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Abstract 

We studied the relationship between organic carbon in sediments (%Corg), bottom water dissolved 

oxygen and living benthic foraminifera in a marginal marine upwelling setting from the southeastern 

Arabian Sea to develop proxy indicator for marine productivity as well as oxygen deficient zones. The 

surface sediments from 43 stations covering a depth range of 25 to 2980 m were used. The relationship 

between living benthic foraminifera and ambient environmental parameters (seawater temperature, 

salinity, dissolved oxygen, organic carbon and Corg/TN and depth) was assessed by multivariate 

analysis. A majority of the living benthic foraminifera were significantly affected by several ambient 

parameters. We report that the living benthic foraminiferal assemblage comprising of Epistominella 

umbonifera, Uvigerina auberiana, Reophax longicollis and Osangularia bengalensis is significantly 

affected only by %Corg in the sediment. Additionally, we also found that the assemblage including 

Bolivina obscuranta, Bulimina arabiensis, Bulimina pseudoaffinis and Cancris penangensis is 

significantly affected only by the bottom water dissolved oxygen. 
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Introduction 

Earth is the only known habitable planet that supports organic life. The habitable climate on earth 

depends to a great degree on the critical balance between incoming solar radiation and concentration 

of greenhouse gases in the atmosphere. On the millennium time scale, greenhouse gases, in particular, 

carbon dioxide, have been suggested as a key driver of the glacial-interglacial (G-IG) cycles. During 

the previous G-IG cycles, CO2 varied between ~180-280 ppm (Barnola et al., 1987; Petit et al., 1999). 

However, the atmospheric CO2 concentration has recently crossed >414 ppm. Earth's climate is 

undergoing irreparable changes after the post-industrialization increase in atmospheric carbon dioxide. 

The international community is closely monitoring the changes in global carbon cycle, to suggest 

mitigation measures (IPCC, 2013). The sequestration, involving capture and long-term storage, is the 

most promising measure to reduce the atmospheric CO2 concentration.  

Several natural processes sequester CO2, with marine biological pump being one of the most 

effective (Volk and Hoffert, 1985). The biological pump fixes a total of 50-60 Pg C (4-5 Pmol C) in 

the surface ocean each year (Shuskina, 1985; Martin et al., 1987; Field et al., 1998). The marine 

biological pump has two major components, the first is phytoplankton (primary productivity) resulting 

in phytodetritus flux (PF), and the second one is zooplankton which gives carbonate/silica flux. The 

primary productivity (PP) involves photosynthesis, converting dissolved inorganic carbon into organic 

carbon. A fraction of the organic carbon is transferred to the deep sea in the form of PF and is stored 

for a long period. Phytodetritus flux is the primary path by which atmospheric CO2 is sequestered by 

the biological processes and eventually buried in the sediments. Concurrently, degradation of the 

organic matter and respiration by living fauna consumes a high amount of dissolved oxygen, creating 

perennial or seasonal oxygen deficient zone (ODZ). Phytodetritus flux is generally higher in the 

upwelling affected regions as the transport of cold nutrient-rich subsurface water to the surface 

catalyzes photosynthesis. Understanding the factors controlling long-term primary productivity and 

the deposition of the subsequent organic matter is critical to estimate the importance of contribution 

of PP in CO2 sequestration (MacGilchrist et al, 2014; McKinley et al., 2017).  

Several qualitative and quantitative methods, including the accumulation of organic carbon 

(Lyle, 1988; Pedersen et al., 1992), accumulation rate of barite (Averyt and Paytan, 2004),  aluminum 

and aluminum excess (Murray et al., 1993), titanium mass accumulation rate (Ti MAR; Murray and 

Leinen, 1996), 231Pa/230Th ratio (Kumar et al., 1993), phytodetrital flux (Loubere, 1991, 1994, 1996, 

1997, 1998; Loubere and Fariduddin, 1999), benthic/planktic foraminifera ratio (Berger and Diester-

Haas, 1988), planktic foraminiferal species data (Mix, 1989), planktic foraminifera transfer function 

(Cayre et al., 1999; Siesser, 1995), accumulation of benthic foraminifera (Herguera and Berger, 1991; 



Herguera, 1992, 2000) and benthic foraminiferal assemblages (Loubere, 1991), are used to estimate 

past primary productivity variation. A major drawback of several of these proxies is that they can be 

affected by the post-depositional diagenesis and taphonomy. 

Benthic fauna are considered a better proxy to reconstruct past productivity because they are 

more resistant to diagenetic changes due to dissolution and oxidation of organic matter. Unfortunately, 

a majority of the sediment-dwelling metazoan meiofauna are scarce in the deep sea and do not respond 

to phytodetritus flux, at least at the higher taxon level (Pfannkuche, 1992, 1993; Riemann, 1995; 

Gooday, 1996). However, a positive correlation was found in smaller meiofauna (foraminiferal 

biomass) and phytodetritus flux (Altenbach and Sarnthein, 1989). Phytodetritus flux results in three 

type of organic matter deposition, namely labile, resistant and refractory (Middleburg et al., 1993). 

Out of these, the labile organic matter is readily consumed by benthic foraminifera, the unicellular 

preferentially marine microorganisms usually with a calcareous or agglutinated exoskeleton (Loubere 

and Fariduddin, 1999; Enge et al., 2014). Foraminifera obtain their food/nutrients in a variety of ways, 

and can be omnivores, carnivorous, herbivorous, symbiont or/and uptake dissolved organic matter 

directly (DeLaca et al., 1981). The organic matter-rich marine environments are often exploited by 

marine benthic communities including benthic foraminifera. Benthic foraminifera are one of the most 

common marine benthos in the world ocean and are two orders of magnitude higher than other 

meiofauna in the deep sea (Snider et al., 1984).  

The correlation between marine PP/PF and benthic foraminifera assemblages has been 

investigated from different parts of the world oceans. Initially, large standing stock were reported from 

high PF regions (Lankford, 1959; Phleger and Lankford, 1957; Phleger, 1964). Additionally, benthic 

foraminifera in the high PF eastern Pacific Ocean were low in diversity, relatively smaller in size and 

thin-shelled (Phleger and Soutar 1973; Levin and Gage, 1998). From the multivariate factor analysis, 

it was evident that benthic foraminifera assemblage is positively correlated with the organic matter 

(Osterman and Kellogg, 1979 from Antarctica; Loubere, 1991 from the eastern equatorial Pacific; 

Jannink et al., 1998 from the Arabian Sea; Kuhnt et al., 1999 from the South China Sea; Wollenburg 

and Kuhnt, 2000 from the Arctic Ocean; Sun et al., 2006 from the North Atlantic). The regions with 

high organic matter flux are also characterized by predominantly infaunal calcareous genera, for 

example Globobulimina, Melonis, and Uvigerina (Caralp, 1984, 1989; Lutze et al., 1986; Gooday, 

1994). At the species level, Uvigerina peregrina, Epistonomilla exigua from the eastern Pacific and 

northern Indian Ocean (Phleger and Soutar, 1973; Schumacher et al., 2007), Alabaminella 

weddellensis ansd Stainforthia fusiformis from the north Atlantic (Alve, 1994; Gooday, 1988; Loubere 

and Fariduddin, 1999) were commonly reported from the high organic carbon flux regions. Amongst 



these species, Uvigerina peregrina and Epistonomilla exigua are common and indicate high primary 

productivity. 

Incidentally, the high PF often leads to the formation of either a perennial or seasonal oxygen 

deficient zone, in the regions with restricted oxygen replenishment. Benthic foraminifera are also very 

sensitive to change in the ambient dissolved oxygen (Jorissen et al., 1995; Gooday et al., 2000). Thus, 

benthic foraminifera have been extensively used to reconstruct the past ODZ strength (Reichart et al., 

1998; den Dulk et al., 2000; Nigam et al., 2009). In natural settings, high PP and lower dissolved 

oxygen region are often coupled. In the Arabian Sea, it is suggested that the benthic foraminifera 

community is controlled either by bottom water dissolved oxygen (Hermelin and Shimmield 1990; 

Nigam et al., 2007; Schumacher et al., 2007; Caulle et al., 2015) or organic matter in the sediment 

(Hermelin and Shimmield 1990; Jannink et al., 1998; den Dulk et al., 2000; Gooday et al. 2000; Enge 

et al., 2014).  

Therefore, the availability of organic matter and dissolved oxygen are suggested as the major 

factors affecting the abundance and diversity of living benthic foraminifera (Corliss and Emerson, 

1990). Documenting benthic foraminifera that are dominantly influenced by either organic matter or 

dissolved oxygen, can help to delineate past productivity changes from the variation in dissolved 

oxygen. Recently, a highly diverse living benthic foraminiferal assemblage was reported from the 

oxygen deficient zone of the Gulf of Mannar (Kaithwar et al., 2020). The study was based on living 

benthic foraminifera in the top 5 cm section of the sediments along a roughly longitudinal transect 

covering the well oxygenated sediments on the continental shelf to oxygen deficient zone on the slope. 

Benthic foraminiferal assemblages representing a combination of several ambient parameters 

(temperature, salinity, oxygen, organic matter, depth) were delineated. The delineated assemblages, 

however, were insufficient to differentiate the effect of only dissolved oxygen or primary productivity 

induced organic matter flux. Here we extend that work by including additional samples from the 

adjoining regions for a broader coverage of the range of markedly different dissolved oxygen and 

primary productivity. Therefore, the objective of this study was to find specific living benthic 

foraminifera species/assemblage indicative of primary productivity and ODZ from the high PP area of 

the southeastern Arabian Sea. This will ultimately help us to differentiate between the effect of organic 

matter and ODZ on benthic foraminifera and also to reconstruct the productivity induced carbon 

sequestration in the past. 

 

 



Study area and its physiological settings 

The study area includes both the continental shelf and slope in the southeastern Arabian Sea (Figure 

1). The eastern part of the area (Gulf of Mannar) is semi-enclosed, flanked on its east by the western 

margin of Sri Lanka and on the northern side by the eastern and southern margin of India. The slope 

is steeper in the Gulf of Mannar, than the western part of the region. The central part of the study has 

a very broad shelf, followed by a steep slope to ~2000 m. The region deeper than ~2000 m in this part 

and beyond ~1500 m further west has a very gentle slope. The area also has a carbonate platform, 

which extends to a water depth of up to ~200 meters (Rao et al., 2003) (Figure 1). The bottom water 

temperature varies between 2.5-27.4°C (Figure 2). The salinity is relatively constant (34.7-35.1 psu; 

Figure 2) and dissolved oxygen varies from 0.35 mL/L to 4.25 mL/L (Figure 2) in October (the month 

of sampling). The area also has perennial ODZ between 150-1500 m depth (Naqvi et al., 2009). The 

southeastern Arabian Sea is influenced by coastal upwelling induced primary productivity. During the 

summer monsoon, upwelling of cold, nutrient-rich subsurface water to the surface induces immense 

phytoplankton bloom (Banse, 1959; PrasannaKumar et al., 2002; Jyothibabu et al., 2008; Smitha et al., 

2008). During the summer monsoon (June-July-August-September), chlorophyll-a concentration 

(productivity indicator) increases to >0.6 mg/m3, being an order of magnitude higher than the annual 

average (>0.05 mg/m3) (Figure 2). The region is influenced by the seasonal exchange of the high saline 

Arabian Sea water during the summer with the low saline Bay of Bengal water during the winter 

season. 

Material and methods 

From the southeastern Arabian Sea, 43 surface sediment samples were collected during the fourth 

voyage of RV Sindhu Sadhana (SSD004), just after the southwest monsoon (October 2014) (Figure 1; 

Table 1). The samples were collected along four transects (T1-T4), from 25-2980 m. The samples were 

collected by using an Ocean Scientific International Limited Maxi Multi-corer having 600 mm long 

core tubes of 110 mm outer diameter and 100 mm internal diameter. The samples also contained 

overlying water at sediment-water interface. The overlying water was used to measure the ambient 

seawater parameters. The sediment cores were sub-sampled at one-centimeter interval and top two 

samples (0-2 cm) from all 43 stations, were used for this study. One half of each section was 

immediately stained with ethanol rose-Bengal solution (2 g of rose-Bengal dissolved in 1 L of 70% 

ethanol). The stained sediment samples were stored at 4°C. Subsequently, the samples were wet sieved 

by using a 63 µm sieve. The coarse fraction was stored in plastic vials. A representative aliquot of the 

coarse fraction was weighed to pick 300 specimens by using Olympus SZX 12 stereo-zoom 

microscope. All the picked specimens were identified up to species level. For this, generic level 



classification was done following the treatise (Leoblich and Tappan, 1988) and the species level 

identification was done by using previous publications and confirmed with Ellis and Messina 

Catalogue of Foraminifera (Ellis and Messina 1940-2019). Foraminiferal tests were photographed by 

using the table top Scanning Electron Microscope (HITACHI, model TM3000) and the plates were 

prepared by using Adobe Photoshop (version 10.0.3) software. 

 Biodiversity indices are preliminary statistical tool to measure the species diversity, richness 

and evenness in the given community. Among the biodiversity indices, Margalef index (d) for richness, 

Shannon index (H) for diversity and Pielou index (J) for evenness were computed. The absolute 

abundance of living benthic foraminifera was used to calculate the diversity indices. Canonical 

correspondence analysis (CCA) was used to better understand species' ecological preferences. CCA is 

a multivariate method to elucidate the links between biological assemblages of species and the ambient 

environmental parameters. The method is used to create artificial environmental gradients from 

ecological data sets. For the analysis, a total of 61 species with >3% abundance at minimum two 

locations were used. 

For the total inorganic carbon, organic carbon and total nitrogen measurements, a small amount 

(~5 g) of the freeze-dried sediment from the unstained fraction, was finely powdered. The inorganic 

carbon (TIC) was measured by using a Coulometer (model CM 5015 CO2) and Total Carbon (C) and 

Nitrogen (N) were measured by using CNS element analyzer (model FLASH 2000 Thermo Scientific). 

The organic carbon (%Corg) was estimated by subtracting the inorganic carbon from the total carbon. 

The physico-chemical parameters of the bottom seawater were taken from the World Ocean Atlas 

(WOA 13) [Temperature, Locarnini et al., 2013; Salinity, Zweng et al., 2013; and Dissolved Oxygen, 

Gouretski and Koltermann, 2004). The statistical software, MultiVariate Statistical Package (MVSP) 

was used to understand the relationship between benthic foraminifera and ambient ecological 

parameters as well as their significance level. 

Results 

Organic Carbon (%Corg) 

The organic carbon content in the sediments is one of the prime indicators of the surface primary 

productivity. The organic carbon content of the sediments depends on both the intensity of biological 

productivity in the region as well as diagenetic/preservation conditions. The organic carbon in the 

sediments can also give an idea about food availability for benthic foraminifera. The organic carbon 

varied from 0.71% to 8.32% and the higher values (>4.5%) were at intermediate depths (500-1500 m), 



whereas, shallow and deeper depths had relatively less Corg (Figure 3). Incidentally, the intermediate 

depth also had an intense oxygen minimum zone. 

Organic Carbon/Total Nitrogen (%Corg/TN) 

The organic carbon to nitrogen ratio in the sediments is often used to understand the origin of the 

organic carbon. In the eastern Arabian Sea, %Corg/TN ≤10, is suggested as an indicator of marine 

organic matter and higher values suggest the transport of the organic matter from nearby landmass 

(Tripathi et al., 2017). The organic carbon to total nitrogen ratio (%Corg/TN) varied from 4.8 to 17.8 

(Figure 4). The high %Corg/TN was in the western part of the study area. The southeastern Arabian Sea 

receives the terrestrial input from the Thamirabarani River and the direct runoff from the western Ghats 

(Chauhan and Shukla, 2016). The high (>10) %Corg/TN clearly suggests a strong influence of the 

terrestrial influx in modulating the organic carbon input in the study area. 

Living benthic foraminifera abundance 

The foraminiferal abundance in top 2 cm was documented, as a majority (>90%) of the living benthic 

foraminifera were mostly confined to the top 1 cm of sediment in the southeastern Arabian Sea (Singh 

et al., 2018). We found a total of 172 living benthic foraminifera species. The foraminiferal abundance 

varied between 3 and 448 specimen/g sediment (Figure 5). The maximum abundance of living benthic 

foraminifera (>250/g sediments) was in the first transect (T1). The abundance along T1 varied from 

12 specimen/g sediment to 448 specimen/g sediment, with the maximum abundance at 215 m and the 

lowest at 2980 m and 2080 m. In the second transect (T2), the maximum abundance (262 specimen/g 

sediment) was at 1530 m and the minimum (5 specimen/g sediment) was at 2980 m. The abundance 

along T2 was very different than that in T1, where maximum abundance was on the upper slope (~250 

m). However, in this transect no sample could be collected between 225 m and 1100 m, due to a very 

steep slope. Therefore, it is difficult to delineate the depth at which the abundance increased rapidly. 

The living benthic foraminiferal abundance along other two transects (T3, T4) was relatively less. The 

abundance in T3 ranged between 4 specimen/g sediment and 145 specimen/g sediment at 25 m and 

1327 m, respectively. In T4 transect, living benthic foraminiferal abundance varied between 3 

specimen/g sediment to 232 specimen/g sediment at 1454 m and 503 m, respectively. The higher 

benthic foraminifera abundance was in T1 (Gulf of Mannar) and intermediate water depths along all 

transects (Figure 5). Thus, the living benthic foraminiferal abundance at shallow (<150 m) and deeper 

depths (>1500 m) was 3-4 times less than that at intermediate water depths. 

 

 



Ecology of Benthic Foraminiferal Species  

A majority (~60%) of the abundant species were positively correlated with %Corg, %Corg/TN and 

dissolved oxygen and the rest are negatively correlated (Figure 6). The significance of the ecological 

preferences of each species as inferred from canonical correspondence analysis (CCA) plot 

(Supplementary Table 1) were assessed from the correlation coefficients. 

Correlation of benthic foraminifera abundance with organic carbon  

Out of 61 species fulfilling the minimum abundance criteria, 37 were positively correlated with organic 

carbon in the sediment. However, only Epistominella umbonifera, Bulimina psuedoaffinis, Uvigerina 

auberiana, Reophax longicolli, Osangularia bengalensis and Bolivina currai showed a significant 

positive correlation (Figure 7). These species were more abundant at the intermediate depths where 

%Corg was also higher. Besides this, 24 species were negatively correlated with organic carbon. From 

these species, only Globocassidulina subglobosa, Bolivina striatula, Cassidelina spinescens, 

Hanzawaia concentrica and Cancris sagra showed a significant negative correlation (Figure 7). These 

species were abundant in either shallow or deep water where %Corg was comparatively less. 

Correlation of benthic foraminifera abundance with bottom water dissolved oxygen  

Out of the total 61 dominant species, 33 were positively correlated with dissolved oxygen. However, 

only Cibicidoides wuellerstorfi, Hanzawaia concentrica, Cancris sagra and Globocassidulina 

subglobosa showed a significant positive correlation (Figure 8). Hanzawaia concentrica and Cancris 

sagra were abundant in the shallow water, while Cibicidoides wuellerstorfi and Globocassidulina 

subglobosa were abundant in well oxygenated deep water (Figure 8). We found that 28 species were 

negatively correlated with bottom water dissolved oxygen. However, only Cancris penangensis, 

Bulimina psuedoaffinis, Bolivina currai, Bulimina arabiensis, Hopkinsinella glabra and Bolivina 

obscuranta showed a significant negative correlation (Figure 8). These species were mainly abundant 

within ODZ depths (~150-1500 m). 

Biodiversity Indices  

Both richness and diversity are high in the Gulf of Mannar, including the intermediate depths (~1000 

m). Margalef index (d) varied from 1.3 to 13.3 and Shannon index (H) ranged from 0.6 to 2.9 with 

higher values in the Gulf of Mannar (Figure 9). Pielou index (J) shows evenness in the species 

distribution. Pielou index had a very narrow range in the area and varied between 0.980 to 1.000, 

suggesting a comparable abundance of all available species. Again, the Gulf of Mannar and 

intermediate depths had low evenness, indicating the dominance of only a few species. 



Discussion 

1. Effect of dissolved oxygen and organic matter flux on foraminiferal abundance 

The living benthic foraminifera were abundant in the core-top sediments with a high percentage of Corg 

(>4.5%). Benthic foraminifera are one of the highly successful group of microorganisms in the marine 

environment (Saraswat and Nigam, 2013). Their ability to survive in all types of marine or even some 

time brine, brackish and freshwater has emerged from their rapid response and high reproduction rates. 

Food availability is a vital factor for their growth and reproduction (Linke et al., 1995; Kurtarkar et al., 

2019). In the southeastern Arabian Sea, high PP results in immense food availability for benthic 

foraminifera and thus the population increases in regions with higher organic matter flux. The 

relationship supports the previous findings based on the dead foraminifera tests, that the phytodetritus 

flux positively affects benthic foraminifera (Lankford, 1959; Phleger and Lankford, 1957). Later, a 

similar relationship was also observed in the living benthic foraminifera (Phleger, 1964; Caulle et al., 

2015, Kaithwar et al., 2020; Suokhrie et al., 2021).  

Interestingly, we observed an overall low living benthic foraminiferal abundance in the core 

ODZ (except at MC06; 215 m). Several previous studies reported increased abundance of benthic 

foraminifera in the core ODZ of the northeast Arabian Sea (Jannink et al., 1998; Schumacher et al., 

2007; Caulle et al., 2014). This was probably because the sediments in the core ODZ in all these 

regions had higher Corg. The zone of higher Corg in the southeastern Arabian Sea was deeper than the 

core ODZ (<0.5 mL/L). This unusual condition in the southeastern Arabian Sea was probably because 

the area has a widespread relict carbonate shelf. The preservation of organic matter was not so good 

within the relict carbonate shelf because of inter-granular space and rapid oxidation of the organic 

matter. Our results confirm the previous finding that the foraminiferal abundance is independent of the 

dissolved oxygen once it increases to ≥1.0 mL/L (Murray, 2001).  

2. Ambient parameters and foraminiferal biodiversity 

We computed biodiversity indices [Margalef index (d) for richness, Pielou index (J) for evenness and 

Shannon index (H) for diversity] of the living benthic foraminifera, to see the nature of foraminiferal 

community. The species richness increased at the intermediate water depth where organic carbon was 

abundant. Along with richness, species diversity also increased at similar locations. The higher food 

supply and adequate dissolved oxygen supported the high diversity and species richness in the southern 

Arabian Sea (Figure 9). However, any significant effect on species evenness was not observed. Our 

findings differ from the previous reports that suggested a decreased species diversity in high PF regions 

(Phleger and Soutar 1973; Levin and Gage, 1998). But, the results from the southeastern Arabian Sea 



confirm the previous reports suggesting higher foraminiferal biomass and the presence of thinner shell 

small specimens in the sediments with high organic carbon content (Schumacher et al., 2007, Caulle 

et al., 2015, Kaithwar et al., 2020). A decreased species diversity was also reported from the high 

organic matter region of the northeastern Arabian Sea (Schumacher et al., 2007; Caulle et al., 2014). 

Incidentally, in these regions where diversity decreased with increase in Corg content of the sediments, 

the Corg was tightly coupled with the intense ODZ. In the southeastern Arabian Sea also, diversity 

decreased where dissolved oxygen was ≤0.5 mL/L. This was probably because only a few species are 

well adapted to very low oxygen conditions. This indicates that the organic matter helps in growth, 

reproduction, abundance, richness and diversity of benthic foraminifera. However, it should be noted 

that the species diversity decreased due to less dissolved oxygen, and not because of the excess organic 

matter. 

3. Ambient parameters and species abundance 

Bolivina*, Bulimina*, Hopkinsinella*, Cassidulina*, Epistominella*, Uvigerina*, Fursenkoina*, 

Haplophragmoides* (*= > 100 living specimen/g sediment) were abundant in the southeastern Arabian 

Sea. Globobulimina, Melonis, Epistominella and Uvigerina are the most abundant genera in the high 

productivity regions (Caralp, 1984, 1989; Lutze et al., 1986; Gooday, 1994). A majority of these genera 

(Bolivina, Bulimina, Uvigerina and Globobulimina) are angular asymmetrical in morphology. The 

angular asymmetrical forms are often used as an indicator of ODZ in the Arabian Sea (Nigam et al., 

2007; Naik et al., 2017). However, interestingly a few rounded symmetrical genera (Melonis, 

Epistominella and Cassidulina) were also abundant within the high productivity zone. The increased 

abundance of these genera is attributed to their comparatively bigger aperture. This led to the idea that 

morphological forms are simply optimization techniques, and the life cycle of benthic foraminifera is 

mainly driven for PF. 

Bolivina seminuda* > Hopkinsinella glabra* > Cassidulina laevigata* > Bolivina 

obscuranta* > Haplophragmoides symmetricus* > Protoglobobulimina pupoides* > Eubuliminella 

exilis* > Fursenkoina spinosa* > Bulimina aculeata* > Bolivina currai* > Epistominella exigua* (*= 

> 100 living specimen/g sediment) were the most abundant species in the order of decreasing 

abundance in the southeastern Arabian Sea. Bolivina seminuda was reported extensively from the high 

productivity regions of the eastern Pacific Ocean and the northeastern Arabian Sea (Jannink et al., 

1998; Caulle et al., 2014; Uchimura et al., 2017). In both the eastern Pacific Ocean and Arabian Sea, 

Bolivina seminuda was suggested as an indicator of intense ODZ. In the southeastern Arabian Sea, the 

maximum abundance of Bolivina seminuda was at station MC06 (215 m water depth; DO= 0.69 mL/L) 

with 3.12% organic carbon. Hopkinsinella glabra was the second most abundant species. 



Hopkinsinella glabra was earlier reported from the northern Indian Ocean (Nigam and Khare, 1999; 

Gandhi et al., 2002; Nigam et al., 2007; Suokhrie et al., 2020) and south China Sea (Szarek, 2001). It 

was abundant within the core ODZ in the southeastern Arabian Sea. In the culture experiments, 

Hopkinsinella glabra was reported to prefer fresh food (Ernst et al., 2005). The maximum abundance 

of Cassidulina laevigata was at ~500 m in suboxic waters with %Corg >4.0. It is evident that 

Cassidulina laevigata prefers high food availability. A similar dominance of C. laevigata in high 

organic flux settings was reported from Deryugin Basin (Sea of Okhotsk; Burmistrova and Belyaeva, 

2006) and the Guadiana shelf (southwestern Iberia; Mandes et al., 2004). In the Bay of Biscay, the 

abundance of C. laevigata was associated with suboxic waters and high Corg (Pascual et al., 2020). 

Cassidulina laevigata was also suggested as an opportunistic species (Baas et al., 1998), abundant in 

regions with higher food availability (>3.0 g C/m2/yr) (Jorissen et al., 2007). It is often present in 

regions with seasonal irregular organic matter flux (Rasmussen et al., 2002). Although grouped as 

suboxic species by a few workers (Kaiho, 1994), C. laevigata is also present in shallow, well 

oxygenated microhabitats with relatively higher concentration of labile organic matter (Stigter et al., 

1998). 

Bolivina obscuranta, Haplophragmoides symmetricus, Protoglobobulimina pupoides and 

Eubuliminella exilis were mostly found at shallow water depth with low bottom water dissolved 

oxygen. A very limited information is available about the ecological preferences of all of these species. 

Eubuliminella exilis was reported from Peru margin, northeast Atlantic and the northeastern Arabian 

sea (Schumacher et al., 2007; Caulle et al., 2014; McKay et al., 2015), suggesting its dominance in 

low dissolved oxygen waters. The highest abundance of Fursenkoina spinosa was at 503 m water 

depth with very high Corg (7.24%) and low dissolved oxygen (0.35 mL/L). Fursenkoina spinosa was 

earlier reported at similar depth from the Gulf of California (Phleger, 1965), eastern Pacific (Streeter, 

1973) and Bay of Bengal (Suokhrie et al., 2020) and its abundance is often considered depth dependent. 

Bulimina aculeata, Bolivina currai and Epistominella exigua were abundantly present at the 

intermediate depth in Corg rich sediments. Bulimina aculeata was reported as an indicator of high 

organic matter flux in the Arabian Sea (Jannink et al, 1998; Schmiedl and Leuschner, 2005; Caulle et 

al., 2014). Bolivina currai was also reported from the continental shelf off Myanmar (Panchang and 

Nigam, 2014). Epistominella exigua is a well-established proxy for seasonally high organic matter flux 

in several regions including the northeast Altantic Ocean (Gooday, 1993; Sun et al., 2006), Indian 

Ocean (Saraswat et al., 2005, 2011) and northwest Pacific Ocean (Ohkushi et al., 2000). However, in 

the northeast Arabian Sea, the abundant presence of E. exigua was significantly related with dissolved 

oxygen and not with organic matter (Caulle et al., 2014). We did not find a significant relationship 

https://www.sciencedirect.com/science/article/abs/pii/0079661165900236#!


between any of the ambient parameters and Epistominella exigua abundance in the southeastern 

Arabian Sea. 

The Canonical Correspondence Analysis (CCA) helped in delineating the environmental 

factors primarily affecting species level abundance. The use of living benthic foraminifera for 

multivariate analysis is preferred as the CCA conducted on dead foraminifera results into erroneous 

results because the deep-sea core top represents several thousand years (Loubere, 1991; 1994; 1998). 

From the CCA plot, it was evident that Epistominella umbonifera, Bulimina pseudoaffinis, Uvigerina 

auberiana, Reophax longicollis, Osangularia bengalensis and Bolivina currai are positively 

influenced by %Corg. However, out of all these species, the highest abundance of only Bolivina currai 

was in the organic matter rich sediments. Bulimina pseudoaffinis was used as an indicator of marine 

primary productivity in the northern Arabian Sea and was positively correlated with organic matter 

(den Dulk et al., 2000). Additionally, a few of the genera (Uvigerina, Osangularia and Reophax) were 

previously reported as significantly positively correlated with organic matter (den Dulk et al., 2000; 

Caulle et al., 2014). For the rest of the species, organic carbon availability is one of the factors affecting 

the abundance. 

A few benthic foraminifera species are negatively correlated with organic matter. It is also 

worth noting that the species with a negative correlation with organic matter at shallow depth 

(Hanzawaia concentrica, Cancris sagra) differ from those with a positive correlation at deeper depths 

(Globocassidulina subglobosa, Bolivina striatula, and Cassidelina spinescens), implying a clear depth 

preference among the low-food preferring benthic foraminifera species. Such species can be used as 

proxy for low %Corg content in the shallow and deeper waters, respectively. Hanzawaia concentrica 

and Cancris sagra were abundant on the continental shelf in the southeastern Arabian Sea. Hanzawaia 

concentrica and Cancris sagra are well reported species from the shallow water inner shelf region 

(Rao et al., 1979; Havach and Collins, 1997; Uchimura et al., 2017), and thus can be sued as an 

indicator of organic matter flux in shallow coastal waters. Globocassidulina subglobosa, Bolivina 

striatula and Cassidelina spinescens showed a significant negative relationship with organic matter 

and were abundant at deeper depths. Globocassidulina subglobosa was also reported from other parts 

of the deep sea as indicator of limited and fresh organic flux (Corliss, 1979; Gooday, 1988, 1993, 1996; 

Gooday and Lambshead, 1989). Bolivina striatula is often reported as an opportunistic, shallow and 

low replenished water species (Calvo-Marcilese et al., 2013; Eichler et al., 2020). However, the 

abundance of B. striatula at two deeper stations and correlation with organic matter in the southeastern 

Arabian Sea, points towards an unknown factor affecting its distribution and abundance in this region. 

Cassidelina spinescens was abundant at both the shallow and deeper depths with a significant negative 



relationship with organic matter in the southeastern Arabian Sea, suggesting it to be good indicator of 

organic matter poor sediments, irrespective of the depth. Cassidelina spinescens is reported from the 

Indo-Pacific and south-west and central Pacific regions. A few specimens of C. spinescens were found 

at depths ranging between 100 and 4344 m in the Falklands area. 

4. Delineating species significantly influenced either by organic matter or dissolved oxygen 

To find a suitable proxy for the ODZ, we focused on species showing a significant negative 

relationship with dissolved oxygen. Cancris penangensis, Bulimina pseudoaffinis, Bolivina currai, 

Bulimina arabiensis, Hopkinsinella glabra and Bolivina obscuranta were the only species with a 

significant negative relationship with the dissolved oxygen. Within these species, Cancris penangensis 

was earlier reported from the Myanmar Shelf region (Panchang and Nigam, 2014). We also found C. 

penangensis at shallow depths in the southeastern Arabian Sea. Its ecological preferences are not 

described in detail yet. Bulimina pseudoaffinis is well defined infaunal species and lab experiments 

demonstrated that its abundance is not affected by increased organic flux (Ernst et al., 2005). Bulimina 

arabiensis was reported as an indicator of ODZ in the southeastern Arabian Sea (Bharti and Singh, 

2013). 

As mentioned above, Bolivina seminuda* > Hopkinsinella glabra* > Cassidulina laevigata* > 

Bolivina obscuranta* > Haplophragmoides symmetricus* > Protoglobobulimina pupoides* > 

Eubuliminella exilis* > Fursenkoina spinosa* > Bulimina aculeata* > Bolivina currai* > 

Epistominella exigua* (*= > 100 living specimen/g sediment) were the most abundant species in the 

southeastern Arabian Sea. Of these, only Bolivina currai and Bulimina pseudoaffinis showed a 

significant positive correlation with organic matter. But the species also showed a significant negative 

correlation with bottom water dissolved oxygen and water depth (Figure 10), and positive correlation 

with bottom water salinity (Figure 11). Therefore, the relative abundance of Bolivina currai and 

Bulimina psuedoaffinis is strongly influenced by the combined effect of low dissolved oxygen and 

organic matter rich sediments. The relative abundance of these species can be used to reconstruct the 

organic matter flux, only in the regions where dissolved oxygen is tightly coupled with the organic 

matter flux.  

Amongst the dominant species, Bolivina seminuda is significantly negatively correlated with 

water depth. Haplophragmoides symmetricus was significantly negatively correlated with bottom 

water temperature (Figure 12) and water depth. The abundance of Hopkinsinella glabra was governed 

by low dissolved oxygen as well as high salinity conditions. The relative abundance of Eubuliminella 

exilis was also driven by water depth. Protoglobobulimina pupoides, Eubuliminella exilis, 



Fursenkoina spinosa and Epistominella exigua did not show a significant correlation with any of the 

measured environmental parameters. Hanzawaia concentrica and Cancris sagra showed a significant 

negative correlation with Corg. Both the species were, however, significantly positively correlated with 

bottom water temperature, salinity, dissolved oxygen and negatively correlated with water depth, 

suggesting that these species are not exclusively governed by Corg but also by multiple environmental 

factors. Globocassidulina subglobosa, Bolivina striatula and Cassidelina spinescens were abundant at 

deeper depths. Globocassidulina subglobosa was significantly positively correlated with water depth 

and dissolved oxygen. Bolivina striatula was positively correlated with Corg/TN (Figure 12). 

Cassidelina spinescens was positively correlated with ambient temperature. Thus, none of the deep-

water species were significantly correlated with Corg and are influenced by multiple parameters and 

not ideal to be used as proxy for organic matter flux in deep sea. This study questions the previous 

reports that Globocassidulina subglobosa can be used as an indicator of organic matter flux in deep 

water. 

Out of all the dominant species in the southeastern Arabian Sea, Epistominella umbonifera, 

Uvigerina auberiana, Reophax longicollis and Osangularia bengalensis are only dependent on %Crog 

in the sediment and not on any other environmental parameters (Figure 13). We recommend that E. 

umbonifera, U. auberiana, R. longicollis and O. bengalensis should be used as a proxy for marine 

primary productivity in the southeastern Arabian Sea. Additionally, Cancris penangensis, Bolivina 

obscuranta, Bulimina arabiensis and Bulimina pseudoaffinis showed a significant negative correlation 

only with bottom water dissolved oxygen and thus can be used as proxy for the same (Figure 13). 

5. Relevance of TROX (TRophic OXygen) model in the southeastern Arabian Sea 

Although, we did not study the vertical distribution of benthic foraminifera, the findings have a bearing 

on the relevance of the TROX model. The low abundance as well as diversity of benthic foraminifera 

under oligotrophic conditions in the southeastern Arabian Sea, were consistent with the TROX model. 

In the mesotrophic condition, the relationship between foraminiferal abundance, dissolved oxygen and 

organic matter was nonlinear. We did not find any evident increase in benthic foraminifera population 

in the mesotrophic condition on the upper slope where the dissolved was the lowest (≤0.5 mL/L), as 

suggested by the TROX model. The abundance, however, increased relatively in the lower part of the 

mesotrophic settings. At the lower mesotrophic to eutrophic conditions, a comparatively higher %Corg 

and sufficient dissolved oxygen results in higher benthic foraminiferal abundance. This finding 

contradicts the TROX model that the benthic foraminifera in the eutrophic condition is limited by 

dissolved oxygen, as in southeastern Arabian Sea, population is limited by %Corg. The vertical 

penetration of infaunal benthic foraminifera was greatly reduced and average living depth in the Gulf 



of Mannar was only ~0.5 cm (Singh et al., 2018). This indicates that, in the eutrophic condition, 

although the vertical penetration of infaunal benthic foraminifera is controlled by dissolved oxygen 

but their abundance (in top 2 cm) is mainly controlled by organic matter availability. In the 

hypereutrophic condition with very high %Corg (~2-5%) as well as dissolved oxygen (> 2mL/L), we 

found a comparatively low foraminiferal abundance. The low foraminiferal abundance, despite of the 

plenty of food and dissolved oxygen, suggests that except organic matter and dissolved oxygen, other 

parameters such as redox front and availability of labile organic matter also influence benthic 

foraminifera population (Van der Zwaan et al., 1999). Some previous works reconfirmed the TROX 

model and their findings indicated that abundance of infaunal benthic foraminifera was limited by 

dissolved oxygen in the eutrophic conditions (Heinz et al., 2001, 2002; Fontanier et al., 2002; 

Bubenshchikova et al., 2008; Bouchet et al., 2009; Mallon et al., 2012). Although, our findings suggest 

that organic matter is a limiting factor that was also tested by experimental results suggesting that over 

a longer period of time, organic matter is a more important factor than dissolved oxygen (Ernst et al., 

2002). 

Conclusions 

We did a multivariate analysis on living benthic foraminifera and ambient environmental parameters 

in the southeastern Arabian Sea, to find out proxy for paleoproductivity and ODZ. We report that the 

severely oxygen deficient waters decrease foraminiferal diversity and up to some extent abundance 

also as only a few species are well adapted to live in the intense ODZ condition. However, excess 

organic matter or food supply with just sufficient amount of dissolved oxygen sustains increased 

species diversity and richness. We delineated an assemblage consisting Epistominella umbonifera, 

Uvigerina auberiana, Reophax longicollis and Osangularia bengalensis as an appropriate indicator of 

organic matter. Additionally, Cancris penangensis, Bolivina obscuranta, Bulimina arabiensis and 

Bulimina pseudoaffinis is suggested as an assemblage to delineate ODZ. It is suggested that similar 

analysis should be done from different parts of the world ocean to explore the global indicators for 

paleoproductivity. 
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Figure 1: The sample locations in the southeastern Arabian Sea. The numbered contours are 

bathymetry. The shaded zone represents the relict carbonate platform. The blue dots mark 

the multi-core samples. 

Figure 2: Seasonal (JJAS) average bottom water salinity (psu) (a), temperature (°C) (b), dissolved 

oxygen (mL/L) (c) and surface chlorophyll (mg/m3) (d) in the southeastern Arabian Sea. 

The bottom water parameters were downloaded from the World Ocean Circulation 

Experiment (WOCE) Global Hydrographic Climatology (Gouretski and Koltermann, 2004) 

by using Ocean Data View (ODV) software (Schlitzer, 2017). 

Figure 3: The organic carbon (%Corg) variation in the surface sediments of the southeastern Arabian 

Sea. The numbered contour lines mark the bathymetry. 

Figure 4: The %Corg/TN variation in the surface sediments of the southeastern Arabian Sea. The 

numbered contour lines mark the bathymetry. 

Figure 5: The absolute abundance of living (rose-Bengal stained) benthic foraminifera (specimen/g 

sediment) in the surface (0-2 cm) sediments of the southeastern Arabian Sea. The numbered 

contour lines mark the bathymetry. 

Figure 6: Canonical Correspondence Analysis plot between species abundance and environmental 

parameters. For abbreviations see Supplementary Table 1. 

Figure 7: The relative abundance of the species plotted with organic carbon in the sediment at different 

depths. a) species showing significant positive, and b) negative correlation with organic 

carbon at different depths. 

Figure 8: The relative abundance of the species at different depths plotted with the dissolved oxygen. 

a) species with a significant positive and b) negative correlation with dissolved oxygen. 

Figure 9: The depth gradient of i) bottom water dissolved oxygen (mL/L), ii) organic carbon, iii) 

absolute abundance of living benthic foraminifera; iv) Biodiversity indices [Margalef index 

(d) for richness, v) Pielou index (J) for evenness and vi) Shannon index (H) for diversity] of 

the living benthic foraminifera in the core-top (0-2 cm) sediments. The light blue bar 

represents core ODZ (≤0.5 mL/L) and the light green bar shows the high organic carbon 

zone. 

Figure 10: The relative abundance of the a) species with a significant positive, and b) negative 

correlation with the water depth. 

Figure 11: The relative abundance of the species at different depths plotted with the salinity at the 

sediment water interface. a) species with significant positive and b) significant negative 

correlation are plotted separately. 

Figure 12: The relative abundance of the species with a significant positive (gray)/negative 

(purple) correlation with a) bottom water temperature b) %Corg/TN. 

Figure 13: Scanning Electron Microscopic images of benthic foraminifera; 1a-c Epistominella 

umbonifera; 2 Uvigerina auberiana; 3 Reophax longicollis; 4a-c Osangularia bengalensis; 

5a, b Cancris penangensis; 6a-c Bolivina obscuranta; 7 Bulimina arabiensis; 8 Bulimina 

pseudoaffinis. Scale = 100 µm. 
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environmental parameters. The significant correlations (at p <0.05) are marked (in red).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1  

Sample Longitud

e (°E) 

Latitud

e (°N) 

Depth 

(m) 

Sample Longitud

e (°E) 

Latitud

e (°N) 

Depth 

(m) 

MC-01 78.7249 8.1081 1550 MC-25 76.9163 8.3365   46 

MC-02 78.7365 8.4279 1250 MC-26 76.6045 8.1228 503 

MC-03 78.7295 8.6324 1002 MC-27 76.5647 8.0708 764 

MC-04 78.7295 8.7439 745 MC-28 76.5091 8.019 970 

MC-05 78.7499 8.815 510 MC-29 76.3936 7.9379 1210 

MC-06 78.7429 8.8648 215 MC-30 76.2243 7.8288 1506 

MC-07 78.7529 8.8929 152 MC-31 76.0441 7.6616 1454 

MC-08 78.7533 8.9201 58 MC-32 75.821 7.5150 1704 

MC-09 77.9493 8.0778 26 MC-53 75.0281 5.9906 2750 

MC-10 77.9551 7.7329 50 MC-54 76.0121 5.9872 2065 

MC-11 77.9495 7.5837 110 MC-55 77.0096 5.9974 2238 

MC-12 77.9501 7.5372 225 MC-56 77.8429 5.9847 2460 

MC-13 77.9512 7.3795 1100 MC-57 78.9799 5.9864 2980 

MC-14 77.9514 7.3100 1530 MC-58 79.0225 7.2171 2750 

MC-15 77.9458 7.2254 1540 MC-59 79.0058 7.8447 2080 

MC-16 76.9748 6.6911 2080 MC-60 79.0983 8.0191 1887 

MC-17 77.1242 6.9810 1802 G-01 77.3521 7.8649 50 

MC-18 77.1229 7.0533 1327 G-02 77.3513 8.0343 25 

MC-19 77.1316 7.0780 1045 G-03 76.7964 8.2460 60 

MC-20 77.1333 7.1037 717 G-04 76.7007 8.1736 101 

MC-21 77.1256 7.1157 537 G-05 76.636 8.1390 260 

MC-23 77.2149 7.4062 107         



Species Abbr. Temp 

(°C) 

Salinit

y (psu) 

DO 

(mL/L

) 

%Corg %Corg/T

N 

Depth 

(m) 

Buccella differens  

A 

-

0.126

8 

-

0.0945 0.0207 0.1811 -0.0968 0.0655 

p=.48

9 p=.607 p=.911 p=.321 p=.598 p=.722 

Fusenkoina 

rotundata 

B 

-0.171 

-

0.2696 0.3026 0.1128 -0.1375 0.344 

p=.34

9 p=.136 p=.092 p=.539 p=.453 p=.054 

Rotalidium 

annectens  

C 

0.510

8 0.4195 0.178 -0.1739 0.1138 

-

0.2903 

p=.00

3 p=.017 p=.330 p=.341 p=.535 p=.107 

Bulimina 

marginospinata  

D 

-

0.090

7 

-

0.0459 

-

0.0164 0.1604 0.0727 0.0625 

p=.62

1 p=.803 p=.929 p=.380 p=.692 p=.734 

Ammoglobigerina 

globigeriniformis  

E 

-

0.152

1 -0.163 0.1164 0.1101 -0.3179 0.1878 

p=.40

6 p=.373 p=.526 p=.549 p=.076 p=.303 

Epistominella 

umbonifera  

F 

-

0.008

2 0.1506 

-

0.3064 0.4988 -0.0135 

-

0.1703 

p=.96

4 p=.411 p=.088 p=.004 p=.942 p=.352 

Cancris auriculus  

G 

0.081

5 0.1919 -0.249 -0.0271 0.4843 -0.179 

p=.65

8 p=.293 p=.169 p=.883 p=.005 p=.327 

Cassidulina 

bradyi  

H 

-

0.113

9 

-

0.1327 0.0061 0.0175 0.2166 0.157 

p=.53

5 p=.469 p=.973 p=.924 p=.234 p=.391 

Astacolus 

insolitus  

I 

0.569

2 0.4199 0.2561 -0.2867 0.1927 

-

0.2869 

p=.00

1 p=.017 p=.157 p=.112 p=.291 p=.111 

Trochammina 

boltovskoyi  

J 

-

0.089

3 

-

0.0832 0.0294 0.0704 -0.0398 0.049 



p=.62

7 p=.651 p=.873 p=.702 p=.829 p=.790 

Gyroidina tenera  

K 

-

0.119

3 

-

0.0832 

-

0.0164 0.0291 0.2223 0.1557 

p=.51

6 p=.651 p=.929 p=.874 p=.221 p=.395 

Gyroidinoides 

soldanii  

L 

0.001

6 

-

0.1352 0.324 -0.3117 0.2717 0.1724 

p=.99

3 p=.461 p=.070 p=.082 p=.132 p=.345 

Uvigerina aff. 

asperula  

M 

-

0.157

8 

-

0.0807 

-

0.0147 0.307 0.0563 0.0559 

p=.38

8 p=.661 p=.937 p=.087 p=.760 p=.761 

Gyroidina 

pilasensis  

N 

-

0.244

4 

-

0.2653 0.2067 0.1489 -0.3498 0.2884 

p=.17

8 p=.142 p=.256 p=.416 p=.050 p=.109 

Bolivina striatula  

O 

-0.184 -0.299 0.2555 -0.3614 0.4028 0.2568 

p=.31

3 p=.096 p=.158 p=.042 p=.022 p=.156 

Gyroidina 

pilasensis  

P 

-0.189 

-

0.2235 0.1696 0.1025 -0.1221 0.1692 

p=.30

0 p=.219 p=.353 p=.577 p=.505 p=.354 

Cancris 

penangensis  

Q 

0.101

9 0.2572 

-

0.3916 0.0735 -0.0417 

-

0.2748 

p=.57

9 p=.155 p=.027 p=.689 p=.821 p=.128 

Adercotryma 

glomeratum 

R 

-

0.251

8 -0.379 0.3316 -0.0688 -0.0717 0.4476 

p=.16

4 p=.032 p=.064 p=.708 p=.696 p=.010 

Haplophragmoide

s canariensis  

S 

-

0.205

6 

-

0.2122 0.1126 0.2158 0.1513 0.1649 

p=.25

9 p=.244 p=.539 p=.236 p=.408 p=.367 

Bolivina 

compacta  

T 

0.702 0.4437 0.3136 -0.3131 -0.1764 

-

0.3699 

p=.00

0 p=.011 p=.080 p=.081 p=.334 p=.037 

Bulimina 

psuedoaffinis  U 

0.040

3 0.3421 

-

0.5588 0.3712 -0.0048 

-

0.3446 



p=.82

7 p=.055 p=.001 p=.036 p=.979 p=.053 

Gyroidina cf. 

guadalupensis  

V 

-

0.132

9 

-

0.2162 0.1585 -0.1321 0.2626 0.1826 

p=.46

8 p=.235 p=.386 p=.471 p=.147 p=.317 

Hoeglundina 

heterolucida  

W 

-

0.135

1 -0.1 0.0237 -0.0534 0.128 0.0839 

p=.46

1 p=.586 p=.897 p=.772 p=.485 p=.648 

Cibicidoides 

wuellerstorfi  

X 

-

0.305

1 

-

0.4621 0.4447 -0.1155 -0.3373 0.4815 

p=.08

9 p=.008 p=.011 p=.529 p=.059 p=.005 

Uvigerina 

auberiana  

Y 

-

0.115

4 0.0615 

-

0.2315 0.4815 -0.0912 

-

0.0744 

p=.53

0 p=.738 p=.202 p=.005 p=.620 p=.686 

Eubuliminella 

exilis 

Z 

0.343

3 0.2778 

-

0.3215 -0.1677 -0.0291 

-

0.3735 

p=.05

4 p=.124 p=.073 p=.359 p=.875 p=.035 

Protoglobobulimi

na pupoides  

AA 

0.091

4 0.253 

-

0.2942 0.2063 -0.1579 

-

0.2355 

p=.61

9 p=.162 p=.102 p=.257 p=.388 p=.194 

Hyalinea balthica  

AB 

-

0.127

2 

-

0.2071 0.1715 -0.1828 -0.0956 0.3154 

p=.48

8 p=.255 p=.348 p=.317 p=.603 p=.079 

Bulimina 

alazanensis  

AC 

-

0.179

3 

-

0.1657 0.0673 -0.0423 0.2478 0.1251 

p=.32

6 p=.365 p=.714 p=.818 p=.172 p=.495 

Gyroidina io  

AD 

-

0.187

4 

-

0.2075 0.1005 -0.1395 0.1497 0.1827 

p=.30

4 p=.254 p=.584 p=.446 p=.413 p=.317 

Cassidulina 

angulosa  

AE 

-

0.100

4 

-

0.0531 

-

0.0632 -0.0933 0.4759 0.0277 



p=.58

5 p=.773 p=.731 p=.612 p=.006 p=.880 

Cassidelina 

spinescens  

AF 

0.493

4 0.2028 0.3449 -0.3517 -0.1639 

-

0.1973 

p=.00

4 p=.266 p=.053 p=.048 p=.370 p=.279 

Bolivina 

spathulata  AG 

-- -- -- -- -- -- 

p= --- p= --- p= --- p= --- p= --- p= --- 

Lagenammina 

longicolli  

AH 

-

0.303

4 

-

0.2843 0.1535 0.3645 -0.0175 0.2569 

p=.09

1 p=.115 p=.401 p=.040 p=.924 p=.156 

Epistominella 

pulchella  

AI 

-

0.082

4 

-

0.0238 

-

0.0415 -0.1777 0.0125 0.0127 

p=.65

4 p=.897 p=.822 p=.330 p=.946 p=.945 

Pullenia 

salisburyi  

AJ 

-0.215 -0.15 

-

0.0078 0.1605 -0.0386 0.0957 

p=.23

7 p=.412 p=.966 p=.380 p=.834 p=.602 

Osangularia 

bengalensis  

AK 

-

0.174

1 

-

0.0893 

-

0.1145 0.3569 0.1309 0.0188 

p=.34

1 p=.627 p=.533 p=.045 p=.475 p=.919 

Eggerelloides 

scaber  

AL 

-

0.230

6 

-

0.3543 0.2994 -0.1364 0.0645 0.376 

p=.20

4 p=.047 p=.096 p=.457 p=.726 p=.034 

Melonis cf. 

chathamensis  

AM 

-

0.085

4 

-

0.0338 

-

0.0452 -0.2211 0.0309 0.0076 

p=.64

2 p=.854 p=.806 p=.224 p=.867 p=.967 

Haplophragmoide

s subglobosum  

AN 

-

0.324

8 

-

0.3328 0.1919 0.1872 -0.1735 0.3584 

p=.07

0 p=.063 p=.293 p=.305 p=.342 p=.044 

Cassidulina 

carinata  

AO 

-

0.073

9 0.0822 

-

0.1912 0.2489 0.0391 

-

0.0634 

p=.68

8 p=.655 p=.294 p=.169 p=.832 p=.730 



Uvigerina 

aculeata 

AP 

-0.226 

-

0.1241 

-

0.0358 0.3203 0.0481 0.0741 

p=.21

4 p=.499 p=.846 p=.074 p=.794 p=.687 

Rotaliatinopsis 

semiinvoluta  

AQ 

0.004

7 0.1882 

-

0.3451 0.1191 -0.1762 

-

0.2119 

p=.98

0 p=.302 p=.053 p=.516 p=.335 p=.244 

Neouvigerina 

porrecta  

AR 

0.086

9 0.1949 -0.229 -0.033 -0.1595 

-

0.1851 

p=.63

6 p=.285 p=.207 p=.858 p=.383 p=.310 

Hanzawaia 

concentrica  

AS 

0.826

6 0.5307 0.3523 -0.4502 -0.0476 

-

0.4276 

p=.00

0 p=.002 p=.048 p=.010 p=.796 p=.015 

Haplophragmoide

s symmetricus  

AT 

-

0.369

9 

-

0.4517 0.3071 0.0861 -0.1464 0.4335 

p=.03

7 p=.009 p=.087 p=.639 p=.424 p=.013 

Pullenia bulloides  

AU 

-

0.220

9 

-

0.2059 0.1 -0.0133 -0.0109 0.2252 

p=.22

4 p=.258 p=.586 p=.942 p=.953 p=.215 

Bulimina 

arabiensis  

AV 

0.007

1 0.2168 

-

0.3798 0.3485 -0.2515 

-

0.2319 

p=.96

9 p=.233 p=.032 p=.051 p=.165 p=.202 

Hopkinsinella 

glabra  

AW 

0.330

8 0.5577 

-

0.7188 0.1098 0.1408 

-

0.5946 

p=.06

4 p=.001 p=.000 p=.550 p=.442 p=.000 

Bolivina 

obscuranta  

AX 

0.108

4 0.2282 

-

0.3539 0.201 -0.2319 

-

0.2693 

p=.55

5 p=.209 p=.047 p=.270 p=.202 p=.136 

Cancris sagra  

AY 

0.787

9 0.4783 0.359 -0.4402 -0.0787 

-

0.3946 

p=.00

0 p=.006 p=.044 p=.012 p=.668 p=.025 

Bolivina robusta  

AZ 

0.003

6 0.0684 

-

0.1275 0.2144 0.0127 

-

0.0738 

p=.98

5 p=.710 p=.487 p=.239 p=.945 p=.688 



 

Supplementary Table 1 

  

Rotorbinella 

bikinensis 

BA 

-

0.289

5 

-

0.2965 0.1214 0.1407 0.3249 0.2171 

p=.10

8 p=.099 p=.508 p=.442 p=.070 p=.233 

Bolivina currai  

BB 

0.231

1 0.4725 

-

0.6208 0.4248 0.1063 

-

0.4839 

p=.20

3 p=.006 p=.000 p=.015 p=.563 p=.005 

Psuedoeponides 

equatoriana  

BC 

-

0.272

1 

-

0.3852 0.3219 -0.0604 -0.1774 0.4729 

p=.13

2 p=.029 p=.072 p=.743 p=.331 p=.006 

Cassidulina 

laevigata  

BD 

-

0.052

7 0.0747 

-

0.2527 0.2542 0.2299 

-

0.1047 

p=.77

4 p=.685 p=.163 p=.160 p=.206 p=.569 

Globocassidulina 

subglobosa  

BE 

-

0.148

7 -0.413 0.5312 -0.3609 -0.1014 0.4208 

p=.41

7 p=.019 p=.002 p=.042 p=.581 p=.016 

Bulimina 

aculeata  

BF 

-

0.279

4 -0.173 0.0097 0.3116 0.1378 0.156 

p=.12

1 p=.344 p=.958 p=.083 p=.452 p=.394 

Fursenkoina 

spinosa 

BG 

0.100

9 0.352 

-

0.5521 0.5867 -0.1172 

-

0.3662 

p=.58

3 p=.048 p=.001 p=.000 p=.523 p=.039 

Epistominella 

exigua  

BH 

-

0.273

6 

-

0.2607 0.0919 -0.2812 -0.0252 0.1963 

p=.13

0 p=.150 p=.617 p=.119 p=.891 p=.282 

Bolivina 

seminuda  

BI 

0.326

3 0.3154 

-

0.2499 -0.163 -0.0543 

-

0.3573 

p=.06

8 p=.079 p=.168 p=.373 p=.768 p=.045 
 



 

Figure 1 

 



 

Figure 2 

  



 

 

Figure 3 

 

Figure 4 



 

Figure 5 

 

 

Figure 6 



 

 

Figure 7 



 

Figure 8 

 

 

Figure 9 



 

Figure 10 

 

Figure 11 



 

Figure 12 



 

Figure 13 


