +0.5 -1.2
<f3 1.5 1.5 -14 -1.4 20.8 33 (31-35) +0.7 2.1 212 31 (29-33) +0.7 2.1
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Figure 4. Chamber-by-chamber 8'30 (a) and §'3C (b) ver-
sus the cumulative test mass. Data obtained from the same indi-
vidual are connected in ontogenetic order. The same shade is used
for symbols of the same species (gray: Globigerinoides saccu-
lifer; black: Neogloboquadrina dutertrei; and white: Globorotalia
inflata). Error bars represent analytical errors (£0.1%o).

—2.0%0 for Neogloboquadrina dutertrei (test mass 1.7—
2.4 ng). The most 180-depleted 8'%0 value for Globoro-
talia inflata was higher than those for the other two spe-
cies, ranging from —1.4%o to —0.7%o (test mass 1.54.3
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ng). 5'80 values tended to become more positive
throughout ontogeny in all species (Figure 4a), and this
180-enrichment was rather rapid in the earlier growth
stage (cumulative test mass < ca. 8 1g). The 5180 values
for N. dutertrei and Gr. inflata appeared to converge
around —1.0%o and 0.0%o, respectively, at the latest onto-
genetic stage observed for each species. For Gs. saccu-
lifer, the 5180 value for the largest chamber in each
individual ranged from —1.5%0 to —1.1%o0 (test mass
21.7-35.0 ng), representing the most 180-depleted val-
ues among the three species.

The most 13C—depleted values of 8'3C for each indi-
vidual corresponded to the smallest chambers, as for
180-depleted values of §'80 (Table 1; Figure 4b). The
most 13C-depleted 8'3C values were +0.3%o to +0.6%o
for Gs. sacculifer (test mass 2.4-6.1 ng). However, they
were much more negative for N. dutertrei and Gr. inflata
relative to that of Gs. sacculifer (by at least 0.8%o), rang-
ing from —1.1%o0 to —0.6%0 for N. dutertrei (test mass
1.7-2.4 ng) and from —1.4%o to —0.5%0 for Gr. inflata
(test mass 1.5-4.3 ug). The 8'3C values of the Gs. sac-
culifer specimens became more positive up to +0.9%o to
+1.4%0 (test mass 21.7-35.0 ng), although the ontoge-
netic trajectories varied to some extent among individu-
als. The 8!3C values for specimens sac2, sac3, and sac5
tended to become more positive gradually throughout
test growth, whereas those for sacl and sac4 showed
large positive shifts in the last chamber (by 0.4%0 and
0.7%o, respectively) (Figure 4b). The 813C values for N.
dutertrei and Gr. inflata became more positive rapidly in
the earlier growth stage, up to a cumulative test mass of
ca. 12 ng, followed by a slight 13C-depletion. In the larg-
est specimen, infl (final test mass 29.3 ug), the 81°c
value in the final growth stage was —0.2%o.

Expected 3180 in foraminiferal calcite through the
water column

8180,g, 830G 830Ny, and 8'%0g,, were calcu-
lated from 81805“, and temperature. Because the varia-
tion in 880y, in the water column was small (<0.3%o;
Figure 3c), the expected SISOeq, 81804 880Ny, and
5! Ogm values were controlled mainly by the variation
in temperature. They showed almost constant values
above 20 m (—2.1%o), became more positive rapidly to 50
m, and then gradually below 50 m (Figure 3d).

Discussion

Effect of lamellar structure

Chamber walls of planktic foraminifers usually form a
lamellar structure (Reiss, 1958; Bé and Lott, 1964), i.e.,
a chamber is over-layered by the outer lamella(e) of the
subsequently formed chamber(s) (cf. Figure 5). This
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Figure 5. Hypothetical mass-balanced 3130 of each chamber at the time the chamber was secreted as the final chamber (al, bl, c1)
and the difference from the 5'%0 actually measured (a2, b2, c2). a, Globigerinoides sacculifer; b, Neogloboquadrina dutertrei; ¢, Globorotalia
inflata. The schematic illustration of the lamellar structure is shown in bottom right. The hypothetical mass-balanced values were calculated
at three different scenarios by assuming the ratio of the mass of an existing chamber wall versus that of overlying lamellae of the subsequent
chamber for 3:1 (25%), 2:1 (33%), and 1:1 (50%).
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means that except for the final chamber, the isotopic sig-
nal initially recorded in a calcite wall during the chamber
formation is contaminated by those in the later ontoge-
netic stages. Since the thickness of the over-layering can-
not be directly evaluated from the materials utilized in
this study, we here modeled three scenarios of relative
thickness of the over-layers, which enable us to assess its
effect on the bulk-chamber 8'%0 values. For calculating
the hypothetical mass-balanced 8'30 values, we assumed
the ratio between the mass of the initially precipitated
wall of a given chamber and that of the over-layering
lamellae as 3:1 (25% over-layer), 2:1 (33% over-layer),
and 1:1 (50% over-layer) (Figure 5).

The variability in each specimen’s profile is amplified
as the proportion of the over-layer becomes larger
(Figure 5al, bl, cl). With regard to 25%- and 33%-
layering models, the 5'80 differences between the hypo-
thetical mass-balanced values and that of the measured
bulk-chambers are small (less than 0.5%o in most cases).
For the 50%-model, however, the modeled 8180 values
greatly differ from the measured ones especially for ear-
lier chambers (maximum 2.8%o difference) (Figure 5a2,
b2, ¢2). On the basis of our visual observation, the thick-
ness of the uncovered original wall (septa) of a given
chamber is always significantly thicker than 50% of the
total thickness of the original wall and the over-layer of
the succeeding chamber. Considering the actual wall
thickness of the chambers of Neoglobogquadrina dutertrei
we observed under the sample preparation (shown in
Figure 2d), it is hard to assume that penultimate chamber
has 50% of over-layering. If we assume a given chamber
has 50% of over-layering, f-2 and f-3 chambers should
have ca. 75% and 87.5% of over-layering, which is
impractical (Figure 2d). Even in an extreme example of
the chamber wall thickness with crust in N. dutertrei
reported in Steinhardt et al. (2015b), the total wall thick-
ness of the f-1 chamber was less than the double to the
f chamber. Additionally, since a septum of a chamber is
isolated from the surface, over-layering of the succeeding
chamber never covers all the area of a given chamber.
According to these assumptions, we infer that 50% of
over-layering is quite unlikely. Therefore, we hereafter
exclude the 50%-model, and at most a 33%-model was
considered.

Migration histories through ontogeny

The calcification depth of each chamber was estimated
based on the assumption that the foraminiferal calcite
analyzed was precipitated under isotopic equlhbrlum
(81 O, ) or by species-specific fractionation (8 OGss»
5!8 oNcb and 8'%0¢,,) (Table 1; Figure 5a, b).

For Globigerinoides Saccullfer the calcification depth
estimated from SlgOeq was slightly shallower than that
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estimated from SlgOGSS. At the smallest ontogenetic
stage analyzed (<5 ug), all the Gs. sacculifer specimens
calcified their tests within the upper part of the thermo-
cline (shallower than 30 m). With the hypothetical mod-
eled value for 33% over-layer, the calcification depth
calculated is equivalent to the mixed layer depth (0-20
m) (Figures 3, 5). Therefore, we estimate that Gs.
sacculifer analyzed calcified its test within or very close
to the mixed layer in their very early stage of ontogeny.
Globigerinoides sacculifer finally migrated to ca. 50 m,
which was near the steep decline in chlorophyll a con-
tent. Among the five specimens analyzed, sacl had a sac-
like chamber in the final chamber position (see Table 1).
Because a sac-like shape is an indication of the very-last-
formed chamber in this species, the calcification depth of
the final chamber of sacl represents the habitat depth
during the terminal stage of its ontogeny. The best esti-
mate of the calcification depth of that sac-like chamber
was 42 m (equilibrium estimate) or 55 m (Gs. sacculifer-
specific estimate). Since the difference between the
hypothetical model and bulk 580 is almost negligible in
the later ontogenetic stage, deeper migration with ontog-
eny is a robust finding from our records (Figure 5). Our
results for this species are consistent with the deeper
migration ecology through ontogeny reconstructed by
single chamber Mg/Ca studies using laser ablation tech-
niques (Eggins et al., 2003).

Globigerinoides sacculifer is known to harbor dinofla-
gellates (Pelagodinium béii) in its cytoplasm as obligate
symbionts (Hemleben et al., 1989; Shaked and de
Vargas, 2006; Siano et al., 2010). Therefore, because its
photosynthetic symbionts require light, the vertical dis-
tribution of Gs. sacculifer is limited by light attenuation.
Based on the relationship between light and the chloro-
phyll a concentration in the water column, the bottom
depth of the euphotic zone (the depth at which irradiance
is 1% of the surface level) can be estimated with the fol-
lowing equation (Morel and Berthon, 1989; Lee et al.,
2007):

Zyo, = 34.0 x Chl 037 (7

where Z|o, is the depth of the euphotic zone and Chl is
the concentration of chlorophyll @ (ug L™ ) at the sur-
face. Using this equation, the depth of the euphotic zone
at the study site was calculated to be 69 m. Accepting
this estimate, it can be said that Gs. sacculifer maintained
the photosynthetic capacity of its symbionts throughout
its ontogeny, even when it migrated to deeper water in its
later ontogeny.

Since the net-collected specimens we analyzed still
possessed intact spines (see Figure 2a), they are adult-
sized but before reproduction. Once foraminifers reach
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reproductive maturation, they should sink within the
water column because of loss of buoyancy due to shed-
ding of spines (e.g. Hemleben et al., 1989). Thus it is
likely that the terminal descending pathway in each indi-
vidual is not recorded in our net-collected specimens.
Therefore, the deepest habitat depth of matured Gs.
sacculifer should be much deeper than that estimated
from our isotopic records. A previous study using depth-
discrete plankton tows (0—200 and 200—600 m) at the
Gulf of Aqaba/Eilat, Red Sea, suggested that the release
of gametes of Gs. sacculifer may occur at 200 m or
deeper (Erez et al., 1991). This would also indicate that
the very young foraminifers ascend from the deep water
to the photic zone. In this respect, this ascending pathway
in the beginning of ontogeny after the gametes fusion
was not recorded in our results, if very little test carbon-
ate would be precipitated during this ascending pathway.
Alternatively, it was masked by the larger mass of the
juvenile test precipitated at shallow depth, even if they
calcified a small amount of test material. It should be
noted that isotopic/geochemical proxies recorded on cal-
careous tests represent environmental parameters only at
the calcification depth. As such, the interpretation of
chamber-by-chamber isotopes needs to be done cautionly
due to the possibility that the very last and initial phase,
i.e., the depth of their reproduction and initial calcifica-
tion of the new generation, may not be recorded. Since
the final calcification, so-called gametogenic calcifica-
tion (Bé, 1980), may record the depth just before repro-
duction, analyses of specimens after reproduction
obtained by sediment traps and seafloor sediments can
possibly provide the habitat depth of their final life stage.

Because of the difference between the equilibrium
precipitation equation and the Neogloboquadrina dutertrei-
specific equation, the estimated calcification depth of V.
dutertrei showed relatively large variations in colder
water. However, the estimated equilibrium calcification
depth of N. dutertrei was within the thermocline through-
out the ontogenetic interval. In contrast, when the M.
dutertrei-specific equation was used, dut3 was estimated
to descend as deep as 90 m and to continue to calcify in
the deeper water mass until it formed its final chamber.
However, dut3 was collected from the vertical tow of the
upper 50 m of water (Table 1). This may indicate that the
species-specific equation for N. dutertrei produced a too-
deep (cold) estimate, at least in our samples, although we
cannot exclude the possibility that dut3 ascended within
the water column after the calcification of its last cham-
ber. In contrast, the calcification depths of the chambers
at a test mass of <3 pg showed well constrained results
in the range of 20-26 m, regardless of the equations
applied. This depth corresponds to the uppermost part of
the thermocline. If we assume 33% over-layer of the sub-
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sequent chamber lamellae, the depth in the earlier growth
stage (younger than f-3 or f-4) is correlated with the
mixed layer. In either case, this species migrated to
deeper waters with growth. Compared with the migration
profile of Gs. sacculifer, the migration toward deeper
water is restricted to the earlier stages of its ontogeny. In
most cases, if not all, it migrated to the bottom of the
level of chlorophyll maximum at a test mass of >10 ug.
A number of studies using depth-discrete plankton tows
(Fairbanks and Wiebe, 1980; Fairbanks et al., 1982;
Kemle-von Miicke and Oberhénsli, 1999) and sediment
traps (Erez and Honjo, 1981; Tedesco et al., 2007) have
suggested that N. dutertrei prefers a water depth near the
chlorophyll maximum, where phytoplankton prey is
abundant. Our results are consistent with those of previ-
ous field studies. These results indicate that the habitat
depth of N. dutertrei is restricted to within the photic
zone throughout its ontogeny, except for the deeper esti-
mate for specimen dut3. In contrast to the obligate sym-
biosis of Gs. sacculifer, which has been studied in detail,
the symbiotic nature of N. dutertrei is not well known.
The ecology of N. dutertrei is usually described as
“facultative symbiosis” (Hemleben et al., 1989; Spero et
al., 2003), which implies that symbionts are not manda-
tory for this species. Our habitat depth estimate in the
euphotic zone does not exclude an obligate photosymbi-
otic lifestyle for the specimens analyzed. In either case,
we conclude that N. dutertrei primarily inhabits the ther-
mocline where the chlorophyll a concentrations are high.

In the previous reports by Eggins et al. (2003),
Steinhardt et al. (2014, 2015a), an increase of Mg/Ca
toward the final chamber was recognized. The profile, in
general, implies ontogenetic ascending pathways that
contradict the deeper migration suggested from our study
and many plankton-tow studies so far conducted
(Hemleben et al., 1989). Jonkers et al. (2012) also
reported an ontogenetic increase in Mg/Ca both in inner
layers (ontogenetically precipitated layers) and in the
crust of N. dutertrei. However, they reported that low
Mn/Ca, indicating a deep-water habitat, corresponds to
higher Mg/Ca, implying warmer temperature, which is
apparently a contradiction. They suggested that the
higher Mg/Ca in later ontogenetic stages does not reflect
upward migrating pathways. Since the interpretation of
Mg/Ca of N. dutertrei cannot be straightforward, we
refrain from comparison of these studies to our results in
terms of its migration history. Future study of single-
chamber 8'%0 of cultured specimens under controlled
temperature, combined with their Mg/Ca profile is
required.

The sizes of the Globorotalia inflata specimens ana-
lyzed (n = 3) differed markedly (Table 1). However, all
the specimens descended to deep water. The smallest
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Figure 6. Estimated changes in the calcification depth of foraminifers and comparison with chlorophyll a content in the water column.
a, Calcification depths of foraminiferal chambers estimated with equilibrium precipitation (Kim and O’Neil, 1997). b, Calcification depths
of foraminiferal chambers estimated with species-specific equations (see text for detail). Data obtained from the same individual are connected
in ontogenetic order. The same shade is used for symbols of the same species (gray, Globigerinoides sacculifer; black, Neogloboquadrina
dutertrei; and white, Globorotalia inflata). Error bars represent error intervals in the depth estimates calculated from the £0.1%o analytical
error of the 830 of each chamber. All estimated depths are listed in Table 1. ¢, Chlorophyll @ content shown on a monochrome scale. Note
that the vertical axis (depth) is on a logarithmic scale to show the upper water column in detail.

specimen, inf3, calcified its smallest chambers in the
deeper half of the thermocline, then migrated to just
below the thermocline (ca. 60 m) at its largest stage (test
mass 5.8 lg). The depth trajectory of specimen inf2 also
started from the deeper half of the thermocline, and
reached its deepest habitat at ca. 130 m, with a test mass
of >10 pg. The largest specimen, infl, reached its deep-
est habitat at ca. 200 m, where it calcified its final cham-
ber (at a test mass of 29 ug). The profiles of these three
differently sized specimens showed the overall ontoge-
netic migration profile for this species (Figure 6).
Generally, we can say that Gr. inflata migrated a great
distance from near the bottom of the thermocline to a
depth of around 100-200 m, where it remained to calcify
several chambers. Thus, the habitat depth of Gr. inflata
changed from a photic, phytoplankton-rich environment
to an aphotic, nutrient-rich environment throughout its
life. This type of migration, from shallower to deeper
water, in deep-dwelling globorotaliids has also been sug-
gested by depth-discrete plankton tows and the isotopic

characteristics of a series of size-fractionated tests
(Loncari¢ et al., 2006; Wilke et al., 2006; Birch et al.,
2013). Moreover, the Mg/Ca study of this species also
showed the deepening of the calcification depth (van
Raden et al., 2011). Our results reinforced that this pro-
file can be identified even within an individual test.

313C deviation: relationship to temperature

We calculated the deviations of 813C for the foramin-
ifers from that of DIC (i.e., A813Cf0ram,mc) at the esti-
mated calcification depth of each chamber (Table 1). It
is noteworthy that the A813Cf0ram,mc values for all the
chambers of Globorotalia inflata and almost all those of
Neogloboquadrina dutertrei were negative, ranging
between —2.1%0 and —0.1%0 and between —1.8%0 and
+0.1%o, respectively. In contrast, Globigerinoides saccu-
lifer showed much higher values of between —0.4%o0 and
+1.0%0 (Figure 7). To examine the possible mechanisms
underlying these variations in A8'3C, we considered the
AS'3C from 8'3C of the equilibrium inorganic calcite
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Figure 7. Relationships between the 5'3C deviation of foraminiferal calcite from SBCDIC and 83 Ceq (A8 13Cforarn*D1C/A6ncforarn*eq)
and the estimated calcification temperature. Data are based on the equilibrium estimation of temperature (a), and the species-specific estima-
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A significant negative correlation between temperature and A8'3C was seen in all species (p < 0.05). Lines are reduced major axis regressions.

The correlation coefficient (R) is shown next to each line.

rather than from 8'3C of DIC, because the equilibrium
813C value for inorganically prec1p1tated calcite (813C )
is not equal to that of DIC ('3 Ceq = g3 Cpic+ 1. 0%»0,
Romanek et al., 1992). Figure 7 shows that all the spe-
cies had negative deviations from the estimated 813Ce

values (see the rightmost scale in Figure 7). Therefore,
some grocess(es) must be generating the negative shift in
the 8'3C of foraminiferal calcite. Three major candidate
factors potentially explain these negative deviations from
equilibrium: foraminiferal respiration (e.g. Spero and
Lea, 1996), kinetic fractionation related to the fast calci-
fication rate (growth rate) (McConnaughey, 1989a,
1989b), and the carbonate chemistry of the calcifying
seawater (Spero et al., 1997). The rates of vital activities,
such as respiration and growth, are usually a function of
temperature. In fact, we found a significant negative cor-
relation between temperature and A8'3C in all three spe-
cies, but the distributions in the plots were species
specific (Figure 7). Because the 8!3C of inorganically
precipitated calcite is not dependent on temperature
(Romanek et al., 1992), the negative correlation between
A8'3C and temperature may be attributable to the possi-
ble temperature dependence of biological activities; i.e.
growth rate and/or respiration rate. It is known that the
optimum growth rate shows little temperature depen-
dence over a wide range of temperatures in many fora-
miniferal species (Caron et al., 1987; Lombard et al.,
2009). In contrast, the respiration rates of organisms vary
exponentially with temperature, both in theory and prac-
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tice (e.g. Brown et al., 2004; Lopez-Urrutia et al., 2006).
Such a common mechanism is also expected to occur in
planktic foraminifers, and a decrease in 813C in foramin-
iferal shells has been explained by the greater incorpora-
tion of respired 12C02 at a higher rate of respiration
(Berger et al., 1978; Bijma et al., 1990; Spero et al.,
1991; Spero and Lea, 1996; Ortiz et al., 1996). Although
the mechanism by which the respired CO, is finally
incorporated into the test is still unclear, the observed
negative correlation between temperature and A8'3C in
our results is consistent with the explanation above.
Therefore, we assume that the major contribution to the
generation of a temperature-dependent A3'>C might be
the respiration rate.

313C deviation: Interspecific differences and ontoge-
netic trends

As well as the intraspecific changes in d13¢, interspe-
cific differences were observed (Figure 7). This interspe-
cific segregation cannot be explained by a temperature
effect, because the 8'°C values for each species sharing
the same temperature differed significantly. Instead, the
species distribution in the plot shown in Figure 7 repre-
sents the opposite relationship to temperature; i.e. warmer-
water species, such as Globigerinoides sacculifer, showed
a smaller A3'3C deviation than deeper-dwelling
Globorotalia inflata. This indicates that the difference in
A83C among species largely reflects their species-
specific ecology rather than their temperature-dependent
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physiological activity. In fact, Gs. sacculifer showed
higher 813C than Neogloboquadrina dutertrei, even
though they shared almost the same depth habitat range
(temperature range) in the water column (Figures 6, 7).
Of several biological mechanisms that affect d13C of
the test, the only effect that makes 8!3C value more '3C-
enriched is symbiont photosynthetic activity (Spero and
Lea, 1993; Bijma et al., 1999; Schiebel and Hemleben,
2005), which only affects symbiotic species. Therefore,
as expected from their known symbiotic ecology, 813¢
value was most '3C-enriched in symbiont-bearing Gs.
sacculifer and most 13C—depleted in asymbiotic Gr.
inflata (Figure 7). The photosynthetic fixation of carbon
by the enzyme ribulose 1,5-biphosphate carboxylase-
oxygenase (rubisco) of symbiotic algae preferentially uti-
lizes '2C (O’Leary, 1981). This causes the relative
enrichment of '3C in the remaining DIC pool near the
foraminiferal test (e.g. Spero ef al., 1991; Spero and Lea,
1993; Wolf-Gladrow et al., 1999). This photosynthetic
fractionation in the calcifying microenvironments of for-
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aminifers explains the differences in 8'3C observed
among species. The A3'3C values for N. dutertrei were
between those for Gs. sacculifer and Gr. inflata. If the
specimens of N. dutertrei harbored symbionts, their pho-
tosynthetic activity might also have affected the test
8!3C. However, the symbiont effect for N. dutertrei, if
any, might work in a slightly different way from that pro-
posed for Gs. sacculifer. Globigerinoides sacculifer radi-
ally distributes its symbionts along its densely developed
spines, forming a so-called “symbiont halo” (e.g.
Hemleben et al., 1989; Bijma et al., 1999; Wolf-Gladrow
et al., 1999). The photosynthetic alteration of 513CDIC
within this microenvironment ultimately affects the §13C
composition of the test (Spero et al., 1991; Spero and
Lea, 1993; Zeebe et al., 1999). In contrast, N. dutertrei
has no spines to form such a symbiont halo, and its sym-
bionts do not occur outside the test, where the new cham-
ber is formed.

Instead of the above photosynthetic fractionation to
enrich the '3C in DIC in the symbiont halo, Bijma et al.
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(1999) proposed another mechanism to produce the rel-
ative enrichment of 3C in DIC by symbiont photosyn-
thesis. Their scenario is, in short, the reduction of the
diffusive flux of the respired CO, from a foraminifer to
the calcifying microenvironment. They proposed that the
“scavenging” or utilization of the '>C-depleted respired
CO, by symbiont photosynthesw can reduce the flux of
the respired CO, that affects 8'3Cpyc. This is based on
the idea that the respired CO, commonly affects the for-
aminiferal calcite to some extent (Berger et al., 1978;
Spero et al., 1991; Spero and Lea, 1996). If N. dutertrei
contains endosymbionts, the higher 8'3C of N. dutertrei
relative to that of Gr. inflata can be explained by the
effective 12CO scavenging of its symbionts. Moreover,
the much more '>C-enriched 8'3C values of Gs. sacculifer
can be explained by the additional effect of the microen-
vironmental change in 813C attributable to the photosyn-
thetic fractionation within the symbiont halo.

To explain this deviation in accordance with the fora-
miniferal ontogeny, the A8'3C values are shown against
the cumulative test masses (Figure 8). All three species
showed negative A8'>Cpypum-pic values in the earlier
ontogenetlc stages (<10 pg), and the largest negative
A8'3C values were observed in the earliest ontogenetic
stage in all species. This reflects the higher respiration
rate in the relatively warmer habitat the foraminifers
experience during early ontogeny. Neogloboquadrina
dutertrei and Gr inflata showed asymptotic B3¢
enrichment in 8'3C values to near-zero deviation from
813CDIC during their later ontogeny (>10 ug) (Figure 8).
We assume that this saturation in A8'3C reflects the
decline in metabolic activity as the foraminifers
descended to colder waters. Such metabolic deterioration
is also a basic principle of organismal ontogeny (Reiss,
1989; West et al., 2001). Thus, these common ontoge-
netic changes in metabohsrn also affected the observed
asymptonc pattern of AS! Cforam pic- However, the
AS! Cforam pic of Gs. sacculifer became positive and
continued increasing (Figure 8). This profile probably
reflects its photosymbiotic activity, which increases as
the host grows (Spero and Parker, 1985; Spero et al.,
1991; Spero and Lea, 1993; Wolf-Gladrow et al., 1999).

Interestingly, for N. dutertrei and Gr. inflata, the point
of apparent saturation of A8'3C can be assigned to a
cumulatlve test mass of around 10 pg. At that point, the
AS! Cforam pic of all three species was around 0%o.
Recently, Birch et al. (2013) showed that the disequilib-
rium effect in 8'3C becomes minimum when foramin-
iferal specimens of 212-355 um in test size are used for
analyses. Thus, they concluded that this test size window
is preferred to reconstruct the past 613CDIC (Pearson,
2012; Birch et al., 2013). In this study, the cumulative
test mass cannot be directly compared to the mesh-size
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range proposed in the study above. However, the impor-
tant fact is that the individual test size, in this case 10 ug
in test mass, reflects the '3 Cpjc of the water column
well, regardless of habitat depths or symbiotic ecology.
Thus, our results confirm and reinforce the conclusion of
Birch et al. (2013) that a certain test size range or mass
range can reconstruct past 813CDIC more accurately over
other choices.

Conclusion

We analyzed the chamber-by-chamber §'3C and §'%0
profiles of planktic foraminifers and compared them with
the in situ environmental parameters of the water col-
umn. Based on the assumption of the equilibrium precip-
itation of chamber 8'%0 or on the species-specific
calibrated estimation of 8'%0, we reconstructed the
migration histories of individual foraminifers. The very
initial stage of ontogeny was not recorded or the record
was masked by the larger juvenile chamber subsequently
precipitated at shallow depth. The migration records of
the all three species started within the thermocline or
shallower, where the chlorophyll content is relatively
high. They migrated deeper to their final calcification
depths, which seemed to be species specific: Globigeri-
noides sacculifer and Neogloboquadrina dutertrei
migrated to the bottom of the chlorophyll maximum,
whereas Globorotalia inflata migrated much deeper, to
200 m. Based on the estimated depth of chamber calci-
fication, 8'3C of N. dutertrei and Gr: inflata showed con-
siderable negative deviation from the 813CDIC at the
corresponding depth in their earlier ontogenetic stages.
However, they showed asymptotic 13C_enrichment in
8!3C with near-zero deviation from the 6 3CDIC» in later
ontogeny. The narrowing of AS! Cforam pic probably
reflects a gradual decline in metabolism (reducing the
respiration effect) as they migrated to deeper/cooler
waters with growth. In Gs. sacculifer, A813Cforam,DIC
was also negative during its early ontogeny, although the
deviation was smaller than that of N. dutertrei or Gr.
inflata. A subsequent continuous increase in AS813C of
Gs. sacculifer during its later ontogeny was observed,
probably reflecting the photosynthetically induced
changes in microenvironmental 8'>C. The A3! 3Cforam-DIC
trajectories of the foraminifers during the course of their
ontogeny, in all cases, reached near-zero deviation from
613CDIC at test masses of around 10 pg. The important
finding here was that the smallest deviation from
813CDIC can be assigned to a certain range in test mass
regardless of the species ecology, which supports the pre-
vious suggestion by Birch et al. (2013). Meanwhile,
when 8'3C of foraminiferal calcite is analyzed, larger
specimens of symbiotic species with spines hold the
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information about symbiont photosynthesis, rather than
oceanographic information.
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