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ABSTRACT

Planktonic foraminifera provide essential palaeoceanographic proxies, as their shells are used to characterise
past ocean conditions. The accurate interpretation of palaeorecords depends on a thorough understanding of the
species-specific ecological preferences. While global distribution patterns are well documented, regional analysis
are sparser, which limits our understanding of the response of planktonic foraminiferal distribution to local
environmental conditions. This study synthesises data of extant planktonic foraminiferal abundances to deter-
mine their spatial and vertical distributions in the Bay of Bengal, using available and published plankton net and
sediment trap data. Our analysis highlights the dominance of six species that exhibit distinctive spatial and
vertical distribution patterns. Globigerinoides ruber and Trilobatus sacculifer are associated with oligotrophic
waters, and nutrient-rich areas, respectively. They consistently inhabit the upper 40 m of the water column,
within the mixed layer. Neogloboquadrina dutertrei and Globigerina bulloides thrive in stratified waters near the
Ganges-Brahmaputra River mouth and in the upwelling system south of India. While abundant in the mixed
layer, their high numbers in the subsurface in stratified conditions and associated subsurface nutrient availability
highlights their capacity to dwell in both surface and subsurface environments. Globorotalia cultrata and Globi-
gerinita glutinata are abundant in the northern Bay of Bengal, with G. cultrata inhabiting the upper thermocline,
while G. glutinata has the broadest vertical distribution, from the mixed layer to the deep thermocline. These
findings help constraining the regional response of key species to local conditions and hence their use in
palaeoenvironmental reconstructions from this critical sector of the global ocean.

1. Introduction

Hemleben, 2017). The interpretation of proxies derived from fossil PF
(based on assemblages or geochemical signature of their tests) requires

Planktonic foraminifera (PF) are protozoans that inhabit the global
ocean, ranging primarily from surface to sub-thermocline depths (e.g.,
Fairbanks et al., 1980, 1982; Kuroyanagi and Kawahata, 2004; Bergami
et al., 2009; Iwasaki et al., 2017; Rebotim et al., 2017). Their calcareous
shells are widely used as palaeoceanographic proxies through the
analysis of fossil assemblages and species-specific shell geochemistry (e.
g., Emiliani, 1955; Niirnberg et al., 1996; Kucera, 2007; Schiebel and

understanding of their present-day ecological preferences, hence their
spatial and depth distribution (e.g., Duplessy et al., 1981; Seears et al.,
2012; Rebotim et al., 2017; Kretschmer et al., 2018; Stainbank et al.,
2019). The depth habitat and the calcification depths of PF species vary
regionally and are not globally uniform (e.g., Peeters and Brummer,
2002a, 2002b; Rebotim et al., 2017; Stainbank et al., 2019), making
regional documentation of habitat variability essential to allow robust
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palaeoceanographic reconstructions (e.g., Lynch-Stieglitz et al., 2015;
Raddatz et al., 2017).

On the global scale, the modern spatial distributions of PF species
composition is closely tied to ocean surface temperature, and the fossil
assemblages reveal that these distributions shifted in response to past
temperature changes (e.g., Bé and Tolderlund, 1971; Bé and Hutson,
1977; Kipp, 1976; Chaabane et al., 2024; Jonkers et al., 2023, 2024).
Data from plankton tows and sediment traps unveil that the composition
and abundance of living PF communities are also influenced by other
environmental factors, including food availability, light intensity,
salinity, and water column stratification (e.g., Ortiz et al., 1995; Schiebel
et al., 2001; Field et al., 2006; Jonkers and Kucera, 2015, 2017; Rebotim
et al., 2017; Lessa et al., 2020). These influences are most evident in
regions affected by upwelling, boundary currents, hydrographic fronts,
or sharp turbidity and salinity gradients. In such environments, certain
species appear to be tolerant to a wide range of environmental condi-
tions. For example, the Globigerinoides ruber subspecies (albus and ruber)
tolerate a wide range of temperature and salinity (Bijma et al., 1990b).
They typically inhabit tropical to subtropical surface waters in highly
saline oligotrophic areas and can also be found in nutrient rich low-
salinity waters, influenced by rivers. As a result, this euryhaline taxon
is ecologically competitive and widely present in different low and even
mid-latitudes hydrographic settings (e.g., Ufkes et al., 1998; Schmuker
and Schiebel, 2002; Morard et al., 2019). The vertical distribution of PF
in the water column is overall less well documented than their hori-
zontal distribution. Recent studies have addressed this gap by examining
the environmental factors that influence PF vertical distribution
(Rebotim et al., 2017; Lessa et al., 2020; Tapia et al., 2022; Chaabane
et al., 2025). These studies using vertically resolved plankton tows
concluded that light intensity, water temperature, oxygen and food
availability, nutrient levels, and predation are key factors influencing
the PF vertical distributions (e.g., Rebotim et al., 2017; Lessa et al.,
2020; Tapia et al., 2022). These parameters vary with ocean depth,
creating distinct environmental niches, whereby each species occupies a
range of depth that can sometimes overlap with other species (e.g.,
Fairbanks and Wiebe, 1980; Schiebel et al., 2001). The depth habitat of
individual species can thus vary significantly depending on the regional
setting and on the amplitude and nature of the seasonal cycle. For
instance, Neogloboquadrina dutertrei has been traditionally interpreted as
a subsurface species associated with the deep chlorophyll maximum
(DCM) in palaeoceanographic records (Fairbanks et al., 1982). Howev-
er, vertically resolved plankton tows suggest that this species also in-
habits shallower habitat depths under certain hydrographic conditions
(e.g., Ufkes et al., 1998; Rebotim et al., 2017). This variability means its
depth habitat must be assessed regionally to ensure accurate palae-
oceanographic interpretation.

Symbiotic relationship with autotrophic algae is a major factor in
defining PF dwelling depth, where photosymbiont-bearing species
(usually spinose species, e.g., G. ruber, Trilobatus sacculifer) occupy
surface, light-saturated waters, while photosymbiont-barren species
(usually non-spinose species, e.g., Globorotalia truncatulinoides) can
dwell deeper (Takagi et al., 2019). Species-specific reproduction stra-
tegies can drive vertical migration during the lifespan (e.g., sexual
reproduction; Erez et al., 1991; Meilland et al., 2021), where mature/big
individuals most likely migrate deeper to reproduce and are as such
found in the deeper horizon of plankton nets (Meilland et al., 2021).
Furthermore, species can seek their optimal habitat by adjusting their
position within the water column accordingly (i.e., habitat tracking;
Jonkers and Kucera, 2017). Vertical migrations and/or species-specific
local habitats can leave an imprint on the stable isotope and/or trace
element composition of the PF shells (e.g., Jonkers et al., 2012; Jonkers
and Kucera, 2017; Pracht et al., 2019a, 2019b). This may help explain
differences of geochemical signatures between different species and may
better inform palaeoceanographic interpretations.

This study concentrates on the habitats of extant PF in the Bay of
Bengal (BoB), a semi-enclosed basin located in the northeastern Indian
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Ocean (Fig. 1) that is characterised by dynamic oceanographic and at-
mospheric circulations (Hood et al., 2024). Intense monsoonal activity
over the continent and the northern BoB stems from the seasonal
reversal of winds and the northeastern advection of moisture-laden air
towards the land masses. This monsoon-driven atmospheric circulation
fuels massive, seasonal freshwater discharges from the Himalayan
(Ganges and Brahmaputra) and the Indian peninsular (Krishna, God-
avari, Mahanadi, Pennar) river systems (Fig. 1; e.g., Chauhan et al.,
2004). This produces low-salinity surface-water lenses that propagate
meridionally across the BoB, leading to a strong upper water column
stratification (Fig. 1; Shenoi et al., 2002, Thadathil et al., 2007; Gir-
ishkumar et al., 2011) and the formation of a characteristic density
barrier layer (e.g., Vinayachandran, 2002). This climatic and oceano-
graphic setting is targeted by numerous PF-based palaeoceanographic
studies to explore past variations in monsoon intensity, biological pro-
ductivity, and ocean circulation (e.g., Rashid et al., 2007; Rashid et al.,
2011; Ahmad et al., 2012; Bolton et al., 2013, 2022; Kumar et al., 2018;
Ota et al., 2019; Clemens et al., 2021; Verma et al., 2021; Haridas et al.,
2022; Govil et al., 2022). Although a few studies examined the modern
ecology of the species that are most commonly used in this research
(Belyaeva, 1964; Duplessy et al., 1981; Cullen and Prell, 1984; Guptha
etal., 1997; Bhadra and Saraswat, 2021), a comprehensive picture of the
control that local (and spatially and seasonally variable) hydrographic
conditions exert on the ecological preferences of PF in the BoB is lacking.
When using PF species as proxy for reconstructing past ocean conditions
in the BoB, it is often assumed that PF have the same ecological re-
quirements and calcification depths as those observed in other low-
latitude regions where their ecology has been documented and con-
strained (e.g., Verma et al., 2022).

To validate these assumptions, we statistically evaluate published
plankton tow and sediment trap data that provide a comprehensive
picture of the spatial and vertical distribution of key PF species in the
BoB (Fig. 2; Belyaeva, 1964; Duplessy et al., 1981; Guptha and Mohan,
1996; Guptha et al., 1997; Munir et al., 2022; Chaabane et al., 2023).
Our analysis aims to: (i) characterise the composition and spatial dis-
tribution of extant PF communities in the BoB in response to locally and
regionally changing environmental parameters; (ii) assess the link be-
tween the PF living depth and vertically resolved environmental pa-
rameters such as temperature, salinity, and chlorophyll concentrations;
and (iii) discuss these findings in the light of PF-based proxies commonly
used in palaeoceanographic research. Our findings offer valuable first-
order insights into the vertical and spatial habitat preferences of key
PF species in the BoB, which can guide future efforts to refine
geochemical proxy interpretations under varying environmental
conditions.

2. Study area
2.1. Surface hydrography

The BoB is a semi-enclosed basin in the northeast Indian Ocean, and
its surface hydrography is primarily controlled by the Indian monsoon.
This system is characterised by seasonal wind reversals, which drive
surface ocean circulation and rainfall precipitation, along with the
associated river discharge (Fig. 1; e.g., Pédelaborde, 1963; Schott and
McCreary Jr., 2001; Schott et al., 2009). The BoB receives substantial
freshwater input from direct monsoonal rainfall (~6400 km3/year;
Chaitanya et al., 2021) and runoff (~3020 km3/year; Chaitanya et al.,
2021) from major river systems, including the Ganges and Brahmaputra
in the north, the Krishna, Godavari, Mahanadi, and Pennar rivers along
India’s eastern coast, and the Irrawaddy and Salween rivers in the
Andaman Sea (e.g., Chauhan et al., 2004; Fig. 1). This influx is most
pronounced during the summer monsoon (e.g., Gomes et al., 2000;
Narvekar and Prasanna Kumar, 2014; Sarma et al., 2016). The BoB is a
dilution basin, as freshwater inputs from direct precipitation and con-
tinental runoff exceed evaporation (Ding et al., 2004; Paul et al., 2007;
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Fig. 1. Seasonal variations in surface salinity and chlorophyll-a concentration in the Bay of Bengal. Seasonal climatology of surface salinity averaged over the
1927-2018 period (World Ocean Database [WOD18], Boyer et al., 2018). a) Boreal summer (June, July, August — JJA) and b) boreal winter (December, January,
February — DJF). Contour maps were generated using Ocean Data View (ODV, Schlitzer et al., 2018). Seasonal surface ocean circulation patterns are also illustrated
(grey lines and arrows, Schott et al., 2001): East India Coastal Current (EICC); Winter Monsoon Current (WMC); and Summer Monsoon Current (SMC, sometimes
referred to as North Equatorial Current [NEC]; Schott and McCreary Jr., 2001; Schott et al., 2001). Seasonal satellite-derived chlorophyll-a concentrations from the
MODIS-Aqua Level-3 dataset (https://oceancolor.gsfc.nasa.gov/): c) satellite chlorophyll-a concentration data during summer; d) fall (September, October,

November — SON); e) winter; and f) spring (March, April, May — MAM).

Chaitanya et al., 2021). The extensive (and seasonally biased) fresh-
water discharge creates a strong NE-SW salinity gradient, which ranges
from ~20 near river mouths to ~34 in the south (Shetye et al., 1993;
Akhil et al., 2014). Surface freshening also induces a strong, near-surface
haline stratification that dampens the seasonal variations in mixed layer
depth (e.g., Gomes et al., 2000; Prasanna Kumar et al., 2002a, 2002b;
Narvekar and Prasanna Kumar, 2014; Sarma et al., 2016), notably in the
northern BoB (Dandapat et al., 2021), where a characteristic barrier
layer forms between the shallow mixed layer and the top of the ther-
mocline (Vinayachandran, 2002; Kumari et al., 2018). This feature helps
maintain surface temperature above 28°C by inhibiting heat exchange
between the atmosphere and the deeper layers of the ocean (Shenoi
et al., 2002).

Surface circulation varies seasonally, from anticyclonic during the
summer monsoon to cyclonic during the winter monsoon (Hood et al.,
2024). From May to August (boreal spring and summer), the northward-

flowing East India Coastal Current (EICC) (e.g., Schott and McCreary Jr.,
2001; Schott et al., 2009; Fig. 1) and the eastward South Monsoon
Current (SMC) dominate (Schott and McCreary Jr., 2001; Schott et al.,
2009; Fig. 1). In fall (September-November), as the summer monsoon
retreats, northeasterly winds establish along with an equatorward EICC
and westward Winter Monsoon Current (WMC) (Schott and McCreary
Jr., 2001; Fig. 1). This pattern continues through winter (Decem-
ber-February), allowing low-salinity surface water to propagate south-
ward (Vinayachandran et al., 1999; Shankar et al., 2002; Fournier et al.,
2017).

2.2. Primary productivity

Productivity in the BoB is influenced by wind patterns, surface and
deep ocean circulation, advection of nutrient-rich waters from the
Arabian Sea, and river runoff (e.g., Vinayachandran, 2009; Chowdhury
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Fig. 2. A- Inventory and locations of the missions and the associated plankton nets and sediment traps deployed in the Bay of Bengal. The MONOPOL stations used to
analyse the vertical distributions of planktonic foraminifera are also indicated. B- NMDS ordination based on the dissimilarity distance (Bray-Curtis) between
samples. NMDS is performed on samples based on planktonic foraminifera relative abundance to include all missions. For consistency, a subset of 0-180 m for
MONOPOL was used to harmonise with the depth ranges of other missions. The NMDS colour code corresponds to the different missions.

et al., 2021). Overall, the BoB is oligotrophic due to strong salinity
stratification, especially in the north (during the southwest monsoon),
where (sustained) river runoff influences the surface hydrology. The
strong stratification limits the vertical transfer of nutrients, restricting
their availability for phytoplankton (e.g., Gomes et al., 2000; Prasanna
Kumar et al., 2004; Vinayachandran, 2009; Loscher, 2021). Addition-
ally, river-borne suspended particles and frequent cloud cover reduce
light penetration, thereby limiting the thickness of the photic layer and
restricting phytoplankton growth to a thin surface layer (e.g., Prasanna
Kumar et al., 2010; Vinayachandran, 2009; Saraswat et al., 2017).

Specifically, in the subsurface, a distinct Deep Chlorophyll Maximum
(DCM) forms when stratification is maximum. In the southern BoB, the
stratification is easily disrupted by monsoon winds and horizontal
advection of high salinity water from the Arabian sea via the SMC
(Prasanth et al., 2023), allowing injection of nutrients in the surface,
thereby increasing primary productivity. In the northern BoB (north of
18°N), a high year-round stability of the upper water column (i.e.
limited vertical mixing) is reported (Chowdhury et al., 2021). As such,
during summer monsoon, the wind strengthening cannot break strati-
fication allowing for the DCM to develop in the subsurface (Chowdhury
et al., 2021).

Various nutrient sources contribute to seasonal and regional varia-
tions in surface primary productivity in the BoB (e.g., Vinayachandran,
2009; Prasanth et al., 2023). From spring and summer (April-Sep-
tember), alongshore SW monsoon winds trigger coastal upwelling along
the eastern coast of India (e.g., Shetye et al., 1991; Chauhan and
Vogelsang, 2006; Vinayachandran, 2009; 2021). Moreover, the south-
westerly winds strengthen in summer and mix the upper water col-
umn, mainly in the southern BoB, where salinity-driven stratification is
weaker (Thushara et al., 2019). This mixing transports nutrients into the
photic zone, enhancing surface primary productivity (e.g., Lévy et al.,
2007). Additionally, the Sri Lanka Dome, a cyclonic gyre east of Sri
Lanka, drives Ekman pumping, which entrains nutrients into the photic
zone and fertilises the area (Vinayachandran et al., 2004; 2009). Massive
river runoff during summer supplies significant nutrient inputs to the
northern BoB (e.g., Thushara et al., 2019; Chowdhury et al., 2021).
However, these nutrients are rapidly consumed and the sinking of

organic matter, aided by heavy lithogenic particles, limits offshore
transport (Singh et al., 2012; Singh and Ramesh, 2011; Krishna et al.,
2016; Prasanna Kumar et al., 2004; Ittekkot, 1993; Loscher, 2021). In
fall (September-November), the southward flowing EICC redistributes
river-borne nutrients from the Ganges-Brahmaputra and other coastal
river systems along the western margin of the BoB (Vinayachandran,
2009; Fournier et al., 2017). November is also marked by increased
tropical cyclone activity, often leading to localised phytoplankton
blooms (Vinayachandran and Mathew, 2003; Siswanto et al., 2023).
During winter, weaker northeasterly winds, compared to the strong
summer southwesterlies, result in a small secondary peak in produc-
tivity (e.g., Lévy et al., 2007).

3. Materiel and methods
3.1. Modern planktonic foraminifera database

3.1.1. Data inventory

For a modern PF census in the BoB (0-25°N, 75-100°N), we
extracted plankton tow and sediment trap data from the FORCIS data-
base (Fig. 2; Table 1; de Garidel-Thoron et al., 2022; Chaabane et al.,
2023) and literature sources (Munir et al., 2022; Maeda et al., 2022).
Plankton tows were deployed during various scientific cruises across
different seasons (Table 1):

- Spring (April-May): Shiyan I (Munir et al., 2022)

- Transition between spring and summer (May-June): MONOPOL,
MD-191 (Bassinot and Luc, 2012)

- Summer, during the peak of the summer monsoon (June-July):
OSIRIS II (Duplessy et al., 1981)

- Winter, under winter monsoon conditions (January): Vladivostok
(Belyaeva, 1964)

Among these data sets, MONOPOL MultiNet transect (included in
Chaabane et al., 2023) is analysed here for the first time to vertically
resolve the PF depth distribution.

Three sediment traps (Table 1) were deployed in the northern
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Table 1
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Inventory of missions that deployed tows and sediment traps in the BoB. ML* (mixed layer), Multinet** (precision about the deployment of plankton nets during the
MONOPOL is given in Section 3.2). >150*** um corresponds to the fraction analysed in Maeda et al. (2022a), which shares a time interval with Guptha et al. (1997)

study.
Mission Date Location Season Depth Size fraction Sampling method Reference
(m) (pm)
Vladivostok 01/1960-02/ Southern tip of India and Winter 0-200 > 500 Plankton net Belyaeva (1964)
1960 southern BoB
1.1-9.2°N
74.8-86.5°E
OSIRISII (MD10)  06/1976-07/ Southern tip of Inia Summer 0-200 >202 Plankton net Duplessy et al. (1981)
1976 2-9.7°N Cast in the ML*
75.2-79.5°E and below the ML*
MONOPOL 05/2012-06/ Central BoB Spring and 0-400 >100 Multinet** Bassinot and Beaufort (2012)
(MD191) 2012 8-18°N summer 2 casts (described in
~90°E the text)
SHIYAN I 04/2014-05/ Southern to equatorial BoB Spring 0-200 >20 Plankton net Munir et al. (2022)
2014 0-6.5°N
82-92.5°E
NBBT 11/1988- 11/ Northern BoB 967 >125 Sediment trap Guptha et al. (1997)
1989 17.5°N-89.6°E 2029
CBBT 11/1988- 11/ Central BoB 950 >125 Sediment trap Guptha et al. (1997), Maeda
1989 13.1°N-84.3°E >150%** et al., 2022%**
2160 >125
12/1990-10/ 893 >150%**
1991
01/1993-10/ 899 >150%**
1993
SBBT (;Zg12992-12/ i?;ﬂ;;l;ré BoB 1518 >125 Sediment trap Guptha and Mohan (1996)

(NBBT), central (CBBT), and southern (SBBT) BoB (Guptha and Mohan,
1996; Guptha et al., 1997; Maeda et al., 2022). At NBBT, multiple traps
collected monthly samples over the course of a year, while at CBBT,
several years of monthly samples were obtained. In contrast, SBBT was
sampled by a single mooring that covers about a year of monthly sam-
pling (Table 1; Guptha and Mohan, 1996; Guptha et al., 1997; Maeda
et al., 2022).

In summary, we analyse data from 30 stations, which cover the
equatorial region, the transition between the Arabian Sea and the BoB
around the southern tip of India, and a longitudinal transect near 90°E in
the central BoB. Of these, five stations (MONOPOL) allow evaluation of
the vertical PF distributions in 20-m increments from 0 to 100 m, and
until 400 m with lower-resolution increments (100-180 m; 180-400 m).
Six stations (OSIRIS II) were deployed once in the mixed layer (0-80 m)
and once in the thermocline (80-200 m), and three sediment trap sta-
tions document seasonal fluxes (Guptha and Mohan, 1996; Guptha et al.,
1997; Maeda et al., 2022).

3.1.2. Taxonomic harmonisation

All species count were generated for ‘lumped’ taxonomy proposed by
the FORCIS group (Chaabane et al., 2023), which follows the recom-
mendations of Brummer and Kucera (2022), Morard et al. (2019), and
Schiebel and Hemleben (2017). Recently, the taxonomy has recognised
the previously assigned morphospecies Globigerinoides ruber sensu lato
(Wang, 2000) as the genetic species Globigerinoides elongatus (d’Orbigny,
1826, Morard et al., 2019). However, the published datasets (Belyaeva,
1964; Duplessy et al., 1981) in our study region do not differentiate
G. elongatus from G. ruber albus (Morard et al., 2019; the latter previously
referred to as G. ruber sensu stricto, respectively). For this study, some
species were lumped together for data analysis, such as G. ruber (Glo-
bigerinoides ruber albus+ Globigerinoides elongatus), and T. sacculifer
(T. sacculifer no sac+ T. sacculifer with sac). Some synonyms that differ
from the proposed taxonomy of Brummer and Kucera (2022) were found
in the FORCIS database. We kept the name Globorotaloides hexagona
instead of Globorotaloides hexagonus, and the synonym Globorotalia
theyeri instead of Globorotalia eastropacia, Globorotalia cultrata instead of

Globorotalia menardii (Brummer and Kucera, 2022). We harmonised the
taxonomy of the Shiyan database (Munir et al., 2022) with the FORCIS
taxonomy using the synonyms list of Brummer and Kucera (2022). We
provide a list of the extant species observed in our study area as Sup-
plementary Material S1.

3.1.3. Data extraction, and selection criteria

Using the FORCIS package (Casajus et al., 2025), in R (version 4.4.0;
2024-04-24) we extracted the absolute abundances of PF species at each
station using the function compute_concentrations() (Fig. 3; Fig. 4). No
distinction was made between living and dead organisms, and taxo-
nomic completeness was assured according to the FORCIS database,
apart from the sediment trap where counts of unidentified individuals
were reported.

Because the MONOPOL stations (Bassinot and Luc, 2012) were
deployed down to 400 m depth, we used a subset of the data from O to
180 m depth to harmonise them with the plankton nets from other
missions when describing spatial distribution (Fig. 3). We calculated
relative abundance to characterise spatial distribution to ensure
comparability with fossil assemblages and remove differences that arise
solely from variation in total abundances between stations, which are
not explicable by in situ CTD data (e.g., Yu et al., 2017). For the sedi-
ment trap time-series, relative abundances presented in Fig. 3 were
calculated from a subset of data corresponding to the months of May and
June, using specimens in the >125 pm size fraction, and including the
unidentified specimens. This was done to ensure consistency with other
“plankton datasets” that are used in the vertical distribution analysis,
particularly MONOPOL. To assess seasonal and interannual variability
of the main PF species detected in this study (see below), we show
sediment fluxes and relative abundance time-series over several years,
extracted from FORCIS database and from Maeda et al., 2022 (Fig. 3B
and C).

3.1.4. Dataset validation
Due to disparities in sampling effort, such as differences in sampling
season, plankton net mesh size, and taxonomy (discussed above), we
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Fig. 3. Relative abundance (%) and associated fluxes of the six dominant planktonic foraminifera species in the Bay of Bengal, in plankton nets and sediment traps.
The map shows average relative abundances for CBBT and NBBT over May-June (circled in black); grey points correspond to data from missions that did not pass the
quality check (cf. Section 3.1.4). Flux data are from Guptha et al. (1997) and Maeda et al., 2022a. Months of May and June are highlighted by the grey panels. Note
that relative abundance data for SBBT are not shown as flux data were available only for G. bulloides (Gupta and Mohan, 1996). The base map was produced using the
marmap package and ggplot2 (v1.0.10; Pante and Simon-Bouhet, 2013; Wickham et al., 2025).

statistically tested whether these factors influence the observed assem-
blage structure, and in turn, our interpretation. First, we calculated the
Bray-Curtis dissimilarity index between assemblages’ relative abun-
dances using the vegan package (Oksanen et al., 2024) in R (v4.4.0).
This allowed inclusion of all missions regardless of absolute abundance
data availability (Fig. 2). Second, we performed a PERMANOVA
(Permutational analysis of variance) to test the influence of the mesh
size on the assemblage’s variance.

3.2. Depth habitat of planktonic foraminifera

With the vertically resolved MONOPOL plankton nets, two de-
ployments were made successively at each of the 5 stations. The first
deployment consists of a high-resolution sampling every 20 m in the
uppermost 100 m of the water column. The second deployment consists
of lower resolution, deeper sampling, usually at 60-80 m, 80-100 m,
100-180 m, and 180-400 m. Two stations (MONO2 and MONO4) were
also sampled in the 0-60 m depth interval during the second cast. For the

characterisation of PF depth habitats, here we combine data from the
first and second deployments. We calculate the average absolute and
relative abundance of the two casts within the same depth interval
(common depth interval between 60-80 and 80-100 m). In order to
describe the PF depth habitat (DH), we use the species absolute abun-
dance (individuals per cubic metre - ind/m®) at different depth intervals
from all deployments (Fig. 4).

Following the approach of Rebotim et al. (2017) and Greco et al.
(2019), the DH and vertical dispersion range (VDR) were calculated for
PF species with more than five individuals per station (Figs. 4 and 5). In
this study, DH was calculated without distinguishing between living and
dead specimens, due to the lack of such differentiation in the available
data. The DH is a slight modification from the conventional definition of
ALD, which typically refers only to living -cytoplasm-filled- individuals.
The DH corresponds to the abundance-weighted average depth where
the species occur and was computed using:

_ YCiDi

DH
N
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Fig. 3. (continued).

where Ci is the absolute abundance of individuals per cubic metre at
mid-point depth (metre) Di, and N the total absolute abundance of the
species at this station.

At each station, and for each species, we also calculate the DH
standard error, where n is the number of observations, i.e. the number of
depth intervals:

> (%) .(Di — ALD)?

n

SE =

To characterise the vertical distribution of each species in the water
column, the VDR was computed, which quantifies the mean deviation of
a species’ population from its DH (Rebotim et al., 2017; Fig. 4; Table 2),
using the formula:

VDR — > (|ALD — Di|.Ci)
N

We calculated weighted skewness (Sk) and excess kurtosis (Kurt) to
describe the shape of species’ vertical distributions relative to their DH.
For each sampling interval i, the mid-point depth (Di) was taken as the
representative depth, and the species concentration (Ci) as the statistical
weight. Weighted skewness (Sk) and weighted excess kurtosis (Kurt)
were then computed as:

sk — 2iCilDi - DH)®
- Y CisE®
3°.Ci(Di — DH)*
Kurt == "2
3,CiSE*

Skewness and kurtosis together describe the asymmetry and sharp-
ness of the PF depth distribution. Skewness values near zero indicate a
symmetric distribution around the DH. Positive skewness means that
most individuals are found shallower than the DH, with fewer extending
deeper, whereas negative skewness indicates the opposite. Kurtosis
measures how strongly individuals are clustered around the DH: higher
positive values indicate sharply peaked distributions with occasional
occurrences far from the DH, while strongly negative values reflect
flatter, more uniform distributions across depths. Ecologically, a
strongly positive skewness would suggest a population concentrated
near the surface relative to its DH with sporadic deeper individuals,
while a strongly negative kurtosis would indicate broad depth tolerance
and occupancy of a wide habitat range (Zar, 2014).

We did not discriminate between living and dead specimens,
although the presence of dead individuals can bias these metrics towards
deeper depths.
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associated Depth Habitat (DH, circle), and Vertical Dispersion Range (VDR, represented by the vertical bar) of the six dominant PF species. Note the different x-axis
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each plankton net deployment site, except for Chlorophyll-a data at MONO1 where a 2°x2° grid area was used. The data were retrieved from WOD (Boyer et al.,
2018). The thick coloured lines over the physical parameters represent a moving average. The horizontal dotted lines represent the Mixed Layer Depth (MLD), Deep
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Fig. 5. Overview of dominant planktonic foraminifera depth habitat in the Bay
of Bengal (spring 2012). Boxplots of Depth Habitat (DH) are created by
combining DH data from all stations. Violet circles indicate the DH at each
station. The horizontal grey bands represent the range across the five stations of
the Mixed Layer Depth (MLD), the Deep Chlorophyll Maximum (DCM) depth,
and the Thermocline Depth (TD).

3.3. Environmental parameters

We used all available data for temperature, salinity, density and
chlorophyll-a from the World Ocean Database (WOD18; Boyer et al.,
2018) for April to June. The potential density anomaly was calculated
using salinity and temperature with the Ocean Data View (ODV) soft-
ware (Schlitzer, 2023). Water density defines the degree of stratification
of the water column, which is a key parameter in the BoB as it influences
food availability and trophic structure in the surface and the subsurface
(e.g., Vinayachandran et al., 2005; Prasanth et al., 2023). We selected
chlorophyll because it represents the distribution of photosynthetic
autotrophs, which serve as a food source for some PF (Lipps and Val-
entine, 1970).

Data was retrieved within a 1°x1° area around each MONOPOL
station, except for MONO1, where a 2°x2° area was used to obtain
chlorophyll-a data due to its scarcity in that region. These months were
selected to include the MONOPOL sampling (May-June) period and the
preceding month (April), accounting for the approximate lifespan of
planktonic foraminifera (a few weeks to a few months, e.g., Caron et al.,
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Table 2

Marine Micropaleontology 201 (2025) 102518

Depth Habitat (DH) and associated standard error (SE), vertical distribution range (VDR), and skewness, excess kurtosis metrics, and mid-depth of the maximum
abundance interval (Max. ab. In the table) of the six dominant species at each MONOPOL cruise station, and their average depth habitat over the Bay of Bengal.

Station Taxa G. ruber T. sacculifer N. dutertrei G. bulloides G. cultrata G. glutinata
DH 30 35 33 38 38 68
SE 13 10 11 17 10 26
VDR 18 15 20 27 19 57
MONO1 Skewness 4.5 5.2 3.8 3.9 3.7 1.9
Kurtosis 25.1 37.7 23.7 16.1 22.5 2.7
Max. ab. 30 30 10 30 30 30
DH 32 52 46 51 56 64
SE 13 19 20 22 18 26
VDR 21 40 36 40 33 57
MONO2 Skewness 4.3 2.8 3.1 2.9 31 2.2
Kurtosis 21.5 7.7 9.2 7.1 9.6 3.1
Max. ab. 10 30 10 30 50 30
DH 39 29 57 49 48 91
SE 14 2 24 24 12 33
VDR 19 2 44 44 15 87
MONO4 Skewness 5.2 -3.5 2.7 2.8 5.5 1.3
Kurtosis 26.9 10.1 5.6 5.9 32.6 -0.2
Max. ab. 50 30 30 10 50 30
DH 34 29 86 98 71 153
SE 15 9 29 39 6 0.0
VDR 28 18 60 103 12 -2.0
MONO6 Skewness 4 2.2 1.6 0.9 -1.4 46
Kurtosis 19.2 5.8 1.2 -1 2.3 137
Max. ab. 10 10 10 20 70 290
DH 27 26 30 25 70 33
SE 8 7 7 9 14 11
VDR 14 13 15 18 27 20
MONO9 Skewness 4.5 4.8 3.1 4.8 2.3 3.9
Kurtosis 36.8 42.9 21.9 36.1 10.2 23.8
Max. ab. 30 30 30 10 70 30
Average DH 33 34 50 32 57 82
Bay of Bengal SD 4 11 23 39 14 45

1982; Sykes et al., 2024).

A mean profile is calculated from all available depth data by
applying a moving average smoothing method to the data that were
rounded and averaged to the nearest tenth meter in order to obtain the
same vertical resolution. For the physical parameters (temperature,
salinity, and density), a 50-point moving average is used, while for
chlorophyll-a concentration, a 20-point moving average is applied. This
helps reduce short-term and spatial variability and highlight general
trends in the vertical profiles (Fig. 4).

3.4. Linear correlation analysis

To assess the influence of the measured environmental parameters

on vertical and spatial distribution of the species at MONOPOL stations,
we calculated linear multiple correlations (Pearson correlation) (Fig. 6)
using PAST (PAleontological Statistics, 3.08, Hammer et al., 2001).
Input for the correlation matrix consists of the DH, of the six dominant
species (Neogloboquardina dutertrei, Globigerinoides ruber, Trilobatus sac-
culifer, Globorotalia cultrata, Globigerinita glutinata, and Globigerina bul-
loides) (see section 4.1), and environmental data. Because mixed layer
salinity and temperature are similar between stations (Fig. 4), only
mixed layer depth (MLD), mixed layer chlorophyll concentration (MLC),
thermocline depth (TD), and deep chlorophyll maximum (DCM) depth
are considered as environmental variables for multivariate analysis
(Table 3). Due to the large number of temperature and salinity profiles,
it was not possible to adopt the methodology in which the mixed layer

G. ruber T. sacculifer N. dutertrei P lati
earson correlation r
< & ot < & o & &
FEC FFF T RS ¢ ¢
MLD | o . [ X ) o 0 o . o0 i 1’Strong correlation
r N r i)
ocnerme® - o o - 0000000 il e
TD o 0 [ ] e O Efg ® Weak correlation
0 No correlation
G. bulloides G. cultrata G. glutinata 25 ® \Weak correlation
& &+ & & S
S Fa FFFar FFR Fao & §§ ®
MLD o o . o o ® @ ° ,1.Strongcorrelation
DCM depth @ ) @
. . . et . . . ’ . . . . Significant correlations
™ o0 0 D (p < 0.05)

Fig. 6. Linear multiple correlations between planktonic foraminifera data and environmental parameters. Colours refer to Pearson correlation coefficients (r),
whereby blue indicate positive and red indicate negative correlations. The size and the colour intensity of the symbols are proportional to the strength of the
correlation. Significant correlations (p < 0.05) are highlighted in grey boxes. Data are provided in Tables 2 and 4. DH: Depth Habitat; VDR: Vertical Depth Range; Sk:
Skewness; Kurt: Kurtosis; Max: depth interval mid-point where concentration is maximum; MLD: mixed layer depth; TD: thermocline depth; DCM: deep chlorophyll

maximum depth.
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Table 3

Ecology of extant planktonic foraminifera in the Bay of Bengal from the litera-
ture and the specificities of the Bay of Bengal based on this study.

General ecology

In the Bay of Bengal

Globigerinoides
ruber

Trilobatus sacculifer

Neogloboquadrina
dutertrei

Dominant species of the
tropical to subtropical water (
Bé and Tolderlund, 1971; Bé
and Hutson, 1977), that
dwells in the mixed layer (
Fairbanks et al., 1982; Ravelo
et al., 1990). Euryhaline and
supporting a wide
temperature range under
controlled laboratory culture
(Hemleben, 1989; Bijma

et al., 1990b). Dominant in
the freshwater lens of the
Amazon/Orinico (Schmuker
and Schiebel, 2002).
Symbiont-bearing
(dinoflagellate) (Hemleben
et al., 1989; Takagi et al.,
2019). Easily feeds on
phytoplankton (Anderson,
1983; Schiebel and
Hemleben, 2017)

Dominant species of the
tropical to subtropical water (
Bé and Tolderlund, 1971; Bé
and Hutson, 1977), present in
temperate water during
summer months (ref; Schiebel
et al. 2017). Symbiont-
bearing (dinoflagellate)
spinose species that dwells in
the mixed layer, and that can
add gametogenic calcite
while descending in the water
column (Spezziaferi et al.,
2015; Stainbanks et al.,
2019). Euryhaline and
supporting a wide
temperature range under
controlled laboratory culture
(24-47 psu; 14-32 °G;
Hemleben et al., 1989; Bijma
et al., 1990b). Present in
oligotrophic water. Feeds on
calanoid copepod (Hemleben
et al., 1989; Schiebel et al.,
2017).

Common in tropical to
subtropical waters and
present in temperate waters
during summer months (ref;
Schiebel et al., 2017).
Tolerates a wide range of
salinity (25-46 psu) and
temperature (13-33°C) in
culture experiment, Bijma
etal., 1990b). Grows a calcite
crust under 15°C that can
take up to 70 % of the test
wall (Hemleben et al., 1989).
Feeds on algae like
chrisophytes. Non-spinose
symbiont bearing species
(pelagophycae that requires
only low light; Takagi et al.,
2029). Surface to upper
thermocline dweller,
associated to DCM
(Faribancks et al., 1982);
upwelling system (ref;
Schiebel et al., 2004);
nutrient-rich river plume in

Preference for the
oligotrophic, clear, and
more saline waters of the
central and southern BoB.
Living depth above 40 m.

Preference for the more
productive water near the
Indian coastal rivers (
Bhadra and Saraswat,
2021), the Ganges-
Brahmaputra River (this
study), and the southern tip
of India. Living mostly in
the upper 40 m of the water
column.

N. dutertrei thrives in the
productive water of the
upwelling system of the
southern tip of India, as well
as the vicinity of the
nutrient-rich/low-salinity
water in the northern BoB.
Variable depth habitat,
shallow (>50 m) in the
central and southern Bay of
Bengal, and deeper in
northern BoB (up to 86 m).
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General ecology

In the Bay of Bengal

coastal areas (Ufkes et al.,
1998).

Globigerinoides Associated with transitional Preference for upwelling
bulloides to polar water masses and systems of the southern tip
lower latitude upwelling of India (this study;
environment (Bé and Hutson, Duplessy et al., 1981).
1977). Usually dwells in the Deeper dwelling depth in
thermocline and above, the northernmost BoB
adding gametogenic calcite (~100 m) where low
while descending in the water  salinity inhibits its presence
columns. Feeds on in surface water.
phytoplankton (Hemleben
et al., 1989). Symbiont-
barren spinose species with
an opportunistic behaviour
Globorotalia Tropical species that inhabits ~ Associated with the current
cultrata the deeper mixed layer. Adda  system of the northern BoB
variable amount of (EICC). Consistently
gametogenic calcite during inhabiting the deeper mixed
ontogeny (ref.; Hemleben, layer to upper thermocline
1989;). Feeds on diatoms (50-70 m) is associated with
tintinid and chysophyte DCM.
(Hemleben, 1989) and
chrysophyte.
Globigerinita Cosmopolitan species (Bé and  Ubiquitous to the BoB
glutinata Tolderlund., 1971). Calcify spatially and temporally

from surface to thermocline
water while adding
gametogenic calcite (
Hemleben et al., 1989). Feeds

(this study; Guptha et al.,
1997). Variable dwelling
depth in the BoB (65 to 90
m).

on diatoms and chrysophytes
(Schiebel et Hemleben,
2005).

depth (MLD) is defined as the depth where density changes by a fixed
value from the surface. Instead, here, the MLD is established by visual
determination of the slope-break, i.e., by identifying the depth where
the mean potential density anomaly profile transitions from a well-
mixed layer to the stratified pycnocline (e.g., Vinayachandran, 2002;
de Boyer Montégut et al., 2004). The MLC represents average chloro-
phyll concentration in the mixed layer. The TD is identified as the depth
where the vertical temperature gradient (dT/dz) is at its maximum (e.g.,
Yang and Wang, 2009). DCM depth is the depth where the chlorophyll-a
concentration is at its highest.

4. Results
4.1. Modern assemblage of planktonic foraminifera in the Bay of Bengal

The two-dimensional NMDS plot (Fig. 2B) shows that assemblages
from the MONOPOL and OSIRIS plankton nets, as well as the CBBT and
NBBT sediment traps, cluster together despite representing distinct hy-
drographic regions (summer monsoon upwelling vs. open ocean). In
addition, mesh size (or size fraction for sediment traps) explains
approximately 15% of the variance. To ensure comparability, we have
excluded the VLADIVOSTOK dataset, collected with a 500 pm mesh net,
that fails to capture smaller and medium-sized species (e.g., Globiger-
inoides ruber), which are dominant in typical tropical assemblages.
Likewise, the Shiyan I dataset, sampled with a 20 pm net, includes small
species like Turborotalia quinqueloba that are absent from other missions.
Moreover, the dominant tropical species Neogloboquadrina dutertrei is
missing from Shiyan I, likely due to taxonomic misidentification. Given
the limitations, we retained only the datasets from OSIRIS, MONOPOL,
and the sediment trap studies for further analyses.

The PF assemblages consist of a total of 17 species, showing distinct
patterns of abundance across different stations:
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- Six are dominant and account for ~60 to ~95% of the total assem-
blage at most stations: Neogloboquardina dutertrei, Globigerinoides
ruber, Trilobatus sacculifer, Globigerina cultrata, Globigerina glutinata,
and Globigerina bulloides.

Two are common and frequently exceed 5%: Globigerina siphonifera,
Globigerina conglobatus.

Three are rare and are observed at most stations: Pulleniatina obli-
quiloculata, have relative abundances lower than 5%, and Globiger-
inella calida, and Hastigerina pelagica are present with >5% but only
at a few stations.

Six are extremely rare and are observed at fewer than five stations
with relative abundance <5%: Globigerina hexagona, Orbulina uni-
versa, Globoquadrina conglomerata, Globoturborotalita rubescens, Glo-
bigerinoides tenellus, and Globorotalia theyeri.

4.2. Spatial distribution of the major planktonic foraminifera species in
the Bay of Bengal

The relative abundance of the six dominant PF species is charac-
terised by spatial variations (Fig. 3). G. ruber maximum relative abun-
dances are located in the southern sector of the BoB (25.7% at station
MONO1). Minimum abundance is found at stations around the southern
tip of India (11.62% at station MD10-25), and near the Ganges-
Brahmaputra River system (6.4% at NBBT; 8.2% at station MONO4).
Conversely, T. sacculifer seems more abundant between stations at the
south of the tip of India (16% at MD10-17) and near the Ganges-
Brahmaputra River mouth (20.6% at station MONO6). Neo-
globoquadrina dutertrei is dominant (56.4% at station MD10-19) around
the tip of India and in front of the Ganges-Brahmaputra River system
(42.2% at station MONQ9). Globigerina bulloides is also abundant near
the southern tip of India, and along the Equator (25% at MD10-25).
Globorotalia cultrata and G. glutinata seem to follow a similar pattern,
with lower relative abundance near the southern tip of India (<10%)
and increasing towards the northern BoB, with maximum abundance at
the northernmost stations for G. cultrata (25.7% at station MONOG6) for
G. glutinata (16.5% at station MONO4). The ecological preferences of
these 6 species are presented in Table 4.

4.3. Planktic foraminifera fluxes in the BoB

The sediment trap fluxes of the 6 most abundant species found in the
plankton nets are represented along with the averaged relative abun-
dance for the months of May and June that corresponds to the plankton
nets sampling period of MONOPOL (Fig. 3; Guptha et al., 1997; Maeda
et al., 2022).

Fluxes of G. ruber and T. sacculifer remain generally low at NBBT with
slightly higher fluxes for T. sacculifer. At CBBT, their fluxes show a peak
centred on August (~175 ind/m?/day and ~315 ind/m?/day, respec-
tively). Neogloboquadrina dutertrei, and G. bulloides show a seasonal
signal with more prominent peaks during both monsoon seasons.
Regarding the summer peak, it occurs prior to other species with a main
peak centred on June at NBBT. G. glutinata shows greater fluxes (225
ind/m?/day) during the winter monsoon at NBBT. This is similar to
G. cultrata at NBBT and CBBT. These patterns are also observed in the
relative abundance of these species.

Table 4

Marine Micropaleontology 201 (2025) 102518
4.4. Vertical distribution of planktonic foraminifera in the Bay of Bengal

Among the published plankton tows analysed here from the BoB, five
plankton nets are resolved vertically. They were deployed on a north-
south transect near 90°E in the BoB during mission MONOPOL (Fig. 2;
Fig. 4). To estimate the vertical distribution of PF in the BoB we analysed
the total concentration of PF at each station (section 4.3.1), the vertical
distribution of absolute abundance at the different depth intervals from
0 to 400 m (Section 4.3.2), and the calculated average living depth of the
dominant PF species (Section 4.3.3).

4.4.1. Concentrations of dominant species

The highest PF average concentration of ~113 individuals per cubic
metre (ind/m®) are found at station MONO9 (16.24°N, 87.91°E), which
is located in the northern part of the BoB. At this station, the PF absolute
abundance is approximately 4 to 10 times higher than at other stations.
Specifically, average concentrations are ~13 ind/m? at stations MONO2
(11.77°N, 88.65°E - central BoB) and MONO4 (17.18°N, 89.48°E-
northern BoB), ~25 ind/m® at station MONO1 (7.98°N, 89.40°E,
southern BoB), and station MONOG6 (18.05°N, 89.38°E - northern BoB;
Fig. 4).

The distribution of the PF average concentrations across different
depth intervals shows that highest values occur within the upper 40
metres of the water column (Fig. 4). At MONO1 and MONQ9, absolute
abundances are ~10 ind/m® and ~40 ind/m? in the 0-20 m depth in-
terval, respectively. Station MONO®6, the northernmost station, differs
from the others in that the PF absolute abundance is relatively high in
the upper 20 m (~7 ind/m3), and then relatively stable between ~2 and
4 ind/m® with depth (20-40 m, 40-60 m, 60-80 m, and 80-100 m).
MONO4 contains very few specimens in the 0-20 m depth interval (~1
ind/m®) and slightly more in the depth interval 20-40 and 40-60 m (3
ind/m>).

4.4.2. Depth habitat of planktonic foraminifera

The DH allows us to estimate a mean dwelling depth of the different
species and allows us to compare our results to other plankton tow
studies (e.g. Rebotim et al., 2017; Lessa et al., 2020).

In the northern BoB, at station MONOG6, the DHs and associated SE of
N. dutertrei, G. bulloides, and G. glutinata are 86+29 m (VDR=60m), 98
+39m (VDR=103m), and 15346 m (VDR=137 m), respectively. These
DHs are associated with broad vertical dispersion ranges (Fig. 4;
Table 2). At the nearby station MONO4, G. bulloides (DH=91+33 m,
VDR=87 m) and N. dutertrei (DH=57+24 m, VDR= 44 m) show deeper
dwelling depths and wider vertical dispersion, though to a lesser extent
than at MONOG6. Globigerinoides ruber and T. sacculifer typically have
DHs above 40 m at most stations. At the remaining stations, most species
inhabit surface waters, with exceptions such as G. cultrata at station
MONO9 (DH=70+14 m, VDR=27 m) and G. glutinata at stations
MONO2 (central BoB; DH=64426 m, VDR=57 m) and MONOI1
(southern BoB; DH=68+26 m, VDR=57 m). On average, across the five
stations and from the shallowest to the deepest habitats, G. ruber and
T. sacculifer have the shallowest DHs (33+4 m and 34+11 m, respec-
tively), followed by N. dutertrei (50+23), G. bulloides (32+39 m),
G. cultrata (57+14 m), and G. glutinata (824+45 m) (Fig. 5; Table 2).
Similarly, PF displays maximum absolute abundance distribution within

Table listing the environmental (WOD, Boyer et al., 2018) and foraminiferal habitat data used for linear correlation analysis (Fig. 6) MLD: mixed layer depth; MLT:
mixed layer temperature; MLS: mixed layer salinity; MLC: mixed layer chlorophyll-a concentration; TD: thermocline depth; DCM: deep chlorophyll maximum depth.

Stations MONO1 MONO2 MONO4 MONO6 MONO9
MLD (m) 40 23 34.9 25 35
MLC (mg/L) 0.2 0.03 0.09 0.04 0.1
Environmental parameters TD (m) 83.5 131.2 129.2 162.9 127.2
DCM depth (m) 49.5 60.7 70 65 80.8
MLT (°C) 29.5 30 29.4 29.4 29.5
MLS (psu) 33.5 32.9 33.0 33.0 33.3
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the mixed layer apart from N. dutertrei and G. cultrata that display a
bimodal pattern.

Across the MONOPOL stations, all species showed markedly non-
normal vertical distributions, with skewness consistently deviating
from zero and kurtosis generally strongly positive (Table 2). Globiger-
inoides ruber exhibited the most extreme patterns, with highly positive
skewness (4.0-5.2) and very high kurtosis (19.2-36.8), indicating a high
concentration in the surface- and sharply peaked distribution. Trilobatus
sacculifer was more variable, with mostly positive skewness (2.2-5.2)
and high kurtosis (5.8-42.9), but also one case of negative skewness
(-3.5), reflecting a deeper-biased tail at MONO4. Neogloboquadrina
dutertrei and G. bulloides both maintained moderate positive skewness
(0.9-3.9) and positive kurtosis, though kurtosis values ranged from
nearly uniform (-1.0) to sharply peaked (>20). G. cultrata also showed
mostly positive skewness (2.3-5.5) with a single negative case (-1.4 at
MONO6), and kurtosis ranging between 2.3 and 32.6. In contrast,
G. glutinata exhibited the broadest variability: skewness ranged from
near-symmetry (0.0 at MONOG6) to moderately positive (up to 3.9),
while kurtosis spanned from negative (-2.0 at MONOG6) to very high
(23.8 at MONQ9), suggesting alternation between flat, widely spread
distributions and highly peaked surface-concentrations.

4.4.3. Linear correlation analysis

The linear correlation analysis provides insight into the relationships
between environmental factors and depth habitat distribution of key PF
species depicted by DH, VDR, skewness and kurtosis metrics. Only a few
significant correlations were detected (Fig. 6). For G. bulloides, the depth
of maximum concentration is strongly and positively correlated with the
MLD. However, G. bulloides shows concentration of less than 5 ind/m? at
3 stations, which could be too low to obtain robust correlation results.
For N. dutertrei, DH is significantly and positively correlated with DCM
depth, while the skewness of its vertical distribution is significantly and
negatively correlated to the DCM depth.

5. Discussion

5.1. Modern planktonic foraminifera distribution across the Bay of
Bengal

We find that modern PF assemblages in the BoB are dominated by six
species, namely, N. dutertrei, G. ruber, T. sacculifer, G. cultrata, G. gluti-
nata and G. bulloides. N. dutertrei, G. ruber, T. sacculifer and G. cultrata are
tropical to subtropical species (e.g. Boltovskoy, 1969; Bé and Hutson,
1977; Bé and Tolderlund, 1971). Globigerinita glutinata is a cosmopolitan
species, and G. bulloides is a species that generally dwells in the middle to
high latitudes and in upwelling regions (Table 1; Bé and Hutson, 1977;
Bé and Tolderlund, 1971; Kleijne et al., 1989; Zhang, 1985). Although
these species are found in all samples, their relative abundances vary
spatially. The data used to assess the spatial distribution of the six main
planktonic foraminiferal species were quality checked to account for
heterogenous sampling effort and methodological biases (cf. Section
3.1.4; Fig. 2B). The remaining plankton net data used in the ecological
interpretations were collected during spring and summer (Osiris,
MONOPOL, and sediment trap data). To ensure that the results of our
analysis are directly applicable to fossil assemblages, we relied on
relative rather than absolute abundances. This approach associated with
the use of sediment trap fluxes and relative abundances recovered over
multiple years in the BoB allows assessment of the general character of
the PF community structure that facilitates broader comparisons. Flux
data from Maeda et al., 2022 confirm that the main species targeted by
our study are present year-round, with abundance peaks during the
summer and winter monsoon and are usually highly correlated with
periods of productivity peaks in the BoB. In view of these considerations,
we believe our interpretation of the spatial distribution based on this
compiled dataset is reasonable, and the results offer valuable and
meaningful ecological insights.
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Globigerinoides ruber and T. sacculifer exhibit distinct spatial distri-
butions in the BoB, where G. ruber is prevalent in the warm, oligotrophic
waters of the central BoB. In contrast, T. sacculifer is slightly more
abundant at the southern tip of India and in the northern BoB (Fig. 3),
where oceanographic conditions are influenced by upwelling associated
to the southwest (boreal summer) monsoon (Narayanan Nampoothiri
et al.,, 2020) and the Ganges-Brahmaputra river plume, which reaches
maximum freshwater discharges from June to October (Papa et al.,
2010). Surface sediment data from the western BoB margin (Bhadra and
Saraswat, 2021) support this finding, showing that G. ruber dominates in
waters with salinities higher than 32 but declines considerably in fresher
environments near river mouths, where T. sacculifer “without sac” is
more common. Along this line of observations, in the NBBT sediment
trap (Guptha et al., 1997; Fig. 3), G. ruber features lower fluxes than
T. sacculifer during summer months of maximum monsoon-fuelled river
discharge in the northern BoB (Fig. 3). These results collectively indicate
that G. ruber and T. sacculifer despite occupying similar ecological
niches, tenuous variation in the plankton composition on which they
feed can favour one species over the other (Table 4; Bé and Hutson,
1977; Ufkes et al., 1998; Maeda et al., 2022).

Both G. ruber and T. sacculifer are symbiont-bearing (usually di-
noflagellates) mixed-layer species that generally prefer oligotrophic
waters (e.g., Ravelo et al., 1990; Ravelo and Andreasen, 1999; Siccha
and Kucera, 2017; Morard et al., 2019; Takagi et al., 2019) and tolerate
wide ranges of temperature and especially salinity (e.g., Thunell and
Reynolds, 1984; Bijma et al., 1990b; Hilbrecht, 1997). Yet, regional
specificities for these species have been documented, such as the inverse
spatial relationship between T. sacculifer and G. ruber also in other parts
of the Indian Ocean (Bé and Hutson, 1977), albeit it contrasts with the
pattern observed in the BoB. In the Caribbean and tropical Atlantic
Ocean (Schmuker, 2000; Schmuker and Schiebel, 2002; Ufkes et al.,
1998), T. sacculifer and G. ruber occur in high abundances, with G. ruber
prevailing in the low-salinity water lenses that originate from the
Amazon and Orinoco Rivers (Schmuker, 2000; Schmuker and Schiebel,
2002). In the tropical eastern Atlantic, G. ruber and T. sacculifer domi-
nate coastal assemblages, with G. ruber ruber (pink chromotype; Morard
et al., 2019) being more abundant in the low-salinity Congo river plume
(Ufkes et al., 1998). Similarly, G. ruber dominates the PF assemblages in
the eastern Mediterranean Sea during sapropel events (e.g., Corselli
et al., 2002; Mojtahid et al., 2014), which suggests its adaptation to
considerable surface freshening tied to enhanced, monsoon-fuelled
North African runoff (e.g., Rohling et al., 2004; Rodriguez-Sanz et al.,
2017; Amies et al., 2019). Similar regional differences in the distribution
of G. ruber and T. sacculifer have been reported before (e.g., Bijma et al.,
1990b), calling for detailed assessments of their distribution in basins of
the world’s ocean where environmental controlling factors are distinct.
The euryhaline nature of both G. ruber and T. sacculifer (Bijma et al.,
1990b) suggests that their spatial distributions in the BoB are unlikely
driven by the steep and seasonally variable salinity gradients of the re-
gion (Hood et al., 2024). Enhanced turbidity near the major river plumes
of the BoB is also unlikely to be the primary factor controlling the
observed distinct spatial distributions of G. ruber and T. sacculifer. Since
both species harbour algal symbionts (Gastrich, 1987; Takagi et al.,
2019), they would respond similarly to turbidity induced reductions in
light penetration in the upper water column. Therefore, we argue that
species-specific dietary preferences play a role in spatial distributions of
G. ruber and T. sacculifer that we find in the BoB. G. ruber’s tolerance to
oligotrophic conditions likely reflects its capacity to feed on various
phytoplankton groups (opportunistic behaviour, e.g., Schiebel and
Hemleben, 2017). In contrast, T. sacculifer is more specialised, preferring
specific prey such as calanoid copepod (Hemleben et al., 1989), which
are more abundant in the nutrient-rich water in the vicinity of river
mouths (Arunpandi et al., 2022). Furthermore, CBBT sediment trap data
show that the fluxes and relative abundances of these two species peak
at different months of the year: May for G. ruber and June for T. sacculifer
(Fig. 3; Maeda et al., 2022a). Maeda et al., 2022a explain this species
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temporal succession in the BoB by the ability of G. ruber to feed on
phytoplankton, which allows it to flourish during the initial phase of
trophic chain formation at the surface, whereas T. sacculifer becomes
more prominent later, as zooplankton populations develop. Finally, we
could gain further insights into the ecological preferences of G. ruber in
the BoB by characterising the spatial distributions of G. ruber albus and
G. elongatus, as in the nearby Arabian Sea they preferentially dwell in
oligotrophic and eutrophic conditions, respectively (Seears et al., 2012).

Neogloboquadrina dutertrei dominates the assemblages with relative
abundances of ~50% around the southern tip of India and in the prox-
imity of the Ganges-Brahmaputra River system in the north (Fig. 3). In
the Indian Ocean, N. dutertrei generally occurs in the proximity of
oceanic fronts and boundary currents (Bé and Hutson, 1977; Boltovskoy,
1969), and in areas influenced by the WMC (Fig. 1; Belyaeva, 1964; Bé
and Hutson, 1977) that flows at ~5°N transporting low-salinity waters
from the BoB towards the eastern Arabian Sea (Shankar et al., 2002).
This association between WMC and N. dutertrei has been used to explain
the high abundance of this species in the surface sediments of the
southeastern Arabian Sea (Naidu, 1993). The high abundances of
N. dutertrei in the sector of the BoB influenced by the Ganges-
Brahmaputra River plume (Fig. 3) and, more generally, in the north-
ern BoB (Cullen, 1981) lends support to the notion that N. dutertrei is a
low-salinity indicator (Bé and Tolderlund, 1971; Cullen, 1981; Ufkes
et al., 1998). This is further exemplified by its occurrence in the low-
salinity Congo river plume (Ufkes et al., 1998) and in downcore re-
cords of enhanced freshwater input from the Gulf of Mexico (Kennett
and Shackleton, 1975; Thunell, 1976) and the Mediterranean Sea
(Thunell et al., 1977; Thunell, 1978). On the other hand, core-top ob-
servations in the western BoB margin (Bhadra and Saraswat, 2021)
suggest that there is no direct link between N. dutertrei abundances and
surface waters salinity conditions. Moreover, the early-summer peak of
the N. dutertrei fluxes and relative abundances in the NBBT and CBBT
sediment traps (Fig. 3) has been linked to water column stratification
and the development of a distinct DCM at the top of the thermocline
(Guptha et al., 1997; Stoll et al., 2007; Maeda et al., 2022). During the
southwest monsoon season, haline stratification develops in response to
enhanced freshwater discharge from the Ganges-Brahmaputra River
system (Thadathil et al., 2007). Combined with a positive wind-stress
curl, this causes both mixed layer depth and thermocline to shoal in
the northern BoB, thereby increasing chlorophyll concentrations within
the DCM (Chowdhury et al., 2021). Our analysis also reveals the high
abundances of N. dutertrei near the southern tip of India (Fig. 3), a region
characterised by upwelling during the boreal summer monsoon season,
which coincides with the deployment of the OSIRIS II plankton nets
(Duplessy et al., 1981; Zhang, 1985). This evidence agrees with the
occurrence of N. dutertrei in other highly productive upwelling systems,
such as in the eastern Pacific Ocean (Fairbanks et al., 1982) and in the
western Arabian Sea (Cullen, 1981; Bé and Hutson, 1977). The Arabian
Sea features salinities that are considerably higher than in the BoB
(Hood et al., 2024), and it shows that N. dutertrei is rather indifferent to
salinity changes and not exclusively tied to low salinity environments.

To conclude, in the BoB, N. dutertrei thrives in highly stratified waters
in the northern sector of the BoB that are associated with a distinct DCM,
and in nutrient-rich upwelling systems off the southern tip of India. Its
distribution is mainly modulated by food availability instead of other
environmental parameters like salinity. In the southern and central BoB,
lower relative N. dutertrei abundances may result from greater species
diversity, including other dominant planktonic foraminifera, such as
G. ruber.

Likewise, N. dutertrei, G. bulloides is also abundant (>>20%) near the
southern tip of India, but it is conspicuously less present (<5%) along
the 90°E transect in the centre of the BoB (Fig. 3). Previously, G. bulloides
has been associated with middle to high latitude cold waters and/or
upwelling nutrient-rich environments at lower latitudes (Bé and Hutson,
1977; Bé and Tolderlund, 1971; Kleijne et al., 1989; Zhang, 1985). This
agrees with its spatial distribution across the Indian Ocean (Bé and
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Hutson, 1977), where G. bulloides abounds in the upwelling systems of
the western Arabian Sea, the southern tip of India, and the eastern coast
of India (Cullen and Prell, 1984; Duplessy et al., 1981; Zhang, 1985;
Bhadra and Saraswat, 2021). In the northernmost and southernmost BoB
sediment traps (NBBT, SBBT), G. bulloides fluxes indicate peaks during
the SW (boreal summer) monsoon season and features another lower
peak abundance during the NE (boreal winter) monsoon. In the central
BoB (CBBT), the only significant peak occurs during the SW monsoon
(Guptha and Mohan, 1996; Guptha et al., 1997; Fig. 3). Fluxes at SBBT
are about twofold higher during the peak summer monsoon than at
NBBT and CBBT (Guptha and Mohan, 1996), because this sector may
experience higher productivity due to open-ocean upwelling
(Vinayachandran et al., 2005). Conversely, northern sites may experi-
ence enhanced nutrient-rich river discharge, but the associated reduc-
tion in surface-water salinity may be unfavourable to G. bulloides.
Overall, G. bulloides seems closely linked to highly productive environ-
ments in the BoB upwelling systems and does not tolerate low salinities.

Globigerinita glutinata and G. cultrata exhibit similar spatial distri-
butions in the BoB (Fig. 3), with two key patterns: i) G. glutinata show a
subtle presence near the southern tip of India, where summer monsoon
driven upwelling occurs (Duplessy et al., 1981; Schott and McCreary Jr.,
2001; Vinayachandran et al., 2021). This agrees with G. glutinata’s
known association with low-latitude upwelling systems, mid-latitude
seasonal phytoplankton (diatom) blooms (Schiebel et al., 2001), and
localised phytoplankton blooms in cyclonic eddies (e.g., in the Carib-
bean; Schmuker and Schiebel, 2002).

Globorotalia cultrata exhibits low occurrences at the southern tip of
India, aligning with the findings of Bé and Hutson (1977) in the same
region. This contrasts with its high abundances in the equatorial and the
upwelling regions of the western (off Somalia, Yemen, and Oman) and
eastern Arabian Sea (near the southern tip of India), and in the central
western BoB (Bé and Hutson, 1977). The inconsistent association of this
species with Indian Ocean upwelling systems suggests that other water
column properties or morphotype differentiation may play a role
(Adelseck, 1975; Bé and Hutson, 1977). Alternatively, high G. cultrata
abundances near the western part of the tip of India may be linked to
westward WMC advection (Naidu, 1993), which was absent during the
OSIRIS II cruise (July; Duplessy et al., 1981). Indeed, G. cultrata is
associated with strong ocean currents, specifically the Gulf Stream and
the Brazil Current in the Atlantic (Bé and Tolderlund, 1971) and the
reappearance of G. cultrata in the Atlantic during the Holocene is linked
to the deglacial strengthening of the Agulhas leakage (e.g., Peeters et al.,
2004; Marino et al., 2013; Broecker and Pena, 2014).

(ii) Both species are more abundant in the northern BoB stations that
are more directly influenced by the freshwater discharges of the Ganges-
Brahmaputra River. Globigerinita glutinata is known to thrive in both
highly saline Arabian Sea waters and low-salinity water of the northern
BoB (Cullen, 1981), indicating perhaps a broad salinity tolerance.
Alternatively, its distribution may not be directly driven by salinity but
rather by co-varying factors such as nutrient availability, to which it
responds opportunistically. However, for G. cultrata, its distribution
(Fig. 3) contradicts the study of Cullen and Prell (1984) that reported
increasing abundance southward in the BoB with rising temperature and
salinity. A shallower lysocline in the northern BoB may bias results by
dissolving G. cultrata tests (Cullen and Prell, 1984). While typically
linked to high-temperature waters (Kennett and Huddlestun, 1972;
Balsam and Flessa, 1978; Naidu, 1991; Huang et al., 2003), no evidence
suggests that G. cultrata tolerates low salinity. Given its link to strong
currents identified by Bé and Tolderlund (1971) and Naidu (1993), its
northern BoB abundance may be influenced by the dynamics of the
EICC, which flows through these stations in spring and intensifies in
summer (Fig. 1).

Further insights into the ecological requirements of the six major
species may be gained by examining their vertical distribution in the
water column (see Section 5.2).
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5.2. Vertical distribution of the major planktonic foraminiferal species

The vertical habitat of PF is determined in the central BoB along a
north-south transect of the five MONOPOL stations (Fig. 2), which were
sampled in May-June 2012 (Fig. 2; Table 1), i.e., towards the end of the
pre-monsoon season and at the very beginning of the summer monsoon
season (Hood et al., 2024). Depth habitat for each species is expressed in
terms of absolute abundances, DH, VDR (Fig. 4; Fig. 5), following
Rebotim et al. (2017) and Lessa et al. (2020).

During the sampling season, the mixed layer salinity and tempera-
ture show subtle variations across stations (Fig. 4; Table 4), making
them unlikely drivers of the observed different PF vertical distributions
among species. The relatively uniform north-south surface salinity dis-
tribution results from the southward redistribution of low-salinity water,
driven by northeasterly winds, the equatorward EICC, and the westward
WMC during the preceding fall and winter (Akhil et al., 2014). This
setting thereby weakens the strong meridional salinity gradient that
develops during the southwest monsoon season (Vinayachandran et al.,
1999; Shankar et al., 2002; Fournier et al., 2017). Despite surface
salinity uniformity, studies show that the northern BoB’s upper water
column remains stratified throughout the summer monsoon (e.g.,
Chowdhury et al., 2021; Chaitanya et al., 2021). In contrast, the
southern BoB’s stratification is disrupted during summer by monsoon
winds and high salinity water from the Arabian Sea advected via the
SMC (Narvekar and Prasanna Kumar, 2014; Prasanth et al., 2023). This
upper water column structure affects PF distribution by controlling
surface or subsurface primary productivity (Stoll et al., 2007; Maeda
et al., 2022).

Globally, the vertical distribution of PF is primarily influenced by
temperature, salinity, primary productivity, light saturation, food, ox-
ygen, and nutrients availability, as well as water column stratification
(e.g., Fairbanks et al., 1982; Schiebel et al., 2001; Field et al., 2006;
Kuroyanagi and Kawahata, 2004; Salmon et al., 2015; Rebotim et al.,
2017). Other biological factors have been also reported such as ontogeny
across a lunar cycle, with contradictory evidence of migration and
descent preceding gamete release during sexual reproduction close to
full moon (Bijma et al., 1990a; Jonkers et al., 2015, Jonkers et al., 2017;
Meilland et al., 2021).

Considering the temperature and salinity patterns discussed above
and the oceanographic setting of the BoB (Hood et al., 2024) during the
sampling period, we perform a multiple correlation analysis. The sta-
tistically not significant correlations observed between the tested envi-
ronmental factors (Table 3; Fig. 6) and depth distribution parameters for
some species (Fig. 6) may stem from: (i) the relatively small sample size
(only five stations), or (ii) the subtle variability of the environmental
factors across the basin at this time of the year which we may have
smoothed out by averaging environmental data, and/or (iii) the influ-
ence of additional factors that have yet to be identified (e.g., biotic
processes, such as species interactions, reproductive timing, or patchi-
ness; e.g., Meilland et al., 2021).

When considering all PF species together, we find that most of the
standing stock is concentrated within the mixed layer (Fig. 5). At the
northernmost station MONOG6, the DHs are deeper and the VDRs are
broader than at other stations (Fig. 4), most likely due to unique envi-
ronmental conditions of this sector of the BoB. In our analysis, MONOG6 is
distinct from the other stations due to the deepest thermocline (Fig. 4).
The thermocline is a key gradient zone for several key parameters other
than temperature itself (e.g., temperature, nutrient availability, oxy-
gen), and a deeper thermocline can shift the depth habitat of PF species
(e.g., Fairbanks et al., 1980). When examining the six dominant species
individually, the vertical distribution of some species appears consistent
across the MONOPOL stations, while others occupy different depths of
the water column (Fig. 4), which we interpret as the PF response to
changing depth of certain environmental features across the BoB.

Globigerinoides ruber and T. sacculifer consistently inhabit depths
above ~40 m across the north-south MONOPOL transect during
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May-June and reside within the mixed layer or near the MLD (Fig. 4;
Fig. 5). This depth preference is similar to their overall DH across the
Indian Ocean (respectively, 39.43+2.07 m and 34.97+1.87 m; Chaa-
bane et al., 2025), in the subtropical eastern North Atlantic and sub-
tropical South Atlantic (<50 m; Rebotim et al., 2017; Lessa et al., 2020).
In the central equatorial Pacific and southeast Atlantic, G. ruber (white)
is also found in the upper 50-60 m (Watkins et al., 1996; Kemle-von
Miicke and Oberhansli, 1999), while in the Azores Front-Current Sys-
tem, it is most abundant in the upper 100 m (Schiebel, 2002). Using
stable isotopes and Mg/Ca ratios on core top samples from the northern
equatorial Indian Ocean, Stainbank et al. (2019) found that G. ruber and
T. sacculifer typically calcify within the mixed layer. Similarly (Maeda
et al., 2022) analysed multiyear sediment-trap samples from the central
BoB (CBBT) and reported that G. ruber predominantly calcifies in the
surface mixed layer, while T. sacculifer calcifies slightly deeper. Both
G. ruber and T. sacculifer are photosymbiont-bearing species (Hemleben
et al., 1989; Takagi et al., 2019), which likely explains their high
abundance in the light-saturated uppermost water column and narrow
living depth range (Spero and Lea, 1993; Chaabane et al., 2025). Con-
sistency of their depth preferences across the BoB during May-June,
along with evidence from other ocean basins, collectively suggests that
these species are valuable geochemical signal carriers to reconstruct
changes in mixed layer properties. Their constraint habitat in the surface
layer is essential for accurately linking their geochemical signals (e.g.,
stable isotopes, trace elements) to environmental properties at those
depths, thereby capturing the variability in the surface on past climate
records. One caveat is that T. sacculifer may add gametogenic calcite
while reproducing at deeper depth (~80 m; Duplessy et al., 1981;
Stainbank et al., 2019), which could explain the deeper calcification
depth calculated by Maeda et al., 2022 in sediment trap data. This
process was not captured in our dataset, unless we hypothesise that the
fewer individuals found in the deeper interval of the nets were dead
sinking T. sacculifer after reproduction. Also, no distinction was made
between T. sacculifer morphotypes (with or without sac-like final
chamber), which would provide important information for the selection
of T. sacculifer specimens in palaeoceanographic reconstructions based
on shell geochemistry.

We find that N. dutertrei reaches its highest absolute abundances
within and at the base of the mixed layer at all MONOPOL stations
(Fig. 5), consistent with plankton tow observations from the wider In-
dian Ocean (Chaabane et al., 2025), and from the subtropical northeast
Atlantic (Rebotim et al., 2017). Individuals of this species are also found
at greater depths, particularly at the northernmost station, MONOG6. At
this site, this species features a DH of 874+29m and a VDR of ~60 m
(Table 2), which correspond to the DCM and the upper thermocline
(Fig. 4; Fig. 6; Tableau 4). Specimens collected near the DCM likely
reflect the development of a subsurface trophic chain (Stoll et al., 2007;
Maeda et al., 2022). In contrast, those found in the deepest net intervals
(180-400 m) probably represent dead, sinking shells from individuals
that reproduced at depth near the full moon (Meilland et al., 2021).

These results collectively suggest that N. dutertrei can inhabit both
surface and deeper waters. This adaptability may be linked to its
(facultative) symbiotic relationship with Pelagophyceae, which thrives in
conditions of relatively low light intensity (Takagi et al., 2019), allowing
N. dutertrei to live in the subsurface. Since the pioneering studies by
Fairbanks et al. (1982) and Watkins et al. (1996), N. dutertrei has been
widely recognised as a typical thermocline species associated with the
DCM, which would agree with the evidence from MONO6 and the po-
sition of the DCM in May-June (Chowdhury et al., 2021), associated to
the stratified environment of the northern BoB. Indian Ocean core-top
data also indicate that N. dutertrei primarily calcifies within the ther-
mocline (Cayre and Bassinot, 1998), a pattern supported by sediment-
trap data from the central BoB (Maeda et al., 2022) and plankton net
studies in the western Pacific warm pool (Rippert et al., 2016).
Accordingly, this species has been widely used to reconstruct subsurface
water conditions (Spero and Lea, 2002; Mohtadi et al., 2010; Bolton
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et al., 2013; Davis, 2022), assuming a constant depth habitat within the
thermocline (e.g., Umling and Thunell, 2017; Khan et al., 2023; Sanchez
and Carriquiry, 2024).

A stable oxygen and carbon isotope study on the individual chambers
of N. dutertrei from plankton net samples documents the vertical
migration of this species through ontogeny (Takagi et al., 2016).
MONOPOL samples have been collected over a three-week sampling
campaign in May and June, which may not comprehensively document
ontogenic depth migration of this species. Additionally, secondary
calcite encrustation in colder waters could affect the oxygen isotope
values of foraminiferal shells, potentially integrating calcification depth
estimates toward deeper waters (Jonkers et al., 2012; Rebotim et al.,
2017). Hence our analysis provides a first-order estimate of some aspects
of ecological preferences and depth distribution of N. dutertrei across the
BoB, which calls for a region-specific assessment of the dwelling and
calcification depths for this species in other seasons, given the strong
salinity fluctuations and highly variable DCM and thermocline depths in
the BoB.

Globigerina bulloides generally shows low occurrence or is absent in
the central BoB (MONOPOL stations). This may be due to unfavourable
hydrographic conditions, such as low surface salinity (~33; Fig. 4) and
oligotrophic conditions during the sampling period. This pattern is
further supported by sediment trap data from Guptha and Mohan
(1996), which show low flux and relative abundances of G. bulloides
during May-June (Fig. 3r). Our analysis reveals that the highest absolute
abundances of this species are generally found in the mixed layer
(Fig. 4). At the northernmost station (MONOG6), a few specimens are
observed deeper in the water column, which explains the deep average
living depth (DH) of ~97 m (Table 2). Globigerina bulloides is generally
considered as a surface dweller restricted to the upper ~100 m of the
water column (e.g., Bé and Hamlin, 1967; van Raden et al., 2011),
although some studies document deeper habitats (e.g., Schiebel et al.,
2001; Wilke et al., 2009; Rebotim et al., 2017). Rebotim et al. (2017)
suggest that this species may occupy a broader vertical niche due to the
lack of symbionts, which makes it independent of light saturation.
Mortyn and Charles (2003) reported that this species inhabits varying
depths in the Southern Ocean, with abundance and shell chemistry
potentially influenced by density horizons, which are more pronounced
than in the BoB. This broad vertical distribution is also reflected in the
estimated calcification depths reported in several studies using oxygen
isotopic composition, ranging from the shallow mixed layer to below the
thermocline (e.g., Saraswat and Khare, 2010). The temporally limited
sampling coverage of of the MONOPOL data set, along with the low
occurrence of G. bulloides during May-June and its variable depth
habitat hinder a sound assessment of the water column parameter(s)
influencing the depth distribution of G. bulloides across the BoB. The
tight link of G. bulloides to highly productive conditions and food
availability, emphasises the need of studying its vertical distribution
during the summer monsoon, the peak productive season in the BoB.

Globorotalia cultrata (formerly G. menardii) has an DH of approxi-
mately 40-70 m, with a relatively narrow VDR of ~12-32 m (Fig. 4).
The depth of its maximum abundances aligns well with its DH, indi-
cating that it consistently inhabits deeper waters than G. ruber,
T. sacculifer, N. dutertrei and G. bulloides across all MONOPOL stations
(Fig. 4; Fig. 5). During the pre-monsoon season in the BoB, a habitat
depth of 40-70 m is below the mixed layer (Dandapat et al., 2021),
coinciding with the DCM and the upper part of the thermocline (Fig. 4).
This depth range is consistent with its mean calcification depth (51-83
m) in the South China Sea, where it corresponds to the seasonal ther-
mocline or the deep mixed layer (Regenberg et al., 2010). Similar ob-
servations off Indonesia place it just below the lower boundary of the
mixed layer (DH = 67-87 m; Tapia et al., 2022). In the western tropical
Pacific, G. cultrata migrates between the uppermost thermocline during
the day and the surface mixed layer at night (Ko et al., 2025). In the
southeast Atlantic, G. cultrata is concentrated at 50-100 m, associated
with the Equatorial Undercurrent (Kemle-von Miicke and Oberhansli,
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1999), while in the subtropical South Atlantic, it inhabits depths of
30-40m (VDR = 20-30m) and was referred to as a mixed layer species
(Lessa et al., 2020). Considering its consistent depth habitat across
MONOPOL stations and its general alignment with previous studies,
G. cultrata appears to be a potential indicator of the DCM and upper
thermocline in the BoB. This well constrained habitat may aid in
reconstructing palaeoceanographic changes by providing a consistent
picture of the thermocline variability. Its use in concert with surface
species like G. ruber or T. sacculifer could allow robust reconstruction of
the upper water column variability that varies in step with local
hydroclimate and broader oceanographic changes (e.g., Kumar et al.,
2018).

Globigerinita glutinata exhibits the deepest DH (65-90 m) and the
widest VDR (30-150 m) amongst all the six species, with its habitat
spanning the deep mixed layer and the lower part of the thermocline in
the BoB (Fig. 4; Fig. 5). This aligns with findings from the subtropical
eastern North Atlantic (DH = 50-120 m; Rebotim et al., 2017), the seas
around Japan (upper 200 m; Kuroyanagi and Kawahata, 2004), and
some southeast Atlantic sites (deeper than 150 m; Kemle-von Miicke and
Oberhansli, 1999). It is also recorded at depths shallower than 100 m in
the east North Atlantic (Schiebel et al., 2001), and between 0 and 120 m
in the central equatorial Pacific (Watkins et al., 1996). The broad depth
range of this species is probably because light availability does not in-
fluence its depth habitat since no algal symbionts are present. Consistent
with previous studies, our findings suggest that G. glutinata occupies a
range of ecological niches in the water column and may be influenced by
environmental factors not fully captured in our analysis. Its broad depth
range could limit its suitability for palaeoceanographic reconstructions
that use stable isotopes for instance in the BoB.

6. Conclusions

To understand the spatial and vertical distribution of PF in the BoB,
we analysed available data from plankton nets and sediment traps and
discussed them in the context of the BoB oceanographic and productivity
patterns. This helped define basin-specific ecological and environmental
requirements and living depths of major PF species.

Our analysis highlights distinct characteristics of PF spatial and
vertical distributions in the BoB compared to global trends:

(i) A distinct spatial relationship between mixed layer dwellers
G. ruber and T. sacculifer: G. ruber thrives primarily in open ocean
oligotrophic waters, while T. sacculifer prefers environments with
zooplankton as a food source. We suggest this difference in the
BoB is diet-driven, whereby G. ruber’s opportunistic feeding al-
lows it to thrive in oligotrophic conditions, whereas T. sacculifer is
more specialised and depends on a specific food source.

(i) N. dutertrei is abundant in stratified waters near the Ganges-
Brahmaputra River and in nutrient-rich upwelling zones off
southern India. While globally considered a low-salinity indica-
tor, its high abundance in the northern BoB appears linked and to
the development of a productive DCM associated with a stratified
water column. This is supported by its deep DH and associated
positive correlation with DCM depth (Fig. 6), the high summer
fluxes in this region. In the southern BoB, this species inhabits
shallow habitats within the mixed layer in May-June, most likely
caused by the weaker stratification that can easily be disrupted by
winds, thereby injecting nutrient into the mixed layer.

(iii) G. bulloides follows known distribution patterns, occurring in
productive upwelling regions. In the BoB, it typically has an DH
shallower than ~60 m but is found deeper (~90 m) in northern
waters. We suggest that this shift results from the deep
thermocline.

(iv) G. glutinata and G. cultrata share similar spatial distributions in
the BoB, with population minima near the southern tip of India,
where upwelling occurs and maxima in the stratified northern
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BoB stations. The low abundance of G. cultrata near southern
India contrasts with its high presence in equatorial and upwelling
regions of the Indian Ocean, suggesting its distribution is more
influenced by ocean currents than upwelling alone. Globorotalia
cultrata peaks at 50-70 m depth corresponding to the DCM and
upper thermocline. Globigerinita glutinata has the deepest DH
(65-90 m) and the broadest vertical range but remains below the
mixed layer. These depth habitats align with global observations.

Given the limitations (e.g., limited number of samples) affecting our
vertical distribution analysis, some tentative conclusions can be made
about the species use as proxy carriers in palaeoceanography:

(i) G. ruber and T. sacculifer primarily inhabit the upper ~40 m in the
BoB during May-June, aligning with observations from other
oceanic regions. Their consistent depth preference makes them
valuable geochemical indicators for reconstructing past mixed
layer conditions.

(ii) Calcification depth estimates based on geochemical signatures

typically link N. dutertrei to subsurface waters globally (e.g.,

Lakhani et al., 2022). In the BoB, its presence in the mixed layer

during May-June suggests some habitat flexibility. This apparent

difference may be due to seasonal oceanographic changes (e.g.

stratification), lack of documentation of the full ontogenic depth

migration, or secondary calcite encrustation. A better integration
of these factors would improve its reliability as a proxy for
paleoceanographic studies in the BoB.

G. cultrata consistently inhabits deeper waters, aligning with the

DCM and the upper part of the thermocline, making it a potential

palaeoceanographic indicator in the BoB. In contrast, G. glutinata

has a broad depth habitat, which may limit its use as a reliable
proxy-carrier.

(iii)

7. Proposed directions for future research

We note that it is important to account for potential sources of bias in
the interpretation of plankton tow data. These are unlikely to not
overshadow the primary ecologically relevant signal, but may likely
contribute to the variability in the data in some regions affected by
strong seasonal changes in water column properties, like the BoB. For
example, dead PF specimens may sink and be misclassified as living, and
plankton tows provide only a brief snapshot in time and space (e.g.,
Rebotim et al., 2017). To address these limitations, we propose some
research directions that are aimed at advancing our understanding of the
PF distributions and ecological preferences and their use as geochemical
signal carrier in palaeoceanography:

(i) Expanded sampling: Increasing spatial and time coverage will
help clarify environmental influences on PF distributions in the
BoB across seasonal and interannual timescales. This will be
especially useful for species showing inconsistent depth habitats
across the BoB.

Methodological refinements: Using a standard mesh size (100
pm) to capture small PF species, distinguishing living from dead
cells, and integrating additional water column parameters (e.g.,
food type, oxygen levels, stable isotopes of carbon and oxygen)
will improve our understanding of PF vertical distribution and
environmental controls. Measuring geochemical elements in PF
shells will also enhance calcification depth estimates and improve
isotopic calibration for palaeoreconstructions.

Integrating biotic drivers into foraminiferal ecology: Greater
emphasis should be placed on the role of biotic factors, such as
species interactions, reproductive cycles, and population dy-
namics, in addition to physico-chemical variables, to achieve a
more comprehensive understanding of the drivers shaping
planktonic foraminiferal distribution.

(i)

(iii)
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(iv) Improved taxonomic identification: Applying molecular tools
will allow for the identification of cryptic species, refining taxo-
nomic classification and improving ecological interpretations.
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