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Does carbonate ion control planktonic
foraminifera shell calcification in
upwelling regions?
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Planktonic foraminifera shell weights have been rec-
ognized as possible proxy for surface water carbonate
ion concentration [CO3] and atmospheric CO,. How-
ever, to utilize this proxy, it is important to under-
stand whether shell weights truly reflect surface water
[CO3]. We utilize shell weights of Globigerina bulloides
and Globigerinoides ruber in the size range of 300 to
355 um from a sediment core recovered from above
the lysocline in the upwelling region of western Ara-
bian Sea. Shell weights of G. ruber and G. bulloides
show significant correlation with their shell size from
recent to 16 kyr, which suggests that shell calcification
was controlled by optimum growth conditions. On the
other hand, during 16 to 22 kyr, there is no correla-
tion between shell weights and shell size. However,
shell weights of G. bulloides exhibit significant nega-
tive correlation with annual sea surface temperature
which suggests that G. bulloides calcification might
have been controlled by surface water [CO3]. There-
fore it is suggested here that shell weights of G. ruber
and G. bulloides cannot be utilized to reconstruct sur-
face water [CO3] in this region.

Keywords: Planktonic foraminifera, shell weights, up-
welling, western Arabian Sea.

THE atmospheric carbon dioxide (CO,) has fluctuated
between ~180 and 280 ppm between the glacials and
interglacials respectively’. This atmospheric CO, is
known to dissolve in surface seawater through physical-
chemical reactions and affect the equilibrium between the
‘dissolved inorganic carbon (DIC)’ species; H,COs,
HCOj3 and CO3. As CO, is absorbed by the ocean, it sub-
sequently causes an increase in [H*], i.e. lowered pH and
a decrease in carbonate ion concentration [CO3], which
makes the seawater less alkaline. Lower seawater [CO3]
is known to reduce the calcification rates of calcite-
secreting organisms such as foraminifera®. Planktonic
foraminifera shell calcification and hence shell weights
depend upon [CO3] of surface waters wherein they
calcify®*. Drawing upon this trait, the shell weights of G.
sacculifer were used to reconstruct [CO3] of surface
waters in the Arabian Sea’.

The western Arabian Sea is a region of intense upwell-
ing which makes it a strong CO, source to the atmosphere
in the past and present. However, the CO, concentrations

*For correspondence. (e-mail: sushant@nio.org)
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of surface water in the past have not been quantified. The
shell weights of planktonic foraminifera could possibly
be used to reconstruct [CO3] of surface waters®*. How-
ever, there are studies which suggest that the controls on
shell calcification are not [CO3] but, it depends on opti-
mum growth conditions of individual species®’. It was
also shown that factors controlling shell calcification
differ from species to species®. Yet another study suggest
that shell weights are not controlled by [CO3] nor do they
depend on optimal growth conditions®. Thus, the controls
over foraminifera shell calcification are still debated and
to utilize shell weights of a particular species as a surface
water carbonate ion proxy, it is important to understand
whether [CO3] controls shell calcification in that species
over a period of time.

We therefore utilize the shell weights in the narrow
size range of 300 to 355 um of two planktonic foramini-
fera species, Globigerina bulloides and Globigerinoides
ruber from a sediment core covering last 22 kyr. We
attempt to evaluate whether surface water [CO3] controls
shell calcification of these two species during the glacial
and interglacial in the upwelling region of the western
Arabian Sea.

The western Arabian Sea is characterized by strong
southwesterly monsoon winds during the northern hemi-
sphere summer, which blow across the Arabian Sea, caus-
ing offshore Ekman transport and intense seasonal
upwelling along the Oman and Somalia margins'®*%. The
upwelling process brings cold, nutrient-rich waters from a
few hundred metres depth to the surface and increases the
biological productivity in the euphotic zone. These
southwest (SW) monsoon winds and associated upwelling
processes make the Arabian Sea one of the highest pro-
ductive regions in the world oceans™. During the northeast
(NE) monsoon the upwelling is suppressed®® but there is a
convective mixing due to surface cooling®. However, a
comparison of seasonal sea surface temperatures (SSTs)
averaged for the period from 1970 to 2007 showed
warmer SSTs during winter compared to those of the SW
monsoon upwelled waters®’ thus emphasizing the intensity
of upwelling in this region.

Ocean Drilling Programme (ODP) Site 723A,; location:
18°03'N and 57°37'E, from the Oman margin at a water
depth of 807.8 m was utilized for the present study (Fig-
ure 1). The age model for this site was based on AMS *C
dates derived at 13 depth intervals of the sediment core®.
The sediment samples were soaked in distilled water and
wet sieved through a >63 um sieve. A portion of the
coarse fraction (>63 um) was sonicated in methanol for
8 s at 40 Hz to clean the shells. The cleaned shells were
oven dried at 50°C and then sieved through a 300-
355 um size fraction. G. bulloides and G. ruber shells,
about thirty in number, were picked from the 300-—
355 um size fraction under a Stereo Binocular Micro-
scope and weighed on a microbalance (1o precision:
+2 ug, n = 10). Shell weight measurements were made on
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core sections where at least 30 numbers of shells were
available.

Carbonate ion concentration of bottom water at the
core site was calculated using a programme designed by
Taro Takahashi of Lamont Doherty Earth Observatory
(pers. commun., 2006). The inputs for the programme
were: depth, temperature, salinity, alkalinity, total CO,,
silicate and phosphate. The in situ data was obtained from
the US JGOFS database (cruise TTN-049 and station S2
close to the core site; location: 18°10'N and 58°01'E).

The calculated pressure-normalized [CO3*] at a depth
of 807.8 m is 132 umol kg™. This value is much higher
than the threshold value of 105 umol kg™ below which
dissolution of calcite begins®®. Therefore it is expected
that calcite dissolution at the core site is negligible.

Shell weights of G. bulloides and G. ruber range from
~7 to ~20 ug and ~13 to 30 pg respectively over the last
22 kyr, at ODP Site 723A (Figure 2a and b; Table 1).
The shell weights of both these species showed a signifi-
cant correlation to each other for the entire record
(r=0.66, n = 21; 99.5% significance level). Over the last
22 kyr, there was a distinct transition in atmospheric CO,
(ref. 20) and temperature at ~16 kyr (Figure 2c). The
recent to 16 kyr and 16-22 kyr represent the warm and
cold periods respectively. During recent to 16 kyr, G.
bulloides recorded an average weight of 11.6 ug and dur-
ing 16-22 kyr the average shell weight was 12 pug,
whereas G. ruber weighed an average of 17.5pug and
20.9 ug during the respective periods (Figure 2a and b).
Thus, the average shell weight of both the species was
lower during recent to 16 kyr than during 16-22 kyr. A
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Figure 1. Map showing location of ODP Site 723 analysed in this
study. Blue arrows show surface water circulation (SWC) during
southwest monsoon and pink arrows show SWC during northeast mon-
soon. Site NIOP 905 is shown for comparison (see text).
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Figure 2. Down-core variations in shell weights, flux and shell area (mm?) for the planktonic foraminifera

species, (a) G. bulloides, (b) G. ruber and (c) annual sea surface temperature estimates from ODP Site 723 and

atmospheric CO, obtained from an Antarctic ice core®.

study? at Site NIOP 905 in the Arabian Sea (Figure 1)
reports G. ruber shell weight averages of 15.7 ug and
19.7 ug (size range of 300-355 um) during the Holocene
and Last Glacial Maximum (LGM) respectively and is in
close comparison to our study.

G. bulloides and G. ruber were selected based on their
attuning to different environmental conditions. G. bul-
loides is better resistant to dissolution in comparison to
G. ruber. G. bulloides is a sub-polar species whereas
G. ruber is a sub-tropical species. It was shown that the
maximum occurrence of G. bulloides was associated with
greater nutrient concentrations and lower SSTs during the
SW monsoon upwelling period in the Arabian Sea?%. On
the other hand, G. ruber occurs throughout the year with
high abundances during the SW monsoon followed by NE
monsoon period™>?*?*, Further, G. bulloides is a symbiont-
barren species and G. ruber is a symbiont-bearing species.
The symbionts elevate the pH, CO3 and O, levels close to
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Shaded region marks the colder period (16-22 kyr).

the foraminiferal test wall and maybe responsible in influ-
encing the shell size and weight’. Additionally, G. bul-
loides and G. ruber do not secrete gametogenic calcite®.
Therefore, a comparison between G. bulloides and G. ru-
ber will help in understanding shell calcification in sym-
biont and non-symbiont species.

Significant positive correlation between shell weights
of G. bulloides and G. ruber suggests that shell calcifica-
tion is controlled by common factors for both the species.
Upwelling indices such as fluxes, total planktonic fora-
minifera and relative abundance of G. bulloides inferred
that the intensity of upwelling in the western Arabian Sea
was stronger during Holocene than in the last glacial
period®”. It was seen that larger shells were produced
(measured in terms of area in mm?) during strong upwell-
ing period and smaller mean test sizes were produced
during the last glacial period when the upwelling was
comparatively weaker and inferred that nutrient-rich
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Table 1. Shell weights and shell sizes of Globigerina bulloides and Globigerinoides ruber and annual sea surface temperature
(SST) from ODP core 723A
Shell weights of Shell weights of Shell size of Shell size of Annual SST
Age (kyr) G. bulloides (ug) G. ruber (ng) G. bulloides (mm?) G. ruber (mm?) (°C)
1.61 - 16 0.05645 0.05569 26.90
1.97 7 15 0.06277 0.07126 26.08
2.29 12 14 0.06326 0.05336 27.23
2.68 8 14 0.05958 0.057 26.27
34 9 13 0.05238 0.05065 26.90
6.72 13 18 0.07347 0.08046 27.98
6.99 14 18 0.06666 - 27.07
7.24 12 14 0.06831 0.09021 26.48
7.53 12 18 0.06934 0.06654 27.66
8.08 11 19 0.06921 0.08316 27.76
11.3 14 21 0.06992 0.08365 26.28
11.68 12 19 0.06275 0.08648 26.25
12.06 13 19 0.07264 0.09551 26.77
12.48 14 20 0.06689 0.08269 26.23
13.24 12 25 0.06972 0.07696 27.11
17.02 13 22 0.06772 0.06065 26.43
17.44 14 18 0.0627 0.06478 24.66
17.78 10 17 0.05935 0.0726 26.11
18.2 20 25 0.06009 0.07111 24.01
18.57 - 30 0.05833 0.06573 24.81
20.58 13 23 0.05509 0.07385 24.73
20.97 10 19 0.05671 0.05448 25.50
21.34 - 18 0.05317 0.05625 24.54
21.48 - - 0.05285 0.07015 25.04
21.67 10 16 0.0665 0.06463 25.84
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Figure 3. Scatter plots showing correlation between shell weight and shell size of (a) G. bulloides and (b) G. ruber.

upwelled waters would provide optimum environment for
planktonic foraminifera to grow to a larger size®®. Shell
weights of G. bulloides and G. ruber were compared with
the shell sizes of these species obtained from the same
core?® (Figure 2a and b). During recent to 16 kyr, shell
size was significantly correlated to flux for both species,
G. bulloides (r =0.47, n = 39; 99.5% significance level,

CURRENT SCIENCE, VOL. 101, NO. 10, 25 NOVEMBER 2011

Figure 3a) and G. ruber (r = 0.48, n = 39; 99.5% signifi-
cance level, Figure 3b). Further, shell size and weights of
G. bulloides show a significant correlation during recent
to 16 kyr (r =0.65, n=14; 99.5% significance level).
The same is observed for shell size and shell weights of
G. ruber (n=0.55, n=15; 97.5% significance level).
Thus it is seen that during recent to 16 kyr calcification
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rates of planktonic foraminifera are proportional to the
upwelling intensity at this site. During intense upwelling
periods the conditions were favourable for G. bulloides
and G. ruber to proliferate and the flux, shell size and
shell weights of this species increased.

Comparison of G. bulloides and G. ruber flux, their
shell sizes and shell weights do not show significant cor-
relations during 16—22 kyr. There is a distinct decrease in
average shell size of both the species during 16-22 kyr
compared to the recent to 16 kyr period. However, during
16-22 kyr, shell weights of both the species increase
which indicates that factors other than optimum growth
conditions are responsible in controlling shell calcifica-
tion during the colder period.

It should be noted that at the present site, surface waters
are not in equilibrium with the atmospheric CO, due to
intense upwelling. On the contrary, the Arabian Sea was a
continuous source of CO, to the atmosphere at least
throughout the past 30 kyr as a result of upwelling®®*°.
The upwelled waters have lower temperatures, higher
CO; and hence lower CO3 concentrations. If [CO3] was
the factor controlling shell calcification during recent to
16 kyr, shell weights should have been lowest during
periods of intense upwelling which is contrary to our
observations.

Other possible factor controlling shell calcification is
temperature®. To understand the temperature control on
shell calcification, we compared the sediment core shell
weights with annual SST estimates, reconstructed using
artificial neural networks, based on quantitative analyses
of planktonic foraminifera'® (Table 1). During recent to
16 kyr, the correlations between shell weights of G. bul-
loides and annual temperature (r = 0.24, n = 14) as well
as G. ruber and annual temperature (r = 0.12, n = 15) are
insignificant. On the other hand, during 16 to 22 kyr, a
significant correlation with temperature was seen for G.
bulloides (r =-0.76, n = 7; 97.5% significance level) and
an insignificant correlation with G. ruber (r=-0.4,
n =9). This indicates, colder temperatures within the last
glacial periods were conducive to produce thicker G. bul-
loides shells. The G. ruber shell weight correlation with
annual temperature is negative but not significant and the
reasons for this behaviour are uncertain. Colder waters
dissolve more CO, and lower the surface water [CO3] and
hence should have produced lighter G. bulloides shells,
which is in contrast to our observations. Therefore, the
effect of temperature on shell calcification can be ruled
out. The variability of shell weights within the glacial
period seems to be controlled by atmospheric CO, which
was lower during the last glacial period, which in turn
lead to a higher surface water [CO3] and hence produced
heavier shells. Thus, it is seen in the present study that
during recent to 16 kyr, shell weights are controlled
by optimum growth conditions whereas during the glacial
period, surface water [CO3] is a possible controlling
factor.
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The following conclusions emerge from this study:

(1) During recent to 16 kyr shell weights of G. bul-
loides and G. ruber were correlated to shell size which
suggests that shell calcification was controlled by opti-
mum growth conditions driven by intense upwelling.

(2) During 16 to 22 kyr, shell weights of G. bulloides
were not correlated to shell sizes but showed a significant
negative correlation with annual SSTs which suggests
that surface water [CO3] may have controlled shell calci-
fication of G. bulloides.

Thus, the present study reveals that different factors
may control planktonic foraminifera shell calcification
over a period of time. Therefore foraminifera shell
weights of G. bulloides and G. ruber cannot be utilized as
a proxy of surface water [CO3] in the upwelling region of
the Arabian Sea.
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