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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang Temporal variations of mixed-layer planktic foraminiferal abundances in a sediment core from the western Bay
of Bengal (off Krishna — Godavari Basin) are used to reconstruct surface hydrographic structure and productivity

Keywords: in response to the changes in seasonal monsoon precipitation and wind intensity over the last 45 kyr BP. The
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Mixed-layer
Salinity stratification

faunal proxy records (abundances of eutrophic and oligotrophic species/group and G. bulloides / G. ruber ratio)
exhibit millennial-scale variations during the late Glacial, deglacial and Holocene periods. Our results show that
Winter mixing the surface hydrographic conditions and productivity varied in concert with the Northern Hemisphere climatic
Pleistocene events (Dansgaard-Oeschger (D—O) oscillations and Heinrich (H) events). The productivity in the late Glacial
Holocene period between 44 and 19 kyr BP in general was higher compared to the deglacial and Holocene. Within the late
Glacial period, we record high productivity during the cold phases of the D—O cycles (43-41, 35-34, 28.5-28,
27-25 kyr BP), North Atlantic Heinrich events (39.5-38.5 kyr BP, H4; 31.5-30 kyr BP, H3; 24-23 kyr BP, H2)
and during the Last Glacial Maximum (22-19 kyr BP). These productivity maxima are related to the pronounced
advection of nutrient-rich subsurface waters to the euphotic zone induced by the intensified Northeast (NE)
Monsoon winds in non-stratified/weakly stratified surface ocean conditions due to reduced Southwest (SW)
Monsoon precipitation and freshwater influx. Our faunal record suggests a major reorganization of seasonal
monsoon wind circulations after 16 kyr BP, when the SW monsoon intensified and concomitantly the NE
monsoon weakened. Enhanced SW monsoon precipitation and freshwater flux to the Bay of Bengal between 15
and 13 kyr BP, a period broadly corresponding to the warm Bglling-Allergd (B/A) event, resulted in strong
stratification of mixed-layer water and oligotrophic conditions. An increase in productivity between 13 and 11
kyr BP (equivalent to the cold Younger Dryas (YD) event) is attributed to intensified mixing of weakly stratified
mixed layer waters by NE monsoon winds. During the early Holocene between 9 and 6 kyr BP, intensified SW
monsoon precipitation and high fluvial discharge resulted in strongly stratified, nutrient-poor waters in the
mixed-layer and a conspicuous reduction in productivity. However, a moderate increase in productivity is
recorded between 5 and 3 kyr BP, when the SW monsoon intensity and associated fluvial discharge gradually
declined and ocean surface stratification weakened resulting in conditions favourable for NE monsoon winds
induced mixing. Overall, our results show that the alternating periods of intensified SW monsoon precipitation
and NE monsoon wind circulation modulated the surface hydrographic structure and productivity patterns in the
Bay of Bengal.

1. Introduction freshening due to in situ precipitation and enormous fluvial discharge
from the Himalayas and peninsular India by major rivers (Ganga,

The surface hydrography of the Bay of Bengal (BoB) is modulated by Brahmaputra, Irrawaddy, Krishna, Godavari, Mahanadi) causes a strong
the seasonally reversing monsoonal wind patterns. The excessive surface water stratification in the BoB (Sengupta et al., 2006; Prasanna
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Kumar et al., 2010). The northern BoB receives maximum freshwater
flux during the SW monsoon (Ittekkot et al., 1991), therefore this region
is fresher than the southern BoB (Subramanian, 1996). The strongly
stratified surface waters of the BoB substantially decreases biological
productivity in this basin (Prasanna Kumar et al., 2002, 2007), unlike
the Arabian Sea, where SW monsoon winds induce strong upwelling in
its western sector and NE winds-related convective mixing in the north-
eastern sector results in an overall high primary productivity (Banse,
1987; Prell et al., 1990; Madhupratap et al., 1996). The wind-driven
vertical mixing and/or upwelling, responsible for transporting nutri-
ents from subsurface waters into the euphotic zone leading to phyto-
plankton productivity, is relatively weaker in the BoB due to its year-
round stratified surface ocean conditions (Balachandran et al., 2008).
Therefore, the intensity of monsoonal precipitation and freshwater
influx to the bay strongly modulate the biological productivity in the
BoB. Additionally, local hydrographic processes associated with the
seasonal development of cyclonic gyre and eddies significantly influence
the surface hydrography and seasonal productivity pattern (Gomes
et al.,, 2016). Hence, the paleoproductivity record from this region
would provide useful insights into the past changes in surface hydro-
graphic conditions induced by the seasonal monsoon variability.

Planktic foraminifera respond rapidly to changes in surface hy-
drography (salinity, temperature and nutrient conditions of mixed-
layer), as reflected by variations in the abundances of species and
chemical composition of their tests (e.g., Kroon et al., 1990; Peeters and
Brummer, 2002; Ivanova et al., 2003; Anand et al., 2008; Singh et al.,
2011, 2018). Therefore, planktic foraminiferal assemblages in the
sedimentary record of the BoB have great potential to reconstruct past
changes in surface water stratification, mixed-layer environment and
productivity, which are tightly coupled with seasonally reversing Indian
monsoon winds and surface ocean circulation.

Previous paleoceanographic reconstructions in the Arabian Sea
employing foraminiferal assemblages provided deep insights into the
understanding of seasonal Indian monsoon variability and associated
changes in upper water column structure on long to short-term time
scales (e.g., Clemens et al., 1991; Naidu and Malmgren, 1996; Vénec-
Peyré and Caulet, 2000; Singh et al., 2006, 2011; Satpathy et al., 2019).
In recent years, a series of sedimentological, geochemical and isotope
proxy records from the late Quaternary sediments of the BoB have also
been developed to reconstruct the Indian summer monsoon driven
changes in precipitation, continental runoff, sediment provenance and
erosional history of source region (e.g., Kudrass et al., 2001; Pattan
et al., 2013; Sijinkumar et al., 2016; Joussain et al., 2016; Da Silva et al.,
2017; Weber and Reilly, 2018; Weber et al., 2018; Prajith et al., 2018;
Nilsson-Kerr et al., 2019; Ota et al., 2019; Li et al., 2019). Studies based
on the paired oxygen isotope and Mg/Ca measurements of surface
dwelling foraminifera provided useful records of past changes in sea-
surface salinity (SSS) and sea-surface temperature (SST) in the BoB
driven by the SW monsoon (Kudrass et al., 2001; Govil and Naidu, 2011;
Rashid et al., 2011; Raza et al., 2014). Earlier studies have also shown
that the SW monsoon induced salinity stratification strongly controlled
past productivity variations in the bay (e.g., Pattan et al., 2013; Da Silva
et al.,, 2017; Zhou et al., 2020). However, our understanding of the
evolution of biological productivity in the BoB and its relation to the
changes in upper water column structure in response to the seasonal
monsoon (summer SW and winter NE) wind circulation and precipita-
tion remains incomplete. In this study, we provide the first high reso-
lution record of planktic foraminiferal assemblage changes in a sediment
core of western BoB (off Krishna — Godavari Basin). Based on our fora-
miniferal proxy records, we aim to document changes in upper water
column structure (surface water stratification, mixed-layer depth and
nutrient condition) in response to the variation in summer and winter
monsoon strengths on glacial/interglacial and millennial timescales. We
also evaluate the influence of monsoon induced surface hydrographic
conditions on the productivity over the last 45 kyr BP, to gain insight
into the relationship between Indian monsoon dynamics and evolution
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of productivity in the western BoB.
2. Oceanographic setting

The Bay of Bengal, a semi-enclosed basin in the north-eastern Indian
Ocean is forced by the seasonally reversing monsoon winds. The winds
in the equatorial Indian Ocean also affect surface circulation pattern in
the BoB (Hastenrath and Greischar, 1989; McCreary et al., 1993;
Vinayachandran et al., 2002). The seasonal monsoon cycle not only
influences the surface hydrography but also affects the sediment flux to
the bay (Ramaswamy and Nair, 1994; Guptha et al., 1997; Stoll et al.,
2007). During the SW monsoon season (June-September), the strong
southwesterly winds drive moisture-laden maritime air into the BoB
(Narvekar and Prasanna Kumar, 2006). Enormous freshwater discharge
from major rivers and excess of precipitation over evaporation during
this season cause stratification of surface waters, which is more pro-
nounced in the northern BoB.

The annual mean SSS in the BoB is lowest (~ 29 psu) in its northern
sector north of 20° N and SSS increases southward reaching to ~34 psu
around 7° N (Murty et al., 1992). The BoB experiences a large seasonal
variability in SSS (Prasanna Kumar et al., 2002; Sarma et al., 2013).
Maximum seasonal SSS variability (>3 psu) is recorded in the northern
BoB dominated by surface water freshening in SW monsoon and post-
monsoon season (Sarma et al., 2013). However, in the southern re-
gion, the seasonal SSS variation is reported to be about 1 psu with a
minimum during early winter (November — December) attributed to the
NE monsoon precipitation over southeastern India (Dimri et al., 2016).
The annual mean SST varies between ~27 °C in the north and ~ 29 °Cin
the southern BoB with a meridional difference of 1.5 °C. A gradual in-
crease of SST is noticed from February to June with its maximum in
April, whereas a rapid surface cooling occurs north of 13° N from
November to February (Narvekar and Prasanna Kumar, 2006).

High precipitation and fluvial runoff during SW monsoon create a
large low-salinity plume in the bay resulting in surface water stratifi-
cation. The salinity stratification promotes upper water column stability
and a shallow mixed-layer depth (~ 5 to 30 m) [Narvekar and Prasanna
Kumar, 2014]. In general, the mixed-layer depth (MLD) is deeper south
of 15° N than in the northern BoB during June-September and
November-February. The stratified waters prevent the transport of nu-
trients from subsurface waters across the euphotic zone leading to the
low primary productivity and oligotrophic conditions. Unlike the
Arabian Sea, there is no evidence of strong upwelling in the BoB during
summer except for a narrow band close to the southwestern boundary
(Shetye et al., 1991; Kumar et al., 2004). Nevertheless, the cyclonic gyre
promotes upwelling of nutrient rich deeper waters into the euphotic
zone and winter phytoplankton bloom in the western BoB south of 20° N
(Vinayachandran and Yamagata, 1998; Unger et al., 2003; Gomes et al.,
2016).

3. Material and methods

A 8.2 m long gravity core (SK 218/1) was collected from a water
depth of 3307 m off Krishna — Godavari Basin (14°02'06"” N, 82°00'12"
E), from the western BoB by the ORV Sagar Kanya in 2005 (Fig. 1). The
core provides a continuous, undisturbed, turbidite-free sediment record,
thus suitable for paleoceanographic reconstruction (Govil and Naidu,
2011). The age model is based on 8 AMS 14C dates (Table 1) and cor-
relation of the §'80 record of Globigerinoides ruber with the 520, global
isostack curve of Martinson et al. (1987) [Naidu and Govil, 2010; Govil
and Naidu, 2011]. The oxygen isotope record (5'%0 G. ruber) of the last
32 kyr BP (Naidu and Govil, 2010) is extended in this study to 45 kyr BP
(Fig. 3). The oxygen isotope measurements for the entire core were
carried out at Bremen University, Germany and the details are given in
Naidu and Govil (2010).

In total, 158 sediment samples at regular intervals of 2 to 4 cm were
taken for foraminiferal studies. For separation of foraminiferal tests,
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Fig. 1. Map showing the location of core SK 218/1 (white star; this study) in the Bay of Bengal and other core sites discussed in the text (SO93-KL 126, violet circle,
northern Bay of Bengal; NGHP-02 Hole 19B, green circle, western Bay of Bengal; RC 12-344, red circle and SK 168/GC-1, yellow circle, northern Andaman Sea).
Schematic representation of dominant wind directions (red lines) and coastal currents (black lines) during the SW and NE monsoon seasons (after Schott and
McCreary, 2001). Seasonal position of Inter Tropical Convergence Zone (ITCZ) is denoted by yellow line (after Zorzi et al., 2015). (Base map generated from Ocean
Data View software version 4.7.10; Schlitzer, 2014). WICC: West Indian Coastal Current; EICC: East Indian Coastal Current; SMC: Southwest Monsoon Current; NMC:

Northeast Monsoon Current. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Naidu, 2011) as supporting evidence for our foraminiferal assemblage

Table 1 based paleoceanographic inferences.

AMS C dates and calibrated ages (in calendar years before present) for core SK
218/1 (Govil and Naidu, 2011). The AMS radiocarbon dates measured on
monospecific samples of Globigerinoides ruber were converted to calendar ages by
using CALIB 6.0 (Stuiver and Reimer, 1993) and considering a reservoir age of
400 years (Southon et al., 2002).

4. Results

4.1. Planktic foraminiferal assemblage

S. Lab reference  Material ~ Depth 14C ages Calibrated . . . .
No.  No. (cm) (yr BP) calendar age (yr) In total, 30 planktic species were recorded, including both surface
1 KIA2845.5 G raber 68 105530 300 <.iv.velhng’ mlxed-la}fer e’lnd. deep dwelling th'erm’ocllne sPec1es. Globiger-
2 AAS93880 G. ruber 150 3840 + 3311 inita glutinata, Globigerinoides ruber and Globigerina bulloides are the most
100 abundant surface dwelling mixed-layer species. Other common mixed-
3 KIA2844-8 G. ruber 266 10,400 + 10,976 layer species are Globigerina falconensis, Trilobatus quadrilobatus, Trilo-
60 batus trilobus and Trilobatus sacculifer. Globorotalia menardii and Neo-
4 KIA2844-7 G. ruber 322 13,940 + 15,948 . . - . .
%0 globoquadrina dutertrei are the thermocline species with frequent
5 AAS93881 G. ruber 350 16,410 + 18,772 occurrences in the core. Following the taxonomic concept of Poole and
100 Wade (2019), we considered T. trilobus, T. quadrilobatus and T. sacculifer
6 AAS93883 G. ruber 498 22,100+ 25478 as morphospecies of T. sacculifer plexus, hence we combined them
410 o .
, AAS93884 G.ruber 550 20,300 + 32,822 together for Fhe prese.nt. study. We utilize abundal?ce records of fmxed-
330 layer planktic foraminifera for paleoceanographic reconstruction, as
8 KIA2844-6 G. ruber 638 33,060 + 36,884 these species respond strongly to changes in surface hydrographic con-
780

ditions (salinity stratification, mixed-layer depth and nutrient condi-
tion) [Singh et al., 2011, 2018].

sediment samples were processed following standard micropaleonto-

logical techniques (Singh et al., 2018). Census counts of planktic and
benthic foraminifera were made on the >125 pm size fraction. Based on
census data, percentage abundance of each planktic foraminiferal spe-
cies was calculated. The taxonomic classification of planktic foraminif-
eral species is based on Kennett and Srinivasan (1983), Hemleben et al.
(1989), Spezzaferri et al. (2015) and Poole and Wade (2019). We also
used previously published §'80y, record of the same core (Govil and

4.2. Evaluation of dissolution effects on foraminiferal census counts

Planktic foraminifera mainly feed on phytoplankton, hence they are
strongly related to the primary productivity (e.g., Hemleben et al.,
1989). However, factor other than productivity such as dissolution of
calcareous tests may also influence the composition of fossil foraminif-
eral assemblages, thus altering the original microfaunal signatures of
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past environmental conditions. In order to evaluate the effect of calcium
carbonate dissolution on our foraminiferal assemblages, we determined
dissolution indices; DI (dissolution index): number of dissolution resis-
tant planktic foraminiferal tests / total specimens of common dissolution
susceptible planktic foraminifera in 1 g x 10, after Berger (1973) and
Ivanova et al. (2003); and benthic/planktic foraminiferal (B/P) abun-
dance ratios: total number of benthic foraminiferal tests / total speci-
mens of benthic + planktic foraminifera in 1 g, after Van der Zwaan et al.
(1990) and Liibbers et al. (2019) [Fig. 2]. The DI record reflects that the
values of dissolution resistant / susceptible species abundance ratio is
<5.0 in the majority of the core samples except in 5 samples {22.6, 24,
29.4, 37.4 and 40.5 kyr BP} (Fig. 2). Low DI values are suggestive of
minimal dissolution of planktic foraminiferal tests. B/P ratio shows that
the planktic foraminiferal abundances are generally much higher than
the benthic foraminiferal abundances, except during some intervals of
MIS 2 and MIS 3 (28.9, 34.5 and 37.8 kyr BP) and since 1.5 kyr BP, when
benthic foraminiferal abundances increased significantly (Fig. 2).
Interestingly, abundances of dissolution susceptible planktic species
remained high during these intervals of relatively high benthic forami-
nifera as evidenced by low DI values (Fig. 2). Therefore, the temporal
variation of the B/P ratio is most likely related to changes in export
production flux and not to the dissolution of planktic foraminiferal tests.
However, we cannot rule out the effect of dissolution on foraminiferal
tests during those very brief periods of high DI values corresponding to
the sharp spikes of resistant species abundances (D1-D5) (Fig. 2). Each of
these abundance spikes represents only a single sample having pre-
dominance of N. dutertrei, a species associated with nutrient-rich upper
thermocline waters. However, with the present sample resolution it is
not possible to ascertain, whether these spikes, besides the dissolution,
are also related to the increased production of the resistant species
N. dutertrei. Therefore, we assume that the pattern of variation in the
planktic foraminiferal record except for those intervals discussed above
(D1-D5) is not an artifact of carbonate dissolution, but represents true
paleoceanographic events.

4.3. Temporal variation in planktic foraminiferal abundance

Temporal variation in relative abundances of planktic species in core
SK 218/1 (Fig. 3) provides interesting clues for evaluating the changes in
surface hydrography in the western BoB during the last 45 kyr BP. The
species abundance records indicate pronounced variations during the
late Glacial, the deglacial and Holocene periods. The late Glacial period
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between 44 and 19 kyr BP is characterized by high abundances of
G. bulloides, G. glutinata and G. falconensis, as compared to the deglacial
(between 19 and 11 kyr BP) and Holocene periods. However,
G. falconensis is overall less abundant than the other two species.
G. falconensis abundance broadly follows that of G. bulloides. The long-
term abundance changes in these three species are superimposed by
the millennial-scale variability, apparently more pronounced during the
late Glacial (Fig. 3). The abundance of G. bulloides peaks during certain
intervals between 44 and 19 kyr BP, then declines rapidly between 17.5
and 15 kyr BP (Fig. 3). Its abundance remained relatively low until 13.5
kyr BP and then increased between 13 and 11 kyr BP. The early part of
the Holocene (9-6 kyr BP) is characterized by a low abundance of
G. bulloides. G. bulloides abundance increased again between 5 and 3 kyr
BP and since 1.5 kyr BP in the late Holocene. During the late Glacial
period, prominent abundance maxima of G. bulloides occur during
42-41, 39-38, 27-25, 24-23, 22-19 kyr BP and at around 37, 35 and 33
kyr BP. G. glutinata shows its peak abundances during 43-41, 40-38,
35-33.5, 31-30, 24-23, 21-19 kyr BP and at around 36 kyr BP (Fig. 3).
The oscillations in faunal abundance appear to be comparable with
millennial-scale climatic events in Greenland ice cores (Fig. 3). It is
apparent that despite minor differences in magnitude of variation and
timing of peak abundances, G. bulloides and G. glutinata both show their
abundance maxima during the periods corresponding to the Northern
Hemisphere cold phases (Heinrich events 2-4 and Dansgaard-Oeschger
(D—O) stadials). Given the sample resolution constraints, however, it is
not possible to precisely record faunal changes during all D—O events
and Heinrich event 1. Interestingly, the abundance of G. glutinata is
conspicuously low between 13 and 11 kyr BP, a period corresponding to
the cold Younger Dryas (YD) event, when G. bulloides and G. falconensis
both show high abundances. After a prominent increase during 11-10
kyr BP, G. glutinata abundance declines between 9 and 6 kyr BP and
increases again between 6 and 4 kyr BP. The G. ruber and T. sacculifer
plexus remains less abundant and follows a similar pattern of variation
prior to 16 kyr BP. Nevertheless, the pattern of abundance variation in
the T. sacculifer plexus is generally opposite to that of G. ruber since 16
kyr BP. Interestingly, the G. ruber and T. sacculifer plexus does not show a
distinct short-term millennial-scale variability during the late Glacial
period, as evident from the G. bulloides, G. glutinata and G. falconensis
records. Maximum abundances of G. ruber occur between 15 and 13 kyr
BP, a period equivalent to the warm Bglling/Allergd (B/A) event, and in
the early Holocene between 9 and 6 kyr BP (Fig. 3). A prominent decline
in its abundance is noticed during the YD between 13 and 11 kyr BP and

Fig. 2. (A) Records of Benthic/Planktic foraminiferal

MIS 2 . . ..
MIS 1 S MLS 3 abundance ratio (no. of benthic foraminifera/total no. of
a 25 benthic+planktic foraminifera in 1 g dry sediment >125
B 9 = pm). (B) Dissolution Index (DI) (no. of dissolution resis-
- 20 @ tant/dissolution susceptible planktic foraminifera in 1 g
o i § dry sediment >125 pm). Dissolution resistant species:
58 ~15 = N. dutertrei, G. tumida, G. menardii, P. obliquiloculata;
F < . . . . . .
10 6  Dissolution susceptible species: G. bulloides, G. glutinata,
I % G. ruber, G. rubescens, G. aquilateralis, T. sacculifer plexus.
| 5 & DI-D5 are the plausible dissolution events. Horizontal
i 0 grey bar indicates the Marine Isotope Stages, MIS 1-3.
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Fig. 3. Comparison of relative abundances of mixed-layer planktic foraminiferal species in core SK 218/1 (this study) with 8'80 record of a surface dwelling planktic
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legend, the reader is referred to the web version of this article.)
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5 and 3 kyr BP. After showing a trend of significant increase from 3 kyr
BP, G. ruber abundance declined since 1.5 kyr BP (Fig. 3).

5. Discussion

5.1. Planktic foraminiferal assemblage response to the seasonal changes
in surface hydrography

Plankton net and sediment trap studies in the Northern Indian Ocean
revealed large variations in planktic foraminiferal shell fluxes and spe-
cies composition in response to the seasonal monsoon circulations (e.g.,
Kroon, 1991; Curry et al., 1992; Conan and Brummer, 2000; Guptha
et al., 1997). The sediment trap experiment conducted in the BoB has
shown bimodal patterns in biogenic (including planktic foraminifera)
fluxes related to the SW and NE monsoons (Guptha et al., 1997; Vidya
and Prasanna Kumar, 2013). The seasonal pattern of biogenic flux in the
BoB is attributed to changes in the upper water column structure and
nutrient state of the mixed-layer due to the seasonal monsoon induced
fluvial influx, surface water stratification and wind driven upwelling
and/or mixing. High fluvial influx to the BoB associated with SW
monsoons restricts upwelling and wind-driven upward transport of nu-
trients to the euphotic zone leading to low plankton production (Unger
et al., 2003; Prasanna Kumar et al., 2010). Besides, the wind-induced
mixing drives the winter phytoplankton bloom in the western BoB
south of 17° N and west of 90° E (Martin and Shaji, 2015). Therefore, the
fluvial input and wind forcing together modulate the year-round surface
conditions and biogenic shell fluxes in the BoB (Unger et al., 2003).

Planktic foraminifera living in the mixed-layer strongly respond to
changes in surface hydrographic and nutrient conditions. The G. ruber
and T. sacculifer plexus represents tropical warm water species; which
are known to have adapted to low-nutrient oligotrophic environments
(Bé and Hamlin, 1967; Bé and Hutson, 1977; Bé and Tolderlund, 1971;
Hemleben et al., 1989; Spindler et al., 1984; Guptha et al., 1997).
G. bulloides, G. glutinata and G. falconensis are eutrophic species, which
thrive in nutrient-rich, highly mixed surface waters associated with
tropical upwelling and/or vertical mixing (Bé and Tolderlund, 1971;
Cullen and Prell, 1984; Kroon, 1991; Singh et al., 2011, 2018). The
sediment trap flux record from the BoB exhibits elevated G. bulloides
fluxes during the SW monsoon season in the western BoB and during the
NE monsoon season in the northern BoB (Guptha et al., 1997; Stoll et al.,
2007). Previous studies from other areas have also shown high abun-
dances of G. bulloides during both the SW and NE monsoon seasons (e.g.,
Sautter and Thunell, 1991). Although the annual flux of G. glutinata in
the northern BoB is higher than in the western BoB, it shows elevated
flux during the NE monsoon season (Guptha et al., 1997). Unlike
G. bulloides, this species feeds on diatoms and its abundant occurrence in
the northeastern Arabian Sea waters during the NE monsoon is linked
with the winter diatom bloom (Spindler et al., 1984; Schulz et al., 2002).
Hence, the two distinct groups of species: mixed-layer eutrophic species
(MLES) and mixed-layer oligotrophic species (MLOS) are related to the
different modes of surface ocean conditions and nutrient state of the
mixed-layer (e.g., Singh et al.,, 2018). High abundance of MLOS
(G. ruber, T. sacculifer plexus) is indicative of strongly stratified and
nutrient-poor (oligotrophic) mixed-layer water and low biological pro-
ductivity. Whereas, increased abundances of MLES (G. bulloides, G.
glutinata, G. falconensis) is related to highly mixed nutrient-rich (eutro-
phic) waters in the mixed-layer and high biological productivity.
Additionally, the relative abundance ratio of G. bulloides and G. ruber
should also reflect surface ocean conditions, as the former represents
well mixed eutrophic waters and the latter stratified oligotrophic waters
(Conan and Brummer, 2000; Singh et al., 2006, 2011; Stoll et al., 2007).
Sediment trap studies in the Arabian Sea have reported moderate to high
values of G. bulloides/G. ruber during wind induced mixing and up-
welling conditions and minimum values during highly stratified non-
upwelling conditions (Conan and Brummer, 2000). The response of
this proxy to seasonal changes in the upper water column of the BoB is
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also comparable with the Arabian Sea (Stoll et al., 2007). Therefore, the
G. bulloides/G. ruber ratio is a potential proxy to record changes in the
mixed-layer environment (surface stratification and trophic conditions)
[Conan and Brummer, 2000; Stoll et al., 2007; Singh et al., 2006, 2011].
High values represent highly mixed eutrophic waters, whereas low
values indicate stratified oligotrophic waters within the mixed-layer.

5.2. Millennial-scale productivity variations in relation to seasonal
monsoon-driven hydrographic changes during the late Glacial period
(45-19 kyr BP)

Our faunal proxy records (% individual species, MLES vs. MLOS
abundances and G. bulloides/G. ruber ratio) reflect pronounced changes
during the late Glacial, the deglacial and Holocene periods on a
millennial time scale (Figs. 3, 4). Overall high abundances of MLES and
corresponding very low abundances of MLOS (<15%) between 44 and
19 kyr BP during marine isotope stages (MIS) 2-3 (Fig. 4) suggest that
the late Glacial productivity was relatively higher as compared to the
deglacial and Holocene periods. Within this time interval, however, the
abundance record of MLES exhibits significant variations on a
millennial-scale (Figs. 3, 4). The prominent peaks of MLES abundances
(> 50%) occurring during 43-41, 39.5-38.5, 35-34, 31.5-30, 28.5-28,
27-25, 24-23 and 22-19 kyr BP might be related to the nutrient-rich,
eutrophic conditions in highly mixed surface water. The high values of
the G. bulloides/G. ruber ratio during these periods further support the
notion of less stratified surface water and high productivity conditions
attributed to the vertical advection of nutrient-rich subsurface water
into the euphotic zone leading to the increased phytoplankton growth.
The productivity maxima during 39.5-38.5, 31.5-30 and 24-23 kyr BP
apparently correspond to the North Atlantic cold Heinrich (H) events 4,
3 and 2 respectively. However, a part of the record of surface hydro-
graphic conditions during H2 and H3 events is obliterated due to car-
bonate dissolution (D2 and D3) (Fig. 4). Our proxy records clearly
suggest that the productivity increase during the H4 event was more
pronounced compared to H2 and H3. Modelling experiments have
demonstrated a close relationship between the North Atlantic SST and
the Indian monsoon intensity (Goswami et al., 2006; Feng and Hu,
2008). A warm (cold) phase of the North Atlantic is associated with
strong (weak) SW Indian monsoon (Zhang and Delworth, 2006; Lu et al.,
2006). Previous paleoceanographic studies in the Arabian Sea and Bay
of Bengal have also shown a weaker SW monsoon and enhanced NE
monsoon wind circulation during cold Heinrich events and stadials
(Colin et al., 1998; Reichart et al., 1998, 2004; Schulz et al., 1998;
Kudrass et al., 2001; Schulte and Miiller, 2001; Klocker and Henrich,
2006; Marzin et al., 2013; Deplazes et al., 2014; Ali et al., 2015). Hence,
the productivity maxima during Heinrich events are most likely related
to the intensification of NE monsoonal winds driving the injection of
nutrients from deep waters into the mixed-layer. The positive excursion
in 8'80g, values during the H2 event suggests low monsoon freshwater
flux at the core site (Govil and Naidu, 2011) (Fig. 4). The reduced
freshwater flux due to a weakened SW monsoon resulted in a less stable
upper water column, which favoured enhancement of nutrient
entrainment by wind driven processes and vertical mixing during the NE
monsoon. A moderate decline in productivity from 23 to 22 kyr BP as
reflected by decreased abundances of MLES and low values of
G. bulloides/G. ruber ratio is probably associated to the stratified surface
water conditions due to increased freshwater influx at the core site.
Surface ocean freshening between 23 and 22 kyr BP is evident from the
61805W record (Govil and Naidu, 2011) (Fig. 4). Ota et al. (2019) sug-
gested a significant decrease in SW monsoon precipitation in the
northeastern and eastern part of the Indian peninsula and related
freshwater outflow to BoB during MIS 2. Therefore, low 51805‘,\, values
during 23-22 kyr BP are likely related to the regional freshening prob-
ably due to the enhanced NE monsoon precipitation over south-eastern
India leading to high freshwater influx at the core location (Govil and
Naidu, 2011). The surface ocean stratification might have impeded the
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wind driven mixing process that can inject nutrients to the euphotic
zone, as a consequence the productivity declined during this time in-
terval. A conspicuous increase in SSS during the phases of productivity
maxima between 27 and 25 kyr BP and during the Last Glacial Maximum
(LGM) between 22 and 19 kyr BP (Fig. 4) implies that the freshwater flux
was considerably reduced, which can be explained by a significant
reduction in SW monsoon precipitation and river discharge around the
western BoB. Relatively high values of G. bulloides/G. ruber ratios during
these periods suggest a weakly stratified upper water column and
enhanced mixing driven by the intensified NE monsoon wind
circulation.

A striking difference in the abundance patterns of the two eutrophic
species (G. bulloides and G. glutinata) during these two intervals of pro-
ductivity maxima (27-25 kyr BP and 22-19 kyr BP) (Fig. 3) points to-
wards a change in the strength of the vertical mixing process. G. bulloides
thrives in deeply mixed nutrient-rich cold waters associated with ver-
tical advection of deep waters to the surface, whereas G. glutinata being a
nutrient loving cosmopolitan species can flourish even in shallow mixed
eutrophic waters. The predominance of G. glutinata over G. bulloides
during LGM in contrast to 27-25 kyr BP when the abundance of both
species was equally enhanced, suggests a more pronounced and deep
mixing in the later period. Earlier studies have suggested a weakened
SW monsoon during the LGM because of a permanent Tibetan ice cover
(Prell et al., 1980; Van Campo et al., 1982; Duplessy, 1982; Zhang and

Delworth, 2005). Nevertheless, it is to be noted that the LGM was not the
coldest glacial period in the mid-latitude North Atlantic (Duplessy et al.,
1991; Marzin et al., 2013), hence the SW monsoon may have not been at
its weakest mode during this time. We assume that although the NE
monsoon circulation strengthened during the LGM, it was not probably
that strong because SST in tropical regions was 2-3 °C lower contrib-
uting to a low land-sea pressure gradient (Kienast et al., 2001; Rosenthal
etal., 2003). We, therefore suggest that the productivity pattern in MIS 2
at the core location is strongly modulated by the magnitude of variations
in the NE monsoon wind intensity and regional precipitation and con-
tinental runoff.

Our foraminiferal proxy records (MLES abundance and G. bulloides/
G. ruber ratio) show high frequency variations during MIS 3 between 45
and 29 kyr BP (Fig. 4). The proxy records demonstrate alternating epi-
sodes of productivity maxima and minima in concert with the Northern
Hemisphere climate events (D—O cycles and Heinrich events). The
timing and sequence of productivity minima apparently correspond to
the D—O warm interstadials and the maxima to the cold stadials and
Heinrich events (H3 and H4) (Fig. 4). On a glacial/interglacial time-
scale, the intensity of the SW monsoon and associated precipitation
during MIS 3 was relatively stronger compared to MIS 2 (Ota et al.,
2019). However, the proxy records from the Arabian Sea on a
millennial-scale (Reichart et al., 1998, 2004; Schulz et al., 1998; Singh
etal., 2011; Deplazes et al., 2014) and BoB (Kudrass et al., 2001; Ahmad
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et al., 2005; Rashid et al., 2011; Ali et al., 2015; Lauterbach et al., 2020;
Liu et al., 2021) provided strong evidence for a weaker SW monsoon
during the cold stadials (cold phases of the D—O events) and stronger
monsoon during the interstadials (warm phases of the D—O events).
Earlier studies also suggested the intensification of NE monsoon circu-
lation during the cold stadials (Reichart et al., 1998, 2004; Klocker and
Henrich, 2006). Thus, the high productivity events during the cold
stadials are most likely linked with the intensified NE monsoonal winds
induced mixing and the injection of nutrient-rich subsurface waters into
the euphotic zone. Alternatively, the low productivity during the warm
interstadials is related to the prevalence of strongly stratified surface
ocean conditions coupled with subdued winter mixing. An intensified
SW monsoon during interstadials would result in a high freshwater
influx to the BoB and that would cause a strong surface ocean stratifi-
cation and oligotrophic conditions in the mixed-layer. Significant up-
welling during the SW monsoon is unlikely to occur in the BoB
(Gebregiorgis et al., 2016), which could enhance the vertical advection
of nutrient-rich deep waters to the surface. However, some increase in
productivity related to local hydrographic processes during warm in-
terstadials is not completely ruled out. Nevertheless, it is clearly evident
from our faunal records that year-round productivity during stadials is
much higher than during interstadials. Our results from the BoB are in
contrast to the northern and western Arabian Sea, where the produc-
tivity has been reported to be high during the interstadials driven by
stronger SW monsoon induced upwelling (Reichart et al., 1998; Schulz
et al., 1998; Altabet et al., 2002; Deplazes et al., 2014). We, therefore,
conclude that the D—O variability in the surface hydrography and
productivity in the western BoB is primarily governed by changes in the
intensity of SW monsoon related precipitation and continental runoff
and the NE monsoon wind circulation.

5.3. Enhanced influence of SW monsoon on productivity pattern since the
last deglaciation (19 kyr BP to present)

The planktic foraminiferal assemblage record shows a major change
between 19 and 15 kyr BP indicating a prominent shift from the high
productive environment of the LGM to relatively low productivity con-
ditions (Fig. 4). A gradual reduction in the abundances of MLES between
19 and 17 kyr BP, followed by a rapid decline in their abundances during
16-15 kyr BP suggests a two-step change in surface hydrography and
productivity in response to the variation in seasonal monsoon circula-
tion during the early deglacial period (Figs. 3, 4). The abundance vari-
ation pattern of MLES which is opposite to that of MLOS, follows the
pattern of SSS variations (Govil and Naidu, 2011) (Fig. 4). Earlier studies
have shown that the SW monsoon was weaker (Sirocko et al., 1993;
Rashid et al., 2011), although the NE monsoon intensified during the
early deglacial period between 19 and 17 kyr BP (Tiwari et al., 2005). A
reduction in SSS during this period (Govil and Naidu, 2011) attributed to
the increased precipitation and river runoff from peninsular India in the
NE monsoon season (Tiwari et al., 2005) would have led to a salinity
stratification in the mixed-layer. It is likely that the north-easterly winds
were strong enough to promote shallow vertical mixing and entrainment
of nutrient-rich subsurface waters to the euphotic zone leading to a
moderate increase in productivity. It is interesting to note that the
abundance of G. glutinata, a species associated to the diatom bloom
remained high, however G. bulloides abundance decreased significantly
between 19 and 17 kyr BP, which supports our conclusion of a moderate
increase in productivity during this period due to shallow winter mixing.
A significant reduction of all eutrophic species and a corresponding in-
crease of oligotrophic species during 16-15 kyr BP are indicative of
strongly stratified, nutrient-poor mixed-layer waters and low produc-
tivity conditions (Figs. 3, 4). It is convincingly apparent that there has
been a major reorganization of seasonal monsoon wind circulation after
16 kyr BP, when the SW monsoon intensified and concomitantly the NE
monsoon weakened. A rapid and conspicuous reduction in SSS coupled
with surface warming between 16 and 13 kyr BP (Govil and Naidu,
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2011) point towards the strong stratification of the surface ocean,
reduced vertical mixing and low productivity conditions during this
period. This is in agreement with other SSS and SST records from the
BoB (Kudrass et al., 2001) and Arabian Sea (Anand et al., 2008).

High abundances of MLOS and corresponding low MLES abundances
and very low values of G. bulloides/G. ruber ratio between 15 and 13 kyr
BP (Fig. 4), a period broadly equivalent to the warm B/A event, indicate
low productivity and strongly stratified surface waters, which can be
attributed to the intensified SW monsoon precipitation and increased
runoff from the continent. Strong salinity stratification due to large
freshwater influx inhibited the wind-driven upward transport of nutri-
ents to the euphotic zone resulting in low productivity. A conspicuous
surface water freshening during this period is evident from the 580,
record (Govil and Naidu, 2011) (Fig. 4). The productivity increased
between 13 and 11 kyr BP as evidenced by high abundances of MLES and
concomitant decline of MLOS. A moderate increase in G. bulloides/G.
ruber values points towards a less stratified surface water conditions.
This time interval apparently corresponds to the northern Hemisphere
cold YD event, a period when the SW monsoon was relatively weak as
reflected in SSS records from the Arabian Sea (Anand et al., 2008) and
BoB (Kudrass et al., 2001; Rashid et al., 2011; Govil and Naidu, 2011;
Liu et al., 2021) (Fig. 5). Low amount of freshwater influx due to a
weakened SW monsoon might have resulted in less stratified surface
ocean conditions, which favoured the transport of nutrients from sub-
surface waters to the euphotic zone driven by relatively stronger NE
monsoon winds induced vertical mixing.

The faunal proxies combined with the 61803“, record (Govil and
Naidu, 2011) indicate a rapid shift in surface ocean conditions from less
stratified, nutrient-rich surface waters to the strongly stratified,
nutrient-poor waters between 11 and 9 kyr BP, probably triggered by a
major change in SW monsoon intensity (Fig. 4). High abundances of
MLOS during the Holocene between 9 and 1.5 kyr BP suggest overall low
productivity conditions associated with stratified, nutrient-poor waters
in the mixed-layer. This observation agrees with the overall low
G. bulloides/G. ruber ratio. Our faunal results are consistent with the SSS
record of the core (Govil and Naidu, 2011) indicating surface freshening
(Fig. 4). The 5804, is strongly controlled by SW monsoon precipitation
and associated freshwater discharge to the BoB during the Holocene
(Rashid et al., 2011; Liu et al., 2021). During this period, however, the
faunal record further indicates that the productivity was lowest between
9 and 6 kyr BP and then increased gradually between 5 and 3 kyr BP as
evidenced by a moderate increase in MLES. This implies that the SW
monsoon was strongest during 9-6 kyr BP favouring a high freshwater
flux and intensification of surface ocean stratification at the core loca-
tion, but the monsoon intensity and associated fluvial discharge grad-
ually declined from 5 to 3 kyr BP. The increased §'80,, values between 5
and 3 kyr BP further support the notion of a weakened SW monsoon
(Rashid et al., 2011; Govil and Naidu, 2011). The productivity values
during this period (5-3 kyr BP) increased moderately, when surface
water stratification weakened due to reduced SW monsoon precipita-
tion. The faunal and §'80s, records further reveal a reduction in pro-
ductivity associated with the moderately stratified surface ocean
conditions due to a relative increase in SW monsoon precipitation be-
tween 3 and 1.5 kyr BP (Fig. 4).

5.4. Regional response of the SW monsoon

Our foraminiferal proxy records from the western BoB showing
millennial-scale variability of surface hydrography and productivity are
profoundly influenced by the changes in the continental runoff related
primarily to the SW monsoon intensity. The overall pattern of the proxy
records agrees well with other monsoon proxy records from the BoB
(Kudrass et al., 2001; Rashid et al., 2011; Liu et al., 2021), Andaman Sea
(Rashid et al., 2007; Gebregiorgis et al., 2016) and the Hulu Cave spe-
leothem (Wang et al., 2001) (Fig. 5). The millennial-scale perturbations
in surface ocean conditions in the BoB are in concordance with the D—O
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oscillations (warmer interstadials and colder stadials) as reflected in the
GISP2 5§'®0 record (Stuiver and Grootes, 2000) and the North Atlantic
cold Heinrich events suggesting a teleconnection between both regions.
Past changes in year-round productivity in the BoB are related to the
relative strength of salinity stratification associated with the amount of
freshwater influx during the SW monsoon and the intensity of NE
monsoon winds induced mixing of the upper water column. The pro-
ductivity minima during warm phases of the D—O events are attributed
to the large freshwater influx and consequent salinity stratification
during the intensified SW monsoon, which inhibits vertical advection of
nutrient-rich deep waters to the surface by the weaker NE monsoon
winds. Conversely, the weakened SW monsoon leading to a reduced
freshwater influx and surface stratification together with the intensified
NE monsoon wind-induced vertical mixing resulted in high productivity
during cold phases of the D—O events and during the LGM. Further, a
major reorganization of seasonal monsoon wind circulations during the
last deglacial period is also reflected in the speleothem records from
Timta Cave (Sinha et al., 2011) in northern India, Moomi Cave (Shakun
etal., 2007) in Yemen, Hulu and Dongge Caves (Wang et al., 2001; Yuan
et al., 2004) in China and other sediment records from the BoB (e.g.,
Rashid et al., 2011; Liu et al., 2021) and Andaman Sea (Rashid et al.,
2007; Gebregiorgis et al., 2016) (Fig. 5). All these records indicate
enhanced SW monsoon precipitation during the warm B/A event, when
productivity in the western BoB declined due to the strong surface
stratification caused by the increased freshwater influx, whereas
reduced SW monsoon precipitation during the cold YD event resulted in
productivity increase due to the enhanced NE monsoon-induced vertical
mixing of less stratified surface waters. Our interpretations of strongest
SW monsoon in the early Holocene (9-6 kyr BP) and its relative weak-
ening after 5 kyr BP are also in concordance with the earlier studies from
the BoB (e.g., Kudrass et al., 2001) and Andaman Sea (Rashid et al.,
2007; Gebregiorgis et al., 2016) (Fig. 5).

6. Conclusions

Abundance records of mixed layer planktic foraminifera (eutrophic
and oligotrophic species/group) reveal major fluctuations in surface
hydrography (extent of salinity stratification, mixing and trophic state)
and productivity in response to the changes in intensity of seasonal
monsoon (SW vs NE) precipitation and wind strength. The proxy records
show millennial-scale variability which broadly corresponds to the
Northern Hemisphere D—O oscillations and Heinrich events. Faunal
proxy records suggest an overall high productivity during the late
Glacial period between 44 and 19 kyr BP compared to the deglacial and
Holocene periods. Within the late Glacial period, the maximum pro-
ductivity occurred during the cold phases of D—O cycles (stadials) and
North Atlantic Heinrich events (H2-H4). These productivity maxima are
attributed to the less stratified upper water column due to the reduced
SW monsoon related freshwater influx and the intensified NE monsoon
winds induced vertical advection of nutrient-rich subsurface waters to
the euphotic zone promoting enhanced phytoplankton growth.
Conversely, low productivity events seem to occur during warm phases
of the D—O events (interstadials), when SW monsoon intensified leading
to an increase in freshwater influx and surface stratification which
inhibited the vertical transport of nutrients from deep waters to the
surface by the weaker NE monsoon winds.

Productivity was conspicuously low between 15 and 13 kyr BP, a
period broadly equivalent to the warm B/A, when the mixed-layer was
strongly stratified due to enhanced SW monsoon precipitation and river
discharge from the continent. Between 13 and 11 kyr BP, surface ocean
stratification weakened and productivity increased because of a reduc-
tion in freshwater influx due to weaker SW monsoon coupled with
enhanced NE monsoon wind induced mixing. The productivity was
lowest between 9 and 6 kyr BP, which is attributed to the intensification
of SW monsoon precipitation and fluvial discharge leading to the
strongly stratified surface ocean and oligotrophic conditions in the
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mixed-layer. The faunal record further suggests that the SW monsoon
intensity and freshwater influx gradually declined from 5 to 3 kyr BP.
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