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Abstract 

Understanding the changes in the ecological functioning of foraminifera during the 

Palaeocene-Eocene Thermal Maximum using Biological Trait Analysis  

Biological Trait Analysis (BTA) has been used to examine the changes in foraminiferal taxa and 
traits composition during the Palaeocene -Eocene Thermal Maximum (PETM), 56 million years 
ago. BTA is a multivariate ordination method used in describing the biological 
characteristics/behaviour of species and how they are related to the functioning of their ecosystem. 
It uses a series of life history, morphological and behavioural characteristics of species present in 
assemblages to indicate their role in ecological functioning (defined as the maintenance and 
regulation of ecosystem processes).  

This study investigated benthic and planktonic foraminifera taxa and trait composition from the 
Pacific Ocean (ODP Sites 1209, 1212B, 1215A), Atlantic Ocean (ODP Site1265A) and Alamedilla 
section in Southern, Spain. 

Thirteen (13) foraminiferal traits and over 60 trait categories were perceived to be crucial for the 
foraminiferal ecological functioning in the marine environment. However, BTA recognised test 
composition, chamber arrangement/ shape, ornamentation, primary aperture position, perforations 
and living/feeding habit as the most important foraminiferal trait in the benthic ecosystem. Also, 
bi/tri-serial, planispiral and trochospiral test; spherical/oval and triangular/trapezoid chamber 
shapes; depressed/ raised sutures or taxa with no ornament were highlighted as the most resilient 
traits during the period of ecological disturbance.   

The results from this study demonstrated for the first time that BTA could detect 
changes/disturbance in microfossil (foraminifera) ecology. The technique produced a more 
integrated and quantitative picture of palaeoecological changes across a wide range of locations 
when compared to the conventional faunal assemblage approach.  

The mapping of foraminiferal traits to ecological functions indicated that test composition is related 
to carbon sequestration and ocean acidification. Test shape and chamber arrangement are linked to 
productivity, ecological disturbance and oxygen concentration. Ornamentation is also related to 
ecological disturbance and ocean acidification. Perforation, aperture position and accessories in 
foraminifera are associated with nutrient/food utilisation, productivity and oxygen concentration. 
In addition, the living habit can provide a clue to ocean acidification, productivity, oxygen 
concentration, competition, nutrient/food utilisation in the marine ecosystem. 

Our data showed that foraminiferal taxonomic composition experienced extreme biotic turnover 
that resulted in extensive mortalities and extinction of both planktonic and benthic fauna during the 
PETM. The faunal assemblage is predominantly made of cosmopolitan taxa indicating ecological 
disturbance during the PETM. The taxa composition and non-metric multi-dimensional scaling 
(nmMDS) suggested that the foraminiferal communities in the Atlantic Ocean experienced 
ecological perturbation before and during the CIE but stabilised during the recovery period. 
Evidence of disturbance in bottom waters before the CIE supports the theory that the source of the 
light carbon that caused the PETM may have originated in the Atlantic Ocean causing benthic 
ecological disturbance and progressively reaching the surface of the ocean. In the Pacific and 
Tethys Oceans, ecological disturbance was only recorded at the CIE interval.  

The scanning electron microscope (SEM) image of some recovered foraminifera revealed evidence 
of dissolution/etching, extreme recrystallization/neomorphism and secondary calcite cementation 
on the test. The amount of coccoliths incorporated in the test of some deep infauna species requires 
further investigation to understand if some foraminiferal taxa construct their test in the dual process 
of secreting hyaline calcite and incorporation of coccolith plates by agglutinated processes in the 
later stage of their life history. 
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CHAPTER ONE 

General Introduction 

1.1 Introduction 

It is a generally accepted knowledge among contemporary and deep time ecologists that marine 

ecosystems are currently deteriorating due to recent climate change (Aze et al., 2014a; Foster 

et al., 2018; IPCC 2018). The change in climate is caused by natural and anthropogenically 

driven activities such as emission of CO2, variation in orbital cyclicity/ solar radiation, tectonic 

events, El Niño-Southern Oscillation (ENSO), over-exploitation of resources, change in land 

use and environmental pollution (IPCC, 2013). The impact of the changing climate on marine 

ecosystems has raised concerns about the future of global biodiversity (Laffoley and Baxter, 

2016). The rate at which species are disappearing in the biosphere has made the scientific 

community propose that if mitigating circumstances are not put in place, the Earth will be 

approaching the sixth mass extinction before the end of the century (Barnosky et al., 2011). 

The loss of biodiversity in the oceans will not only have a severe impact on the marine food 

chain that directly affects global food supply, economic and social wellbeing of humans, but 

will also enhance positive feedback on a climate system that is already perturbed (Ceballos and 

Ehrlich, 2018). The understanding of the impact of extreme climate on  marine biodiversity 

resulting from increased greenhouse gas input into the oceans is critical to the understanding 

of how the Earth systems will function in the near future (IPCC, 2018, Caswell et al., 2017; 

Zebee and Zachos 2013; Frid et al., 2015). The primary driver of current climate change is the 

emission of carbon dioxide (CO2). The estimated CO2 concentration of the ocean-atmosphere 

for the next 100 – 500 years, based on the assessments of fossil fuel reserves and other resources 

is 5000 petagrams of carbon (Rogner, 1997; Zeebe et al., 2016; Foster et al., 2018). 

To understand the impact this enormous volume of greenhouse gas will have on the marine 

ecosystems in the future, marine ecologists are inspired to look back in the geologic archive to 

investigate periods that recorded an equivalent amount of greenhouse gas in the past. This is 

because it takes several millennia for the ocean to revert to stability after perturbation due to 

its volume and heat capacity (IPCC, 2013). Also because, the available evidence indicates that 

CO2 concentration did not exceed 1000 ppm in the last 35 million years of Earth history (Bijl, 

2011), and in most of this period CO2 concentrations were less than 500 ppm (Beerling and 

Royer, 2011) which is far below the forecasted figure of 2000 ppm (Bijl, 2011; Zeebe and 

Zachos, 2013) for the near future. This means that contemporary data cannot be used in 



2 | P a g e  

 

isolation to successfully predict the impact of the current climate on the global ecosystem. The 

earliest climate event in the geologic record associated with the magnitude of CO2 

concentration speculated for the future is the Palaeocene – Eocene Thermal Maximum (PETM) 

which occurred 56 million years ago (Kennett and Stott, 1991; Kelly et al., 1996; Zachos et al. 

2005, 2008; Zeebe et al., 2016). Understanding the biotic turn over during this event will 

provide useful clues to the current climate impact on global biodiversity. 

Most of the deep time studies used in understanding the impact of extreme climate on biotic 

turnover have been based on faunal assemblage, marker species and geochemical data (e.g. 

Thomas, 1998; 2003; 2007; Alegret et al., 2009; D'haenens et al., 2012; Aze et al., 2014b); 

Giusberti et al., 2016 and Luciani et al., 2017). However, faunal assemblage data are prone to 

error due to poor preservation that may result from the taphonomic processes (Twitchett, 2006). 

To minimise the impact of poor preservation on the fossil record in understanding biotic 

changes in palaeorecords, this study has adopted a technique known as Biological Trait 

Analysis (BTA) to investigate the effect of the extreme climatic conditions on the biological 

traits of microfossils in the ocean. The technique is widely applied in contemporary ecology to 

understand the impact of anthropogenic practices on fluvial and marine ecosystems 

(McClanahan et al., 1999; Lotze et al., 2000; Törnroos et al., 2015) and has assisted 

palaeoecologists in the interpretation of large-scale changes in biodiversity (i.e the total number 

of organism living in an ecosystem as well as their genetic, and trait composition) by linking 

the trait (well defined and measurable attribute of an organism) composition of the species to 

their abundance and distribution (Bremner et al., 2006; Tyler et al., 2012; Caswell and Frid 

2017). Generally, biological attributes rather than the taxonomic composition of species control 

an organism's interaction within their ecological community (Tyler et al., 2012).   

A large body of research comprising sophisticated computer models and proxy records have 

been conducted and are still ongoing to understand the impact of the current climate change on 

marine ecosystems (e.g. Thomas et al., 2007; Zeebe et al., 2016; Foster et al., 2018; ). The 

fundamental challenge with contemporary data is that they are restricted regarding how far they 

can go in time because the available climate data only started in the past few centuries. More 

so, volume, topography and accessibility, limit the amount of data collected from the ocean. 

To get a better understanding of past changes in the climate, palaeo-records preserved in 

sedimentary deposits are very useful archive (Williams et al., 2007). Both the contemporary 

data and palaeo-records play a complementary role because “the present is the key to the past”. 
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The palaeo-record also has its weakness ranging from selective/non-preservation of species 

that existed when the sediment under investigation was deposited, the limited understanding of 

the past ecologies and changes in life strategies and ecology over the geological time. 

Nevertheless, the palaeo-record is quite useful in the understanding of events that take many 

years to occur because the impact of the event will be recorded on the organism that existed 

throughout the period and will be preserved in the sediment while contemporary data can only 

show the impact on the environment at the time it was collected. 

1.2 Palaeocene – Eocene Thermal Maximum (PETM) 

The PETM was characterised by a sudden and extreme global warming event, linked to the 

massive injections of 13C-depleted carbon into the global ocean-atmosphere carbon reservoir 

(Zeebe and Zachos, 2013). The average rise in temperature during the PETM was estimated to 

be 6°C (Dunkley-Jones et al., 2013). The reconstruction of mid to high latitude temperatures 

indicate that they attained 24°C–29°C (Frieling et al., 2017) while tropical temperature 

exceeded 30°C (Aze et al., 2014b) in the continental margins of East Africa. In addition, the 

event resulted in severe environmental impacts, including ocean acidification and the global 

expansion of oxygen minimum zones (Penman et al., 2014 ), photic zone euxinia (Sluijs et al. 

2007), sea-level rise (Deprez et al., 2017), a prominent shoaling of the global ocean carbonate 

compensation depth (CCD; Thomas, 2007), and an accelerated hydrological cycle (Frieling et 

al., 2017). In this discussion, we will only consider changes in temperature, hydrology and 

ocean acidification as reflected on the data collected for this thesis.  

1.2.1 Causes and duration of the PETM 

One of the most popular causes of the PETM among the palaeoclimate research community is 

that of the massive injection of δ13C depleted carbon from methane clathrates into the global 

exogenic carbon reservoir (Zachos et al., 2005). Other sources of light carbon that is believed 

to have caused the hyperthermal include; decaying terrigenous organic matter, lithospheric gas 

explosions (William et al., 2007), thermogenic methane, deep sea permafrost gas release 

(Panchuk et al., 2008), carbon dioxide released by volcanism during the opening of the North 

Atlantic in the late Palaeocene (Winguth, 2011) and tectonically induced uplift/ desiccation of 

epicontinental seas (Cramer et al., 2005; Higgins et al., 2006; Frieling et al., 2016). Of all the 

above-listed causes no single hypothesis has been able to account for the entire amount of 

carbon associated with the magnitude of the negative CIE recorded during the PETM. Hence, 

the event may have been caused by a combination of two or more of the listed hypothesis, and 
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in some location, the cause may have been localised resulting to different authors coming up 

with a different hypothesis depending on the region they are working at.   

During the PETM, about 3,000 Pg to 10,000 Pg of isotopically light carbon were released into 

the ocean-atmosphere system (Gutjahr et al., 2017), which triggered profound changes in the 

carbon cycle, global climate, and ocean chemistry (see Babila et al., 2018). The rate of the 

carbon release during the PETM was believed to be rapid (in geological terms) and the 

greenhouse gas release lasted for about ~20,000 years (excluding the feedbacks; Sluijs et al., 

2007). In turn, this affected both marine and terrestrial ecosystems (Stassen et al., 2015; 

Schmidt et al., 2018). 

The negative carbon isotopic excursion (CIE; Figure 1.1) is thought to reflect the injection and 

subsequent sequestration of huge amounts of 13C-depleted carbon into the ocean-atmosphere 

system (Dickens et al., 1995). The onset of the CIE has been defined as starting from the last 

sample before the first shift in the CIE until the sample with the lowest CIE value (Figure 1.1).  
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Figure 1.1: The detailed PETM architecture showing the four main CIE interval and plotted with a 

combination of δ13C and δ18O values from planktonic and benthic foraminifera as well as bulk 

carbonates from ODP site 690 on Maud Rise in the Weddell Sea. Each colour reflects the isotope values 

from a particular foraminifera specimen, and the legend is given at the bottom left of the figure. PDB 

= PeeDee Belemnite standard. BFE = Benthic Foraminiferal Extinction horizon. The general shape of 

the CIE has been interpreted to reflect a pulsed and geologically rapid input of 13C-depleted carbon 

into the Earth system (CIE body) followed by the gradual sequestration of excess carbon through 

negative climate feedbacks, taken from Sluijs et al. (2007) 

The onset of the CIE is marked by an abrupt, negative shift in δ13C, lasting for about 10,000 

years (Sluijs et al., 2007). This is followed by a phase of relatively stable low values, which 

has been termed the body/core of the CIE and subsequent recovery to higher δ 13C values that 
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follows a parabolic trend (Figure 1.1; Sluijs et al., 2007). The absolute age of the PETM has 

been estimated from radiometric dating of volcanic ash layers as well as orbital tuning of deep 

marine cores to range from 55.8 to 56.2 Myr (Rohl et al., 2007; McInerney and Wing, 2011). 

Palaeomagnetic age models for the PETM/CIE indicated that the whole event lasted between 

100 Kya to 250 Kya (Bains et al., 1999; Thomas et al., 2002; Kelly et al., 2005; Sluijs et al., 

2007; Turner, 2018). The duration of the main CIE interval was established from continental 

PETM sections which were not affected by carbonate dissolution and ranged from 10 Kya–23 

Kya (McInerney and Wing, 2011). The time it took for the carbon isotopes to return to the pre-

CIE values (the Recovery period, Figure 1.1) was estimated using the astronomically tuned age 

model from well-preserved PETM sections at Maud Rise- ODP site 690 and Walvis Ridge 

(Site 1266) and is suggested to have lasted for 112 Kya (Rohl, et al., 2007).  

The principal evidence for the PETM in the geological record is a massive and rapid negative 

carbon isotopic excursion (CIE), shoaling of lysocline/calcium carbonate compensation depth 

(CCD), benthic foraminiferal extinctions in the deep ocean (Dunkley-Jones et al., 2013) as well 

as speciation and migrations of pelagic fauna from low – high latitude oceans (Speijer et al., 

2012). Evidence from palaeotemperature proxies and climate model simulations indicate that 

global temperatures rose between 5–8 °C on the continents (Thomas et al., 2003; Sluijs et al. 

2007) and 3–5 °C in the deep sea (Gehler, 2016). The temperature differential between the 

equatorial regions and the poles decreased, and this led to the migration of organisms that 

originally thrived in the warm tropics into the Polar Regions (Pross et al. 2012). Evidence of 

temperate species such as palms and the dinoflagellate (e.g. Apectodinium) have been reported 

in the fossil record of Greenland (Bijl et al., 2013).  

The most widely accepted cause of PETM is the methane hydrate /greenhouse gas release 

theory which suggests that PETM was caused by the dissociation of about 3000-10,000 Pg of 

isotopically light carbon from methane clathrate reservoirs in the continental margin 

(McInerney and Wing, 2011). The release of this quantity of greenhouse gas into the marine 

environment will result in widespread anoxia, dissolution of calcium carbonate and ocean 

acidification. Other hypotheses which have been published include: impact from huge comet 

(Kent et al., 2003), orbital forcing/eccentricity cycles (Lauren 2005; Sluijs et al., 2007), 

biomass combustion (Manner et al., 2013), volcanic/igneous activities resulting from the 

opening of the North Atlantic Ocean or possibly associated with mantle plume outgassing 

(Gutjahr et al. 2017; Thomas, 2007) and drying of the epicontinental seas (Higgins and Schrag 

2006). 
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The recovery of the PETM came about from increases in carbonate burial and consumption of 

CO2 due to enhanced silicate weathering (Winguth, 2010). The surge in terrestrial inputs also 

increased the nutrient supply to the oceans, by promoting the production of biogenic CaCO3 by 

marine calcareous plankton and their subsequent burial in seafloor sediments that would have 

sequestered the excess carbon (Shaffer et al., 2016). Fluctuations in the carbonate 

compensation depth (CCD) during the CIE and PETM recovery reflect the self-stabilising 

system of the Earth’s climate, which has ensured the continual maintenance of a habitable Earth 

throughout recent history. The recovery of PETM seems to have been a gradual process and 

was estimated to have lasted for 83 Ka (Murphy et al., 2010). The event had an enduring effect 

on the benthic foraminifera ecosystem that never fully recovered to the pre-PETM conditions 

as most of the Mesozoic fauna that survived the K-Pg extinction were wiped away (Speijer et 

al., 2012). This suggests that the current climate changes may also totally change the ecosystem 

in the future.  

Climate scientists (e.g. Zeebe and Zachos, 2013) have speculated that the current anthropogenic 

and natural greenhouse gas emission into the Earth system would add more than 2000 ppm of 

carbon into the Ocean-atmospheric system if not checked. A scenario that could increase the 

atmospheric pressure (pCO2) to more than what was experienced during the late Palaeocene – 

early Eocene climatic warming (IPCC, 2013). With the increase in CO2, the mean global 

temperature will commensurately increase by more than 8°C, and the pH of the surface ocean 

may decline to about 0.7 units (Zeebe and Zachos, 2013; Zeebe et al., 2016). The impact of 

excessive input of CO2 in the Earth system may be more devastating in the marine environment 

hence, more studies on the PETM (like ours) are needed to better understand climate sensitivity 

and the impact on the marine biota because the PETM offers an ample opportunity for 

understanding the future climate.  

1.3 Abiotic changes in the environment during the Palaeocene-Eocene Thermal 

Maximum 

1.3.1 Palaeotemperature changes  

There are many palaeotemperature proxies used in estimating the temperature changes during 

the PETM. These include the stable isotopes of oxygen  (Kennett and Stott, 1991; Zachos et 

al., 2007) and Mg/Ca ratio (Dunkley-Jones et al., 2013) of the planktonic near-surface dwelling 

and deep-dwelling benthic foraminifera, biomarkers derived from organic materials such as 

TEX86 (Sluijs et al. 2007 and Frieling et al., 2017), UK37 derived from the alkenones of 

haptophyte algae (Bijl, 2011), Methylation of Branched Tetraethers and the Cyclisation of 
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Branched Tetraethers (MBT-CBT) index from membrane lipids of soil bacteria (Peterse et al., 

2012; Tierney, 2010) as well as minerals with temperature-dependent formation (Dunkley-

Jones et al., 2013). 

The average global temperature values from Mg/Ca ratios from foraminifera suggest 6-10°C 

warming from low–mid-latitudes (Dunkley-Jones et al., 2013). Poor test preservation and vital 

effects rather than seawater salinity have been identified as the main causes of variation 

between the δ18O and Mg/Ca-derived temperatures (Zachos et al., 2003; Tripati and Elderfield 

2004; Birch et al., 2016). The biomarker TEX86 has been reported to give higher and more 

consistent palaeotemperature values, unlike calcite and other mineral-based proxies whose 

availability is environmentally controlled (Bijl, 2013). Calcite for instance forms in the ocean 

and can be influenced by dissolution and recrystallisation whereas organic matter based TEX86 

does not degrade and can be found in abundance in both marine and terrestrial environments 

(Frieling et al., 2017). This could explain why the temperature estimates based on TEX86 are 

higher across the PETM compared with the other proxies (Frieling et al., 2017). Nevertheless, 

Bijl (2013) has argued that TEX86 could be recording summer temperatures instead of mean 

annual values, but this could also apply to all proxies. Other materials that have been used for 

palaeotemperature reconstruction during the PETM include; soil nodules (McInerney and 

Wing 2011), the shapes of fossilised leaf margins (Fricke and Wing 2004), the tooth enamel of 

mammals (Wagner 2013) and δ18O composition fish scales (Bowen et al., 2001).  

Climate model simulations of the amount of warming based on the magnitude of the CIE 

usually produce a maximum increase of 5°C in sea-surface temperature (SST) and much cooler 

polar regions (Shellito and Sloan, 2006; Inglis et al., 2017). This was also the case even when 

the atmospheric CO2 was increased 16 times that of the pre-industrial values (Dunkley-Jones 

et al., 2013). Comparisons of proxy derived SSTs, and modelled values tend to both show 

consistent first-order spatial patterns of warming. However, proxy derived SSTs indicate there 

was a weak meridional temperature gradient during the PETM and this has been difficult to 

replicate in the models (Lunt et al., 2017). The modelled estimates of the mean global warming 

may appear comparatively small (Huber et al., 2003) in relation to some of the larger 

temperature anomalies recorded in the proxy data, but it actually represents the true average of 

the overall global temperature rise during the period (McInerney and Wing 2011). Two major 

sources of error in deep time climate models and proxy comparisons have been identified. 

Firstly, palaeoclimate models depend on the proxy data; thus errors may result from 

palaeogeographical reconstructions of continental margins and ocean gateways or inferred 

water depth could affect model outputs. Secondly, not all the parameters in the physical 
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environment can be simulated to run concurrently in the model configuration (Lunt et al., 

2017).  

1.3.2 Changes in hydrology 

The effects of increased temperatures and high atmospheric CO2 concentrations on the 

hydrological cycle tend to show complex regional responses across the globe (Handley et al., 

2012). In some places, the PETM is associated with increased atmospheric humidity that led 

to high precipitation (Baczynski et al. 2017); while in other locations, evidence of increased 

aridity has been documented (Handley et al., 2012). Increases in kaolinite deposition recorded 

in marginal marine sections of late Palaeocene–early Eocene age in North America, Asia, 

Antarctica and Africa indicated that there was enhanced weathering of adjacent continental 

rocks instigated by an increase in precipitation during the warm, humid climate (Handley et 

al., 2012). There is also evidence of increased precipitation and terrestrial run off with 

significant increases in non-marine palynomorphs and an Apectodinium (dinocyst) population 

explosion in the PETM marine sections (Sluijs et al., 2008; Frieling et al., 2017). Also, the 

PETM fluvial systems in the Pyrenees in Spain has a conglomeritic base (Schmitz and Pujalte, 

2007) which indicates that there was increased and violent rainfall due to climate perturbation.  

Kraus and Riggins (2007) reported that palaeosol horizons in Bighorn Basin (Wyoming, USA) 

revealed some evidence for decreased chemical weathering during the PETM and changes in 

ichnofossil assemblages corresponded with drier and well-drained soils. Other studies from the 

same location (Bowen et al., 2004; Wing et al., 2005) reported a reduction in the morphology 

(size) of leaf margins from early Eocene flora indicating an increase in water stress. General 

circulation models (GCM) parameterised based on the climate of the western interior of the 

USA showed an increase in convective atmospheric circulation off the palaeo-Gulf of Mexico 

leading to enhanced monsoons (Handley et al., 2012). These model predictions have been 

substantiated with recognition of vast braided plains or mega fan (conglomerate) deposits at 

the onset of PETM in northern Spain which shared a similar palaeolatitude/palaeoclimate with 

western parts of the USA (Handley et al., 2012). Hydrogen isotope records from the PETM 

core from the Arctic Ocean indicated a spike in deuterium isotopes signalling enhanced 

precipitation and greater water transport to the poles (Pagani et al., 2006). At low latitude 

sections in Tanzania, Handley et al. (2012) observed seasonal precipitation punctuated by hot 

and arid conditions comparable to those existing today.  

In summary, proxy data and model simulations tend to agree that there was an increase in 

seasonal rainfall and more severe storms rather than there being a persistent wet climate 
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(Baczynski et al. 2017). The return to cooler conditions during the Palaeogene is believed to 

have begun with increases in precipitation that led to enhanced silicate weathering on the 

continent which in turn resulted in major negative climate feedbacks that caused a long-term 

drawdown of CO2 (Bowen and Zachos, 2010). 

1.3.3 Ocean acidification during the PETM 

One of the most significant environmental feedbacks from the massive injection of greenhouse 

gases and the coeval increase in temperature that occurred during the PETM was ocean 

acidification (Babila et al., 2018). In essence, the oxidation and absorption of this excess carbon 

lowered ocean pH particularly in the deep sea because the free radicals (molecules that contain 

at least one unpaired electron) generated by the dissolution of CO2 in seawater leads to the 

acidification of the ocean (See Figure 1.2) and thereby triggered a rapid and upward shoaling 

of the lysocline and calcite compensation depth (CCD; Zachos et al., 2005). This led to sea 

floor carbonate dissolution and reductions in the amount and rates of carbonate burial 

(Winguth, 2010). The extent of ocean carbonate ion dilution, as well as the global shallowing 

of the CCD, is related to the amounts of carbon dioxide injected into the ocean-atmosphere 

system (Sluijs et al., 2014; Palike et al., 2014). When CO2 dissolves in seawater, it reacts with 

water to form carbonic acid, which dissociates to bicarbonate, carbonate, and hydrogen ions. 

The higher concentration of hydrogen ions changes pH making seawater acidic, but this process 

is buffered over long time scales by the interplay of seawater, seafloor carbonate sediments, 

and weathering of the continents (Zebebe and Wolf-Gladrow, 2001; Aze et al., 2014a). Several 

trace element and stable isotope proxies have been used to establish a change in carbonate 

chemistry of seawater during the PETM. For example, the Manganese (Mn) and Uranium 

enrichment factors in deep-sea cores from Atlantic, Pacific and Sothern Oceans were used by 

Palike et al. (2014) to constrain the paleoredox changes in these oceans during the PETM. The 

result from this study went as far as identifying the source of greenhouse gas that causes the 

ocean acidification during the PETM in the Atlantic Ocean (Palike et al., 2014). 
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Figure 1.2. Carbon speciation in the Ocean: When CO2 is dissolved in the seawater; the 

product is bicarbonate ion, which produces free radicals to cause ocean acidification, taken 

from Strain (2015)  

Direct geochemical evidence for changes in past ocean acidity (including the PETM) are still 

relatively scarce (Gutjahr et al., 2017), and past ocean acidification is often extrapolated from 

decreases in calcium carbonate accumulation and preservation in marine sediments. This may 

be represented by the existence of clay-rich layer between calcite beds and high-level 

dissolution or fragmentation of foraminiferal shells (Coadic et al., 2013) 

Carbonate dissolution near the sea floor during the PETM is widely documented across the 

globe (Babila et al., 2018). At Walvis Ridge in the southeast Atlantic Ocean where one of the 

cores used in the present study was recovered, carbonate dissolution occurred to the magnitude 

of 2km at palaeodepth of 1500 – 3600m along a transect (Figure 1.3; Zachos et al., 2005). 

Using the data from Walvis ridge Zachos et al. (2005) estimated that 4500 gigatons of carbon 

were released during the PETM. It was proposed that the amount of calcite dissolution at the 

Walvis Ridge represents the global ocean average and that the geometry of the ocean basins, 

as well as the seawater alkalinity, were comparable to those of the modern ocean (Sluijs et al., 

2007). However, there is uncertainty (Thomas, 1998) in the estimated value of carbon released 

because the site is located in the subtropics near a tectonically active hydrothermal vent. Cores 

from ODP site 690 in the Southern Ocean recovered at palaeodepth of 1900m showed a slight 
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decrease in carbonate content of between 85% and 60% (Bralower et al., 2004). At Shastky 

Rise (ODP site 1209) in the central Pacific Ocean, the deepest site studied for PETM, carbonate 

content decreased by about 10% (Colosimo et al., 2005). Whilst at the continental slope section 

in Mead stream New Zealand and coastal sections in Tanzania decreased carbonate content 

was interpreted to reflect dilution by increased terrigenous influx rather than dissolution (Hollis 

et al., 2005; Hardley et al., 2008). Thus, the data from Walvis Ridge show that there was more 

severe dissolution in the Atlantic Ocean compared with the Pacific than predicted by models 

that assume late Palaeocene ocean circulation patterns were similar to those in the present day 

(Sluijs et al., 2007). The increased carbonate dissolution in the Atlantic Ocean could be 

attributed to its proximity to the main source of carbon injection (Zachos et al., 2005). 

 

Figure 1.3: Digital photos and CaCO3 (weight %) content showing layers of carbonate 

dissolution (as indicated by sharp declines in CaCO3) for five cores from at ODP Leg 208-

Walvis Ridge, Atlantic Ocean. Each core represents different palaeowater depths. Mcd =metre 

composite depth (Adapted from Zachos et al., 2005). 

Severe dissolution has also been observed in many present-day marginal basins, such as the 

North Sea (e.g. Gradstein et al., 1994), the Gubio Basin, and the marginal Tethys (Schmitz et 

al., 2004).  From the above discussion it can be seen that the major controls on carbonate 
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dissolution in the ocean during the PETM included; increased CO2 concentration, the changing 

rate of clastic and organic matter flux as well as terrestrial runoff and post-depositional 

dissolution in the deep sea.  

1.4 Biotic changes in the marine environment during the PETM 

The extreme climatic perturbation that occurred during the PETM affected both terrestrial and 

marine ecosystems, notably causing extinction of marine benthic microfauna. As the main 

focus of this thesis is on the impact of PETM on foraminifera and the marine ecosystem, the 

discussion in this section will be limited to the impact of the event on foraminifera. PETM 

resulted in origination and migration of planktonic foraminifera as well as some local 

extinctions. The pattern of faunal changes in the pelagic and benthic ecosystem are well 

documented across the globe (Thomas 2007; Speijer et al., 2012; Arreguin-Rodriguez et al., 

2018).  The most significant foraminiferal turnover during the PETM is the extinction of 40-

60% of benthic foraminifera (Thomas, 2007; Algret et al., 2009; Speijer et al., 2012). The taxa 

recognised to have disappeared globally worldwide during the PETM is Gavelinella 

beccarriformis, while the extinction of other taxa is believed to be local or regional (Thomas, 

1998).  The cause of this massive extinction include; 1) ocean anoxia, 2) highly corrosive and 

acidified ocean resulting from methane and other greenhouse gas oxidation, 3) increased 

temperature that altered the productivity and metabolism of the organisms and, 4) a 

combination of these factors. The listed factors have been identified in different PETM sections 

but not all the parameters exist globally in all the sections studied (Speijer et al., 2012). The 

post CIE fauna is characterised by small, thin-walled calcareous taxa with low diversity and 

the emergence of ‘modern’ Eocene taxa such as N. truempyi, O. umbonatus, T. selmensis, B. 

tuxpamensis and Abyssaminids, which replaced the ‘older’ Cretaceous taxa that became 

extinct.  

The PETM also resulted in a major biological turn-over in pelagic planktonic foraminifera 

leading the morphological innovations in Acarinina and Morozovella taxa. Most significantly 

is the diversification and migration of most planktonic foraminifera as well as the latitudinal 

expansion of their distribution from low to high latitudes (Kelly et al., 1996). Acarinina 

sibaiyaensis, A. africana, A. multicamerata and Morozovella allionensis are reported to have 

originated as excursion taxa during the PETM (Kelly et al., 1996; Petrizzo et al., 2006; Speijer 

et al., 2012; Aze et al., 2014a). Warming of the pelagic zone and the resulting changes in the 

surface currents have been suggested as the major cause of speciation, migration and 

morphological changes in planktonic foraminifera during the PETM. The warming of high 
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latitude regions as a result of increased temperature resulted in species migrating from low to 

high latitudes and the changing surface current facilitated their movement.  

1.4.1 Changes in deep-sea marine microbenthos  

The benthic foraminiferal extinction event (BEE) during the PETM was the most severe in 

over 90 Ma of Earth history and is crucial to the identification of the hyperthermal in deep-sea 

marine sections (Kennett and Stott, 1991; Thomas and Shackleton, 1996; Thomas, 1998). 

During the BEE, 40-60% of species of benthic foraminifera disappeared from the fossil record. 

It marks the swift transition from a Cretaceous Valasco-type fauna to a more (“modern”) 

Eocene benthic foraminiferal fauna (Arreguin-Rodiguez et al., 2018). The BEE is usually 

found before the onset of the CIE or at the peak of the PETM warming (Thomas, 2007). 

Contemporaneously, shallower water fauna also underwent rapid changes in composition as 

well as undergoing several extinctions (Alegret et al. 2009a, b; Aref and Youssef 2004; Thomas 

1998; Littler et al., 2014; Giusberti et al., 2016). It has been shown to be most severe at middle 

bathyal and greater ocean depths but was much less severe on the continental shelves (Gibson 

et al., 1993; Speijer et al., 2012; Stassen et al., 2015). Throughout the CIE, the benthic 

foraminiferal fauna at all depths showed lower species richness and diversity and was 

composed mainly of small, thin-walled or agglutinated (non-calcareous) species (Thomas 

2007). Detailed studies of the benthic foraminiferal extinction at the Alamedilla and Zumaia 

sections in Spain show that the extinction was rapid, but not ecologically instantaneous 

(Alegret et al., 2009a, 2009b).  

The cause of this global extinction of benthic foraminifera is not yet fully understood, but as 

stated above, increases in the corrosiveness of deep bottom water due to ocean acidification, 

increases in water temperature, ocean anoxia, and the associated changes in food supply, as 

well as ocean circulation, may have combined to cause these extinctions (McInerney and Wing, 

2011). Some studies have shown that neither anoxia, higher or lower productivity, nor 

carbonate dissolution is recorded in all the PETM sections across the globe (e.g., Thomas, 2003, 

2007; Alegret et al., 2010), and in the modern oceans, benthic foraminifera have been reported 

to be tolerant of some of these conditions (Alve and Goldstein, 2003, Giusberti et al., 2016). It 

is most likely that the 5–8°C warming of the ocean is the cause of the extinction (Alegret et al., 

2009; Sluijs et al. 2007; Thomas 2007; Aze et al., 2014; Frieling et al., 2017). But how 

warming caused the extinctions is still under debate and another likely cause maybe fluctuation 

in organic matter supply to the ocean. Increased nutrient supply into the surface waters during 

PETM would increase the accumulation and degradation of organic matter on the sea floor, 
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causing depletion of pore water oxygenation and upward movements of the redox boundary 

(Thomas, 2007). Concentration of organic matter in the shallow sediment surface layers could 

have caused deoxygenation and localised anoxia, and could have caused the disappearance of 

deep trace makers, while those living in shallower substrates, close to the surface of the 

seafloor, with plentiful food available and in contact with oxic bottom waters, could have 

survived (Takeda and Kaiho, 2007). However, this seems to be inconsistent with the extinction 

of G. becarriformis which is an epifaunal species; its extinction could be related to the 

possession of bigger pores within the test and thus greater susceptibility to a reduced oxygen 

supply and carbonate dissolution (Giusberti et al., 2016).  

The composition of the benthic foraminiferal assemblages that survived were dominated by 

infaunal taxa, which survived the increased delivery of organic matter and other stresses at the 

seafloor (Alegret et al., 2009). During carbonate dissolution in the water column, sediment 

pore waters may become highly saturated in carbonate (Ilyina and Zeebe, 2012), and the 

infaunal benthic foraminifera residing in the sediments can be shielded from these corrosive 

waters (Foster et al., 2013), whereas epifaunal taxa are directly exposed to this dissolution, and 

so their tests may become damaged, and thus they are unable to calcify and survive under these 

conditions. Contrary to the significant extinction of benthic foraminifera, there is little or no 

extinction associated with other microbenthos such as ostracods on the sea floor during the 

PETM. Ostracods are another group of deep-sea benthic organisms studied across the PETM, 

though not in at the same level of detail as the foraminifera (Steineck and Thomas, 1996). The 

records of other microbenthos feedback to the PETM warming ranges from decreased diversity 

and abundance (Steineck and Thomas, 1996) to little or no significant change in the general 

occurrence (Webb et al., 2009). More studies are needed to make the ostracod record across 

the PETM more robust, but so far, no extinctions within this fossil group have been reported. 

The study of ichnofacies at the Forada section in Italy have established that there was a decrease 

in ichnodiversity and ichnofossil abundance across the PETM (Guisberti et al., 2016). This 

suggests that a deterioration of the environmental conditions for microbenthic communities 

occurred across the event at this section.   

1.4.2 Impact of the PETM on planktonic foraminifera  

The most common feature among the planktonic foraminifera across the PETM in both low 

and high latitude sections is the significant decrease in the relative abundance of the deep 

(thermocline) dwelling Subbotina and the conspicuous increase in Acarinina and Morozovella 

at the onset of the event (Lu and Keller, 1995b; Berggren and Ouda 2003; Berggren and 
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Pearson, 2005). During this period, planktonic foraminifera expanded their original territory. 

For instance, some tropical species of Morozovella were reported to have migrated to high 

latitudes just before and during the early part of the PETM (McInerney and Wing, 2011).  

In general, the abundance of symbiont-bearing genera (Acarinina and Morozovella) and the 

reduction in populations of the non-symbiotic Subbotina genus from the PETM assemblage is 

evidence for persistent warming of the surface ocean and a nutrient depleted mixed layer. The 

abundance of heavily calcified symbiotic Acarininids shows that the surface water was highly 

productive and well foraged while the sudden appearance of tropical Morozovella at the onset 

of CIE in the subpolar region is evidence of high latitude warming that enabled warm water 

taxa initially restricted to the tropics to extend their biogeographic ranges into the polar oceans 

(Dunkley Jones et al., 2013).  

Changes in water column structure is another remarkable impact of the PETM in the oceans. 

The result from planktonic foraminiferal records has been used to interpret stratification of the 

water column in the pelagic zone. For instance, the stable isotope composition of Morozovella 

and Acarinina recovered from ODP site 690 (Maud Rise) indicate a shift into deeper water 

habitats due to the warming resulting from the PETM (Kelly, 2002). The Winguth et al. (2012) 

models of PETM ocean circulation support the changes in water column structure during this 

period. Also during greenhouse climates such as those of the early Eocene, when the SSTs 

were high, intense hurricane activity drives strong mixing in the upper layers of the tropical 

oceans (Korty et al., 2008).  

Other significant evolutionary changes were more or less localised, with each region reacting 

according to the prevailing conditions. Some of these changes include; increase in the body 

size of planktonic foraminifera due to an increase in nutrient supply (Kaiho et al., 1996; 

Petrizzo, 2007). Increases in the test size of planktonic foraminifera could reflect the 

dominance of larger foraminifera with a greater capacity for photosymbionts over the less 

competitive asymbiotic species in well-grazed oligotrophic surface waters. Dwarfing of 

benthic foraminifera may have resulted from the effects of temperature, bottom water 

oxygenation and the low quality of organic matter reaching the ocean floor (Thomas, 2003). 

Alternatively, they may represent physiological changes as they adapted to the anoxic condition 

in bottom waters. Higher temperatures may also have increased food consumption and resulted 

in a food scarcity (Grigoratou et al., 2018; Algret et al., 2010). More so, increases in the rate 

of fragmentation and dissolution of planktonic foraminifera were reported in the Pacific Ocean 
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suggesting that ocean acidification may have been more severe in the region than it was in the 

Atlantic (Petrizzo, 2007).  

Rapid diversification and morphological evolution of planktonic foraminifera have been 

observed across many PETM sections (Petrizzo et al., 2017). These major morphological 

diversification are exhibited by Acarinina africana, Acarinina sibiyaensis and Morozovella 

allisonensis which are known as the ‘excursion taxa’ because they made their first and only 

appearance within the body of the CIE at the Pacific, Alamedilla (Spain) and Tanzanian 

(Africa) basins (Kelly, 2002; Pearson et al., 2006; Aze et al., 2014a). It is believed that these 

excursion taxa originated suddenly due to the extreme environmental changes within 

peripherally isolated populations ((Kelly, 2002)  

1.4.3 Effect of PETM on the phytoplankton 

Analyses of calcareous nannofossil community changes across the PETM showed that water 

temperature, nutrient availability and competition were the major factors that controlled 

phytoplankton distribution during the event (Schneider et al., 2013). Some significant 

transformations occurred in the calcareous nannoplankton community including a change from 

ecologically restricted taxa to a more cosmopolitan community. For instance, before the PETM 

at Maud Rise (Southern Ocean), the calcareous nannofossil community was dominated by cool 

water taxa (Chiasmolithus), but with the increases in temperature during the PETM, warm 

water species (Fasciculithus and Zygrhblitus) migrated to high latitudes and subjugated the 

existing communities (Bralower, 2002). Perturbations of calcareous nannoplankton 

communities were reported to be most severe in the marginal seas, at coastal and high-latitudes 

sites compared with the open ocean, and the relative influence of water temperature and 

nutrient availability on the assemblage varies regionally (Gibbs et al., 2006b). Calcareous 

nannoplankton that were more adaptable to oligotrophic conditions became more abundant at 

open ocean sites such as Shatsky Rise and Walvis Ridge (Bralower 2002, Gibbs et al., 2006b; 

Tremolada and Bralower 2004). Only the nannoplankton taxa adapted to the warming 

conditions and their associated ecological modifications during these hyperthermals enabled 

them to survive beyond the CIE, whereas the less resilient taxa were reported to have 

disappeared (Schneider et al., 2013). In the mid-latitudes, nutrient supply played a greater role 

in shaping the community structure than water temperatures because the major changes 

recorded were the increases in Sphenolithus which is associated with warm oligotrophic 

environments (Schneider et al., 2013). Some local extinctions of calcareous nannofossil species 

have been reported to occur at the onset of the CIE and the high abundance occurring at the 
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peak of the event, however, these changes have not been documented globally (Ma et al., 2014). 

The impact of the PETM on calcareous nannoplankton shows that even though some species 

were able to adapt to the environmental changes, the community structure remained completely 

altered after the conditions returned to the pre-CIE state. The changes caused by PETM 

persisted for about 500 kyr into the Eocene, and this suggests that the phytoplankton 

community in the modern ocean may be permanently altered with the current change in climate 

(Gibbs et al., 2006).  

Another significant biotic signature during the PETM was the global dominance of the 

dinoflagellate taxa Apectodinium (Sluijs et al. 2014). This taxon was largely restricted to low 

latitudes during the late Paleocene but migrated to the polar latitudes in both hemispheres 

during the PETM (Sluijs 2007). Dinoflagellates are sensitive to physiochemical variations in 

the surface waters such as salinity, temperature, nutrient availability and stratification 

(Fensome et al., 1996; Sluijs 2007, 2014). The Apectodinium acme appears to be associated 

with both increased temperatures and nutrients; hence, in many samples from across the PETM, 

their relative abundances exceeded 40% of the total dinocysts recovered. It is believed that 

Apectodinium was able to spread to higher latitudes because of the changing temperatures and 

higher nutrient levels produced by the PETM climate feedbacks (Sluijs et al., 2007; McInerney 

and Wing, 2011).  

1.5 Continental configuration and ocean circulation during the PETM 

Continental arrangement in the late Paleocene-early Eocene was to modern day configuration, 

with some notable exceptions, such as India and Australia being further south than they are 

now (Figure 1.5) and there was also a transcontinental seaway from central Asia through to the 

Arctic Ocean called the Tethys Ocean. The Tethys Ocean comprised the current Atlantic and 

Indian Oceans the Mediterranean and the Middle East (Figure 1.5). Tectonic upheaval driven 

by the igneous activity in the North Atlantic region resulted in changes in the ocean circulation 

and the global climate. Evidence of marine transgressions during the PETM (Sluijs et al., 2008; 

Handley et al., 2011; Winguth, 2011) have been linked to changes in the rate of seafloor 

spreading, volcanism, regional perturbations as well as changes in ocean circulation. Increase 

in precipitation resulting from rises in surface temperatures triggered: the freshening of the sea 

surface, changes in vertical ocean density gradients and stratification of the deep sea (Handley 

et al., 2012).  

Zeebe and Zachos (2007) inferred that ocean circulation changed based on the concentration 

of deep-sea carbonate ions [CO2
3 -] measured from bulk sediment during the PETM. They 
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compared this proxy data with the results from the Ocean Earth System Model to show that 

carbonate ion dissolution intervals increased from the Atlantic through the Southern Ocean into 

the Pacific. This suggests there was a significant reversal relative to the current thermohaline 

circulation of the modern ocean. Abrupt changes in deep water circulation from a mostly 

Southern Hemisphere to Northern Hemisphere overturning (Figure 1.4) is believed to have 

pushed warmer waters into the deep sea which triggered further warming. This change in deep 

water circulation is estimated to have lasted for more than 40,000 years before returning to the 

original circulation pattern (Nunes and Noris, 2006). The distribution of carbonate ions in the 

modern ocean is mostly controlled by deep water circulation and vertical fluxes of carbon and 

alkalinity due to the biological pump. The release of greenhouse gases that caused the PETM 

may have contributed to the reversal of this biological-carbon cycle gradient. Dickens (2000) 

box model showed that the dissociation and oxidation of methane hydrates in the deep Atlantic 

Ocean would lead to greater shoaling of the lysocline and CCD in the Atlantic, as was the case 

at the Walvis Ridge (Zachos, 2008), compared to the Pacific. This implies that the location of 

the source of the PETM carbon in the Atlantic Ocean was the major cause of the reversal as 

indicated by Zeebe and Zachos (2007).  

 

Figure 1.4: Late Palaeocene-Early Eocene palaeogeography showing the main landmasses and 

marginal seas, and the Turgay Strait connecting the Arctic and Tethyan oceans (Taken from Iakovleva 

et al., 2001)  
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Feedbacks from the increased carbon dioxide forcing in the ocean reduced the ventilation of 

the deep sea and increased significantly, especially at high latitudes, the age of water masses at 

intermediate depth (Abbott et al., 2016). This intermediate and deep water mass warming 

resulted in positive feedbacks on ocean circulation (Bice and Marotzke, 2002). The feedback 

loop associated with the rise in global temperatures and sea level would have also led to an 

enhanced influx of fresh water from the Arctic Ocean enhancing the changes in global 

circulation patterns (Winguth, 2011). Evidence from dinoflagellate cysts (Iakovleva et al., 

2001) confirms this increase in freshwater inflow through the Turgay Strait - the passage 

between the Arctic and Tethyan Oceans in the late Palaeocene (Figure 1.5). Also, Nd-Sr 

isotopes in fish fossils (Gleason et al., 2000; Abbott et al., 2016) suggest that the higher sea 

levels might have allowed a connection between the Fram and Bering Straits. Consequently, 

the influx of fresh water from the Arctic Ocean into the North Pacific would have produced an 

increase in vertical density gradients by reducing the density of the North Pacific intermediate 

water masses by 2.5Sv at 30°N and would have corresponded to an increase in the Pacific deep-

sea circulation (Winguth, 2011).  

 

Figure 1.5: Inferred flow paths of global deep water during the PETM based on benthic foraminifera 

and bulk sediment carbon isotopes. The flow directions of deep water during different intervals of the 

PETM are represented by arrows. Deepwater originated from the Southern Ocean during both the pre 

and post-CIE period while the source changed to the Northern hemisphere during the core period of 

the CIE (Source: Nunes and Noris, 2006). 
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1.6 Foraminifera 

Foraminifera are unicellular marine protozoans with calcareous shells usually subdivided into 

chambers. They are classified as eukaryotes, i.e. organisms whose cytoplasm is organised into 

a complex structure with internal membranes containing a nucleus, mitochondria, ribosomes 

and Golgi bodies (Figure 1.6). Benthic foraminifera appeared in the geologic record in the 

Cambrian (524 million years ago) while it is suggested that their planktonic counterparts 

evolved from a benthic ancestor during the Early-Middle Jurassic (170 Ma; Schiebel et al., 

2018).  

Foraminifera usually produce a shell, also known as a test, which can have one or more 

chambers. The test could be made of organic matter, mineral substances, or agglutinated 

particles. The chambers increase in number during growth and may have one or several 

apertures/foramina (a term from which the name of the group is derived), that allow the 

chambers to communicate within the organism as well as the surrounding environment (Bellier 

et al., 2010).   

When alive, foraminifera are endowed with extraskeletal (organic) projection known as 

pseudopodia and rhizopodial which is a web-like granular filament formed into network or a 

filapodia. The cytoplasm emerges from these outer orifices, covers more or less the test, and 

emits fine and reticulated pseudopodia with which the microorganism fixes itself on the 

substratum, moves, and captures its food. Naked forms –i.e. foraminifera without hard parts 

have been previously reported, (Pawlowski, 2000) but such forms are absent in the fossil record 

due to their inability to be preserved in the sediment.   

A fully developed foraminiferal test ranges from 100 micrometres to almost 20 centimetres 

long in diameter (Henehan et al., 2017).  Both the microscopic and exceptionally large 

foraminifera are single-celled irrespective of their sizes. Because foraminifera could be large 

with only one cell, they could face the problem of sustaining the surface/volume ratio. And this 

is where the reticulopodia, an extremely efficient and multifunctional organelle, come into 

play. The reticulopodia not only provide the surface for respiration but also perform critical 

functions like feeding, locomotion, test building and metabolite release (Hottinger, 2006). The 

thickness of these cytoplasmic threads (reticulopodia) ranges from less than 1µm across to 

more than 25 times the diameter of the entire test.  
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Figure 1.6. Cross section of the benthic foraminiferal cell (Taken from 

https://paleonerdish.wordpress.com) 

 

1.6.1 Benthic foraminifera  

Benthic foraminifera dwell in all benthic marine environments, living either above, at or below 

the sediment-water interface in water depths ranging from the intertidal zone to the deep ocean 

(Holbourn et al., 2013). In the deep sea, benthic foraminifera represent the most important 

contributors to the micro-faunal biomass, and their distribution is intricately linked to the flux 

of particulate organic matter from the upper ocean to the sea floor (Jorissen et al., 2007). Even 

though foraminifera predominantly live in the marine environment, few benthic species have 

been reported in terrestrial environments such as lagoon, freshwater ponds, rivers and 

groundwater (e.g. Murray, 1991; Goldstein, 1999; Bellier et al., 2010 and Kitazato and 

Bernhard, 2014).  
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1.6.1.1 Classification 

Foraminiferal classification has been heavily investigated and continued to evolve from the 

first description of Ammonia in 1772 to present as new information is gathered (Murray, 2006). 

The widely used classification of foraminifera is that of Loeblich and Tappan (1992) for the 

calcareous taxa and Kamiski (2004) for the agglutinated taxa. Pawlowski et al. (2013) invested 

some time updating the classification based on the genetic composition.  In general, benthic 

foraminifera is classified as follows (Adl et al., 2005) 

Domain: Eukaryota 

Kingdom: Protista  

Subphylum: Sarcodina 

Superclass: Rhizopoda 

Class:  Granuloreticulosea 

Order:  Foraminiferida  

There are 14 orders, four suborders, 84 superfamilies, 315 families, 326 subfamilies, 213 

genera (Loeblich and Tappan, 1992) and thousands of species which cannot be completely 

elucidated because scientists keep describing new species every day. The basis for 

foraminiferal classification is hinged on the diverse and well-known features of the test 

(Murray, 2006). Evolutionary trends in foraminifera are represented as the modification of the 

most basic feature of the test, its chemical composition, ultrastructure and mode of formation. 

Test shape could be elongate, spiral, globose, tubular, arborescent, lenticular, conical, 

flabelliform, fusiform or discoidal (Loeblich and Tappan, 1992).  

Features such as agglutinated or secreted hyaline tests and perforate or imperforate walls are 

the major characteristics used in the classification of foraminifera over the years (Murray, 

2006). Other important attributes used for classification include the genetic composition 

(Pawlowski et al. 2013), nature of the cement in agglutinated tests (Loeblich and Tappan, 

1992), mode of wall formation for test enlargement (Loeblich and Tappan, 1992), percentage 

calcitic or aragonitic composition of hyaline tests and the orientation of their crystals (Loeblich 

and Tappan, 1992). Features like the type of inter-and-intra-cameral partitions and intercameral 

(a single or multiple opening in a chamber wall that allow the communication of a main 

chamber lumen with the ambient environment) sutures could also play some roles in the 

classification (Hottinger, 2006).  
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As stated earlier in section 1.6 above, a foraminiferal test can be agglutinated, porcellanous, 

secreted hyaline, microgranular or made entirely of organic matter. The agglutinated test are 

made of foreign materials (quartz grains, sponge spicules, broken test from other foraminifers, 

etc.) picked on the sea floor and glued to the chitinous or calcareous cement secreted by the 

organism (Holbourn et al., 2013). The porcellanous test is common in Milolida order and is 

composed of calcite secreted by the organism. The surface of the test under the light microscope 

is imperforate, smooth and homogeneous with a sparkling white or amber appearance similar 

to porcelain (Murray, 2006). The hyaline test composition is also made up of radially 

symmetric secreted calcite or aragonite. The tests are lamellar, layered with compound wall 

structure and generally perforate (Holbourn et al., 2013). Most of the wall microstructure 

described above was identified using a thin section or scanning electron microscopy; however, 

it could be difficult to differentiate all these test structures under light or stereomicroscope used 

in the laboratory. 

Foraminiferal wall structure appears to have evolutionary and adaptive significance. The first 

foraminiferal hard part that appeared in the fossil record was the agglutinated test (Figure 1.7; 

Ohtsuka et al., 2015).  The adaptive success of this type of wall structure is shown by their 

abundance at all depths. Notably, non-calcareous members of this group dominate extreme 

environments such as the abyssal plain below the calcium carbonate compensation depth 

(CCD), in silled basins and marginal marine environments with lowered oxygen and salinity 

(Sen Gupta, 1999). Foraminifera found in normal marine environments are characterised by 

lighter secreted calcite and a more anatomically complex shell (Kitazato and Bernhard, 2014). 

The evolution of this type of wall was clearly a factor in the development of broad floating 

chambers and the invasion of the pelagic realm by the planktonic species later in the geologic 

record (Ohtsuka et al., 2015).  

The hyaline wall with radial structures has an adaptive advantage towards the depth limit of 

the phototrophic zone, and it is significant that the large Rotaliids and planktonic foraminifera 

are all radial (Sen Gupta, 1999). Some families such as Cassidulinidae, Chilostmellidae, 

Nonionidae, and Pleurostomellidae are reported to thrive in cool deep water (Haynes, 1982). 
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Figure 1.7: A generalised order of foraminiferal evolution with the oldest at the base and youngest at 

the top. Taken from (http://www.ucl.ac.uk/GeolSci/micropal/foram.html) 

Nevertheless, groups with the porcellanous test are particularly abundant in shallow water, 

especially on the inner shelf of the tropical waters, open bays and lagoons (Murray, 1991). 

These distributions suggest that porcellanous structure may give a protective advantage and the 

crystal arrangement is helpful to scatter short wavelength and ultraviolet (UV) light in the upper 

water column (Murray, 1991).    

1.6.1.2 Ecology of benthic foraminifera 

The ecology of benthic foraminifera is dependent on the physiochemical conditions of their 

environment. It encompasses the interaction between individuals and their environment, the 

interaction between species as well as the interaction between other members of the community 

in the ecosystem (Murray, 1991). The environmental conditions, such as water depth, 

temperature, dissolved oxygen availability, salinity; pH, quality and quantity of food materials, 

nature of the substrate, total organic matter, competition, predation as well as the calcium 

carbonate concentration are major factors in the distribution of benthic foraminifera 
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Foraminiferal niche is a bit difficult to conceptualise, this is because despite the amount of 

research done on the topic, very little is known about the real niche of any group of foraminifera 

from any locality in the world (Murray, 2006). Each species has its unique niche; however, 

many foraminifera are opportunistic and great survivors; they exist in small numbers for long 

periods when conditions are far from optimal, but they rapidly increase their numbers when 

conditions change in their favour (Gooday, 1992). There is a need to differentiate the ecospace 

where a species could potentially exist and where the species does. In as much as it is 

convenient to think of niche operating at the scale of species distribution, in reality, it operates 

on very local patches and even at the scale of the individual (Murray, 2000) where they may 

be small but significant differences in the values of factors associated with patch scale 

variability in the environment.  

Benthic foraminiferal niches range from taxa living within the upper 15cm of the sediment, 

those living on the sediment surface and others clinging to the substrate such as grass, rocks or 

the body of larger organisms. This has led to the classification of foraminiferal microhabitat in 

the ocean as epifaunal, shallow infaunal and deep infaunal (Figure 1.8).  

Epifaunal species are those that live on or above the sediment surface. They are mostly 

suspension feeders and are good indicators of bottom water current transporting the suspended 

organic carbon. Shallow infaunal species live partly below and relatively above the sediment 

surface and are mostly deposit feeders (Murray, 1991). Most of the shallow infaunal species 

are opportunistic and are over-represented in the faunal record (Jorissen et al., 2007). They are 

hugely influenced by pore water chemistry and are deposit feeders that tolerate low-quality 

organic matter as well as low oxygen concentration. The deep infaunal species live inside the 

sediment within the zone of maximum nitrate concentration. 

Jorissen et al. (1995) have proposed trophic conditions and oxygen concentrations (TROX) 

Model of benthic foraminifera ecology, where they considered critical oxygen level and 

quantity/nature of available food particles as the major factors that determined foraminiferal 

microenvironment (Figure 1.9). 
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Figure1. 8: Schematic representation of foraminiferal niches in the marine environment. The cartoon 

represents a hypothetical foraminiferal ecology from the sea surface to deep sediments.  

The model indicates that the depth of foraminiferal microhabitat in an oligotrophic ecosystem 

is restricted by the availability of the required nutrient within the sediment, whereas in 

eutrophic systems, a critical oxygen level decides what depth down the sediment most species 

can survive. Therefore, the quality of organic carbon reaching the niche is a major controlling 

ecological parameter. For instance, in the area where there is an input of large quality of organic 

matter, deep infaunal species abundance supersedes epifaunal species (Fontanier et al., 2005). 

Some foraminifera are believed to adopt anaerobic pathways in organic matter remineralisation 

and as well respire nitrogen dioxide in the absence of oxygen (Keating-Bitonti and Payne, 

2017).  
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Figure 1.9: The TROX model indicating the critical limit for oxygen and nutrient supply in foraminiferal 

microhabitat. Living depth of foraminifera is controlled by the quality of food material in the bottom 

sediment during the oligotrophic condition. However, oxygen is the main factor in eutrophic 

ecosystems. The amount of oxygen available within the deep infauna microhabitat is believed to not be 

a limiting factor in this model because foraminifera adopt anaerobic pathways in organic matter 

remineralisation and respiration (redrawn from Jorissen et al., 1995) 

The ecology of foraminifera is well studied, but it is still relatively complex because field data 

of living foraminifera is limited to where current technology can access and monitor, and 

laboratories studies are limited to few controlling factors that differ from the prevailing 

condition in the natural world. Some of the species believed to be totally infaunal may migrate 

to the surface sediment when the conditions deep down the sediment become unfavourable 

(Jorissen et al., 2007). 

1.6.2 Planktonic foraminifera  

Planktonic foraminifera live in the euphotic zone of the ocean during lifetime and some live 

deeper down to approximately 2km (Schiebel and Hemleben, 2017). Their tests that are made 

of relatively globular chambers (though some families like Chiloguembelinidae, 

Globanomalidae and others have different chamber arrangement) are essential to buoyancy, 

and this enables them to float freely with the water column (Schiebel and Hemleben, 2017). 

Some species are spinose while others are not. Planktonic foraminifera especially the spinose 
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taxa are known to harbour algae such as dinoflagellate and chrysophycophyte as symbionts. 

Modern species such as G. sacculifer sometimes show remarkable yellowish-brown 

colouration due to the presence of numerous dinoflagellates within the rhizopodial system and 

in the internal cytoplasm. Non-spinose species such as Globigerinita glutinata, 

Neogloboquadrina dutertrei, Pulleniatina obliquiloculata, Globorotalia inflata, and 

Globorotalia menardii are believed to have symbionts which are capable of photosynthesising 

(Hemleben et al., 1989). The symbionts play a significant role in gas exchange, metabolism 

and calcification in planktonic foraminifera and also affect the carbon stable isotope 

composition of the test.  

The majority of planktonic foraminifers are omnivorous. The feed on varieties of food 

including animal, organic matter, and plant materials (Hemleben et al., 1989). Spinose species 

are reported to show preference to animal prey such as phytoplankton and zooplankton as well 

as other larger metazoans such as copepods, pteropods, and ostracods (Rhumbler 1911; Caron 

and Bé 1984; Spindler et al., 1984). Non-spinose are predominantly herbivores but are also 

known to prey on smaller animals like diatoms, dinoflagellates, thecate algae (Schiebel and 

Hemleben, 2017). Deeper dwelling taxa widely depend on sinking organic matter for food and 

are good indicators of vertical flux of particulate organic matter especially in tropical to sub-

tropical oceans (Itou et al., 2001). Cannibalism in planktonic foraminifera has been reported, 

but little is known about this feeding mode.  

The global and local abundance and diversity of planktonic foraminifera across the water 

column reflect the temporal and spatial distribution of food/nutrient material in the ocean 

because nutrient availability is directly related to growth and development of the organism. 

Taxa capable of feeding on a wide range of food material and effectively assimilating them are 

more likely to survive in different climatic conditions and during environmental change. The 

highest diversity of planktonic foraminifera are found in the oligotrophic subtropical gyres 

where ecological and biological factors are most conducive (Schiebel and Hemleben, 2017).  

1.6.2.1 Classification  

The most recent classification of planktonic foraminifera (Schiebel and Hemleben, 2017) 

shows that the organism belongs to   

Kingdom:   Protozoa 

Subkingdom:   Biciliata 

Infrakingdom: Rhizaria 
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Phylum:   Sarcomastigophora 

Subphylum:   Sarcodina 

Superclass:   Rhizopodea 

Class:    Granuloreticulosa 

Order:   Foraminiferida 

Suborder:   Globigerinina 

The classification of planktonic foraminifera is based on the morphological concept of species. 

The genealogy of planktonic foraminifera show that they evolved with a simple trochospiral 

morphology and microperforate structure from benthic species in the early Jurassic (Schiebel 

and Hemleben, 2017) and have continued to develop until the present day. Test morphology 

such as test surface structure and ornamentations such as spinose, non-spinose, normal 

perforate and microperforate are very important in the planktonic foraminifera classification. 

Other features used for classification include pore size, and position of the primary, and 

secondary apertures, mode of coiling, the shape of test and chambers, position and shape of 

apertures (e.g., lip and rim), and shell texture (e.g., spines and pustules)  

About 48 morphological groups of planktonic foraminifera are currently described. The 

morpho-groups are classified into taxonomic groups as follows (a) spinose (all 

Globigerinoidea), (b) non-spinose normal perforate or macroperforate (all Globorotaloidea and 

their ancestors), (c) non-spinose microperforate (Heterohelicoidea), (d) monolamellar 

Hastigerinidaespecies, (e) all microperforate species including Tenuitellids and 

Heterohelicoidea. Three superfamilies are reported to be extant; these include 

Heterohelicoiddea, Globigerinoidea and Globorotaliodea. The detailed foraminifera 

classification based on the test morphology is shown in figure 1.10 
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Figure 1. 10: Foraminifera classification based on the test morphology. Taken from Seears (2011) 

 

1.6.2.2 Ecology of planktonic foraminifera  

The ecology of planktonic foraminifera is not as distinct or definitive as the benthic 

foraminifera because of the dynamics of the pelagic environment caused by changes in the 
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physical and biotic condition of the ocean. The spatial and temporal distribution of planktonic 

foraminifera in the water column is controlled by hydrology, nutrient availability, primary 

production, turbidity, temperature and salinity. Planktonic foraminifera occur in highest 

abundance and diversity in the subtropical and temperate oceans as well as in the marginal 

upwelling zones (Peters et al., 2013). The abundance of planktonic foraminifera is equally high 

in the Polar Regions (Figure 1.11) but are limited to very few major species.  

 

 

Figure 1.11: The distribution of planktonic foraminifer species across the global ocean based 

on mean annual temperature. The bar above represents the proportions of major species found 

in each region from plankton tow and surface-sediment data. Taken from Schiebel and 

Hemleben (2017) 

 

The symbiont bearing species thrive better in lower latitudes and clear oligotrophic water 

especially in subtropical gyres where their prey (such as copepods and other zooplankton) 

predominate (Hemleben et al., 1989). In contrast, non-spinose and symbiont barren species are 

more prevalent in turbid eutrophic waters such as upwelling regions where they feed on large 

quantities of phytoplankton (Schiebel and Hemleben, 2017).  
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The distribution of the intermediate and deep dwelling planktonic foraminifera are not clearly 

understood as those of the shallow dwelling species.  

 

 

Figure 1.12: Schematic representation of planktonic foraminifera vertical depths habitats. The 

grey line separates the species that live on top of the water column until the pycnocline while 

the green line separate the species that live in the intermediate – deeper depths. The species 

arranged at the top of the figure represent their distribution across latitudes, tropics at the 

base and Polar Regions on top. Also shown are the reproduction depths (biweekly and synodic 

lunar cycles) of species as they move down the water column during ontogeny. Taken from 

Schiebel and Hemleben (2017) 

The intermediate and deeper water habitat are more ecologically uniform than the surface 

waters, though robust planktonic foraminifers’ data are not available. The major driver of 

planktonic foraminiferal distribution in the intermediate -deep water is quality and quantity of 

food. Nevertheless, due to their slow reaction to changing ecological conditions, deep-water 

dwellers are good indicator of changes in water masses (e.g. Berger 1970b).  

The distribution of planktonic foraminifera in the water column is hypothetical, as it is believed 

to be controlled by various factors such as the need for sunlight, ontogenetic and reproduction 
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stages, food distribution and water mixing (Schiebel and Hemleben, 2017). The vertical 

distribution of modern planktonic foraminifera show that species such as Globigerinoides 

ruber, Globoturborotalita tenella, Globigerina bulloides, Globorotalia inflata, 

Neogloboquadrina pachyderma and Hastigerina pelagica live in the upper water column 

above the pycnocline while Globorotalia truncatulinoides, Globorotalia hirsute, Globorotalia 

tumida live deeper below the pycnocline (Figure 1.12)  

In the Eocene, symbiont bearing planktonic foraminifera such as Morozovella, Igorina, and 

Acarinina lived in the warm surface waters. Chiguembelina, Zeauvigerina and 

Pseudohastigerina presumably lived in the intermediate zone while non-spinose and symbiont 

barren species like Subbottina, parasubbotina, Globanomalia, Globorotaloide and 

planorotalites lived in the deeper cold water (Luciani et al., 2007). The understanding of the 

depth habitat and distribution of planktonic foraminifera in the water column is critical for the 

reconstruction of palaeoceanographic parameters such as temperature and productivity.    

1.7 Use of foraminiferal assemblage technique in interpreting palaeoecological and 

palaeoceanographic conditions 

Foraminifera are very useful to palaeontologists and palaeoclimatologists in academia and 

industry as powerful tools in relative age determination (biostratigraphy and 

chronostratigraphy), correlation of strata from one location to another and for 

palaeoenvironmental reconstruction. Because planktonic species are free floating in the upper 

water column and benthic foraminifera live in the bottom sediments, they are very useful for 

reconstructing simultaneously, the character of the upper water column and conditions at the 

seafloor. Information from foraminiferal assemblages studied as palaeobiological communities 

are very useful in understanding the ancient ocean-climate system, depositional environment, 

biotic response to global change, as well as patterns of evolution (e.g. Petrizzo, 2007; Luciani 

et al., 2010; Thomas, 2007; Gooday and Jorissen, 2012; Schmidt et al., 2018). In addition, the 

geochemical content of their shells can be analysed to provide different types of proxies 

(indirect evidence) of palaeoceanographic conditions (Katz et al., 2010; Schiebel et al., 2018). 

The use of foraminiferal assemblage for palaeoceanographic parameters varies from their 

application to interpreting depth stratification, palaeo-oxygenation and palaeo-productivity 

(Jorissen et al., 2007).  

Foraminiferal assemblage attributes have also been used to reconstruct bottom water 

temperatures and salinity in the open ocean environment based on the distribution patterns of 

marker species. It is very efficient in the shallow and coastal waters where strong temperature 
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and salinity gradients exist. For example, productivity and oxygen concentration can be 

inferred based on the assemblage composition of foraminifera (Figure 1.13). Low oxygen 

environments are dominated by Bolivinids, Buliminids, and some other biserial taxa 

(D’haenens et al. 2012; Frenzel, 2000) while environments with high oxygen content are 

dominated by taxa such as Cibicidoides, Gyroidinoides, Oridorsalis,  Anomalinoides etc. 

(Schmiedl et al., 2003; Kuhnt et al., 2007; Gupta and Thomas, 2003) 

Also, the number of foraminiferal traits has been combined with assemblage information to 

interpret palaeoecology.  For instance, a close relationship between morphology in planktonic 

foraminiferal and environmental parameters has repeatedly been demonstrated both in the 

fossil record and in the modern ocean (Schiebel and Hemleben, 2017). Vertical habitat 

separation is reflected in the morphological stratification of the planktonic foraminiferal 

ecosystem within the top hundreds of metres of the water column (Hemleben et al., 1989).  

 

Figure 1. 13: Foraminifera morphotypes, their inferred microhabitat, depth and critical oxygen 

threshold. The food availability increases from left to right while oxygen concentration decreases 

from left to right. (Taken from Jorissen, 1999) 
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In the modern ocean, mixed layer species tend to have a rounded globular test, such as in the 

Globigerinids. They often carry symbionts and have a carnivorous feeding habit. The flattened 

discoidal, or conical forms, representing Globorotaliid morphologies, generally live at or below 

the thermocline and are predominantly herbivorous (Schiebel and Hemleben, 2017). In benthic 

foraminifera, morphological features such as test shapes (Table 1.1) and other traits have been 

linked to their preferred ecology. Infaunal morphotypes are dominated by species with 

globular, elongate, tapered cylindrical ovoid and spherical shapes. Taxa with these test shapes 

also occur in highly productive zones (Table 1.1). Epifauna are usually trochospiral, 

planispiral, streptospiral or milioline.  Depending on the prevailing condition, some taxa move 

across different habitats (Jorissen et al., 2007), and some infaunal species may migrate to the 

sediment surface to feed or respire and move back into the sediment while some epifauna taxa 

may move deep into to sediment during extreme condition (Jorissen et al., 2007).  

Table 1.1: Agglutinated foraminiferal morphotypes indicating their relationship with the environment 

and their living habits based on Nagy et al. (1995)  
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Foraminiferal assemblage composition is widely used in the study of ecological changes during 

the PETM and other hyperthermal induced ocean anoxic events (e.g. Schmidt et al., 2018; 

Thomas et al., 2018). In fact, the recognition of the extinction of benthic foraminifera such as 

Stensoina beccariiformis and Neoflabellina sp. in the foraminiferal assemblage in the Antarctic 

waters (Kennett and Stott, 1991) was responsible for the identification of the Palaeocene – 

Eocene boundary and eventually the PETM.  

1.8 Geochemical analyses from foraminifera test 

Geochemical analyses of foraminifera tests have been used over many decades to reconstruct 

past climatic and oceanographic conditions of the Earth (Emiliani, 1954; Shackleton et al., 

1985; Zachos et al., 2008; Katz et al., 2010). The results from the geochemical reconstruction 

of the carbonate test of foraminifera are used in the understanding of past changes in 

temperature (Zachos et al., 2005); salinity (Katz et al., 2010), carbon cycle (Zachos et al., 

2008), productivity (Pälike et al., 2014), circulation patterns (eg. Kennett and Stott, 1991), 

oxygen concentration, changes in nutrient and ice volume of the ocean (Thomas, and 

Shackleton, 1996) provided that the tests are not seriously affected by post mortem 

recrystallization or diagenesis. Because foraminifera can retain the chemical composition of 

the seawater in which they calcified, measurement of the isotopic and trace element variation 

in the test across time slice is used as a proxy for changes in the palaeoclimatic/ecological 

condition of the period they lived (Katz et al., 2010). The major proxies used in the 

geochemical analyses of foraminifera in palaeoceanography are the variation in the isotopic 

composition of oxygen (δ18O), carbon (δ13C), boron (δ11B), nitrogen (δ15N), and strontium 

(87Sr/86Sr). Other proxies include the ratio of some trace elements such as (Mg, Cd, Ba, Zn, B, 

U) and calcium in the foraminifera test (Katz et al., 2010; Groeneveld and Filipsson, 2013). 

Some of the isotopic/trace element ratios are still at the early stage of development for the 

palaeoclimatic studies, but the well-established and frequently used ones are presented in table 

1.2 below. Only the δ13C data previously published from the sites we studied was used to 

constrain the occurrence of negative carbon isotopic excursion (CIE).  

Table 1.2: Palaeoceanographic parameters and the geochemical proxies for their determination 
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The geochemical proxies discussed above are for both the planktonic and benthic foraminifera; 

results from planktonic foraminifera provide information on the surface and upper water 

column while the deep water conditions are recorded in the geochemical composition of 

benthic foraminifera.  

1.9 Ecological functioning of foraminifera and the biological carbon pump 

Ecological function is a term used to define the structural elements in an ecosystem (in this 

case marine) and how they interact with the organisms living in them, as well as the role 

provided by these organisms in the maintenance of the whole system (Bremner et al., 2006). 

Ecosystem functions are made up of biological, chemical and physical processes operating 

within the ecosystem. Physiology, living habit and the anatomy of the biological component 

are emphasised in the role they play in the ecological processes. Maintaining ecological 

processes is pivotal to sustaining biodiversity and equilibrium within an ecosystem for the 

overall benefits of the components (Bremner, 2008). The interplay between taxa and their 

physical or chemical environment largely depend on their traits, and any alteration in the 

biodiversity of these taxa will have serious implications for ecological functioning (Barnosky 

et al., 2011). In general, understanding of ecological functioning involves total evaluation of 

taxonomic composition in a community, the biological attributes they express, their roles in 

maintenance and regulation of ecosystem processes as well as their response to disturbance 

within the community. The ecological functional analysis provides useful information on the 

factors controlling the change in communities and is capable of elucidating links between taxa 

and other ecosystem components. They are helpful for monitoring of changes in ecology in a 

system with a large number of species because they reduce complexity to a manageable size 

and can trace variations in longer time scales (Padilla and Allen, 2000). 

The ocean is made up of vast and highly interconnected environments composing of a wide 

variety of specialised ecosystems ranging from littoral, pelagic to benthic and host numerous 

faunal communities (Cavan et al., 2017). More than 50% of the Earth's primary production 

takes place in the ocean (Pettit et al. 2013) and foraminifera which are the primary focus of 

this study play a vital role in biological carbon pump/ecological function in the ocean (Birch 

et al., 2016). Foraminifera play this role by making their shell from carbonates formed from 

dissolved inorganic carbon thereby regulating the carbon content of the ocean (Cavan et al., 

2017) and contributing remarkably to the global carbon cycle. Carbon is recycled between 

reservoirs in the oceans, on land and in the atmosphere principally as carbon dioxide and 

carbonate rocks. In the ocean, carbon dioxide dissolves in seawater forming carbonic acid and 
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is eventually removed from the marine system through processes such as the formation of 

calcium carbonate and the creation of limestone (Chisholm, 2000; Zebebe and Wolf-Gladrow, 

2001).  

Carbon also occurs in many forms in the ocean, predominantly as dissolved inorganic carbon 

(DIC), and as organic carbon in the form of marine creatures and their remains (Figure 1.14; 

Chisholm 2000). The amount of carbon occurring in the oceans makes it the largest reservoir 

of carbon on Earth with an estimated 40,000 gigatons (www.pmsp.org.uk). The exchange of 

carbon between the ocean and other Earth systems such as atmosphere, biosphere and 

lithosphere takes several hundred years, and carbon dioxide quantity is a major factor that 

controls the ocean-atmospheric system (Zeebe et al., 2008).   

 

 

Figure 1.14. Cartoon of ocean biological carbon pump indicating how carbon dioxide is recycled 

between the atmosphere, oceans, marine organisms and the sediment. The phytoplankton manufactures 

their food and test from the atmospheric CO2, zooplankton (e.g. foraminifera) feed on the smaller 

phytoplankton and use the carbonate formed from dissolved CO2 to make their body parts while larger 

sea animals feed on the plankton and respire CO2. When the organisms die, they accumulate to form 

sediment on the sea floor. Foraminifera are found within the circled group. (Taken from Chisholm, 

2000) 
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Foraminifera belong to marine zooplankton, which comprises of two major types: holoplankton 

and meroplankton. Holoplankton live and spend their whole lives as zooplankton, examples 

include: radiolarians, foraminifera, amphipods, krill, copepods and salps, while the 

meroplankton spend the early part of their life cycle as zooplankton and develop to higher 

organisms later in life (www.pmsp.org.uk).  

Zooplankton play an indispensable role in the functioning of marine ecosystems and ocean 

biogeochemical cycles such as organic carbon export because they are critical components of 

the trophodynamics of benthopelagic ecosystems (Cavan et al., 2017). They link the primary 

production from phytoplankton to the higher trophic levels - fish, mammals and seabirds. 

Zooplankton transform particulate organic matter (POM) into dissolved organic carbon 

through grazing and the process of metabolism (Keister and Bonnet, 2012). Grazing affects the 

population of primary producers, and within the water, column grazing contributes to 

remineralisation as well as the export of particles to the deeper ocean floor (Cavan et al., 2017).   

The role of zooplankton in controlling the effectiveness of biological carbon pump (BCP) in 

the ocean also includes fragmentation of large particulate organic matter sinking from the upper 

water column into smaller digestible sizes as well as the active transfer of the particles to depth 

through vertical migration (Chisholm 2000; Cavan et al., 2017). The understanding of the 

ecosystem services provided by zooplankton is crucial to understanding the impact of current 

climate change in the ocean and the best group for doing this is foraminifera, hence their use 

in this study.  

1.10 Biological Trait Analysis: Can it improve the understanding of the ecological 

functioning of microfossils in deep time? 

Over the years, contemporary ecologists, as well as palaeoecologists have been confronted with 

which technique is the best to study species assemblages and how their lifestyle is related to 

the role, they provide in their communities. There is enormous data from field and laboratory 

experiments on the taxonomic assemblage and possible lifestyles (Bremner et al., 2005; 

Beauchard et al., 2017) but they are rarely enough to make robust conclusions due to the limited 

access to various species niches and the challenge of simulating all the biotic and abiotic 

parameters in the laboratory (Cardinale et al., 2012). To contribute towards a resolution of this 

problem, ecologists have been devising different statistical approaches to analyse field data to 

generate wider and spatially variable predictions/analyses across longer time frames to make 

up for the conundrums in the physical data. One of the approaches proposed for the solution of 

this challenge is biological trait analysis (Statzner et al., 1994).  
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Biological trait analysis (hereafter referred to as BTA) is a statistical approach used by 

ecologists to study species distribution, the biological characteristics they exhibit, and how 

these attributes relate to the functioning of their ecosystem (e.g. Bremner et al., 2006, Charvet 

et al., 2000; Elena et al., 2010; Paganelli et al., 2012; Caswell and Frid, 2017).  

BTA was initially designed to study terrestrial and freshwater biological communities but has 

been recently modified and can be applied in all ecosystems including the marine. The 

approach creates a meaningful connection between species and environments, as well as 

processes within the trophic level. Biological trait analysis uses a series of life history, 

morphological and behavioural characteristics of species present in assemblages to indicate 

aspects of their ecological functioning (defined by Naeem et al. (1999) as the maintenance and 

regulation of ecosystem processes). It has been successfully used to investigate anthropogenic 

influence in the marine benthic ecosystem (Frid et al., 2000). BTA is applied widely in studying 

anthropogenic influence in modern ocean macrobenthic communities and has successfully 

discriminated environmental disturbance (Bremner et al., 2005). Due to the successes recorded 

on using the tool to study the functional ecology of marine benthos during the late Jurassic 

ocean anoxic event (see Caswell and Frid, 2013), we have deemed it appropriate to deploy this 

approach in studying the trait changes fossil foraminifera across the Palaeocene-Eocene 

thermal maximum in order to infer their ecological functions.  

BTA differs from transfer function and other statistical approaches because it comprehensively 

integrates information on all members of the assemblages, how they are related to each other, 

the interaction with individual species and their physical, biogeochemical environment as well 

as their perceived responses to stress and disturbance in the environment (Edwards et al., 2004). 

BTA has the ability to integrate intraspecific variation in trait expression (Chevenet et al., 

1994) thereby overcoming the challenges encountered in the trophic and functional group 

analyses when taxa fit into more than one functional category. Previous applications of BTA 

(see Charvet et al., 2000; Statzner et al., 2001; Bremner et al., 2005; Bremner 2008; Paganelli 

et al., 2012; Caswell and Frid 2013; Shojaei et al., 2015 and Costello et al., 2015) have 

demonstrated that the tool has the ability to detect large-scale geographic changes provided 

that the biological trait composition remains stable over regional and continental scales. 

The selection of biological traits for BTA is critically essential for the quality of the result that 

will be produced. There is a wide range of existing traits which can be used for describing 

ecological functioning; however, not all these are useful or available in all the species.  The 

choice of any trait to be selected must be informed by their importance to the ecological 
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functioning examined and the amount of information retrievable for the organism under 

consideration (Gayraund et al., 2003). Mode of feeding and living habit, for instance, is very 

crucial for analysing functioning because they provide useful indications for resource 

utilisation and energy transfer in an ecosystem. The size and thickness of the test can be used 

as evidence of the amount of carbon dioxide sequestration and palaeoproductivity during the 

time of their existence (Bremner et al., 2006). The chamber arrangement and the nature of the 

apertures could be linked to the organism position in the water column (Boltovkoy et al., 1991), 

hence their role in organic carbon export that plays a critical role in nutrient cycling across the 

whole water column (Cavan et al., 2017). In addition to this, traits like ornamentation can be 

used to interpret resilience by organisms during extreme conditions. Species with a smooth 

body surface and no perforation are associated with the well-lit and oxygenated environments, 

while complex sutures are an indication of harsh conditions (Dubicka et al., 2015). Different 

traits can describe various aspects of ecological functioning, and some are intimately linked to 

particular functions, whereas others serve only as indirect indicators (Lavorel and Garnier, 

2002). Therefore, the number and type of trait selected for biological trait analysis have the 

potential to sway the result. 

1.11 Thesis objectives 

The main aim of this thesis is to test the applicability of biological trait analysis in detecting 

the impact of the extreme environmental conditions on foraminifera and as well as using the 

tool to understand their ecological functioning in deep time. The study has examined the link 

between trait changes in foraminifera and their ecosystem functioning during the Palaeocene – 

Eocene Thermal Maximum (PETM) that occurred 56 million years ago. Conventional 

biostratigraphic/faunal assemblage analysis techniques and other paleoecological proxies have 

also been examined to constrain the outcome of biological trait analysis.   

Since the identification of PETM in the 1990s, significant effort has been invested in the 

understanding of the hyperthermal event because it is believed to be a potential ‘partial’ 

analogue for our future planet if the current release of carbon dioxide into the ocean-

atmospheric system is not reversed (Zeebe et al., 2013). Despite enormous information 

gathered on this extreme climate event, no consensus has been reached by the scientific 

community on the cause of extinction recorded in the microbenthic community and other biotic 

changes. This study aims to use trait-based approach to investigate the ecological functioning 

provided by the foraminifera during this event by conscientiously analysing how the traits 

exhibited by different species of foraminifera could be correlated to environmental changes 
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across the PETM. Assessing the variability in the biological traits of both the benthic and 

planktonic foraminiferal assemblages over a range of environmental conditions will provide a 

useful understanding on the impact of the PETM on the marine biota, the attributes that enabled 

most of them to survive and, which led to some species becoming extinct. 

Our study is novel because BTA has not been previously applied in the study of microfossils, 

either in the continental and marine environment. However, the results from previous studies 

(Charvet et al., 1998; Bremner et al., 2006; 2008; Tyler et al. 2012; Frid et al., 2009; Caswell 

and Frid, 2013; Beauchard et al., 2017) have motivated the use of such techniques in 

investigating the impact of the PETM on the trait changes and ecological functioning of 

foraminifera (microfossil). The foraminiferal turnover during the PETM is well documented 

(Foster et al. 2013, Jennions, et al. 2015, Giusberti, et al. 2016) based on faunal assemblage 

and geochemical data. However, because foraminiferal community interaction with the 

environment and with other marine fauna is driven by biological traits instead of taxonomic 

composition (McGill et al., 2006; Tyler et al., 2012) and literal counting of fauna composition 

could lead to overestimation of biotic turn over (Twitchett, 2006), it is necessary to use the 

BTA to assess the impact of the hyperthermal on the ecological functioning of foraminifera in 

the marine ecosystem. 

The study aims to identify which traits are more resilient to extreme environmental conditions 

and which are not. It will also seek to understand the traits that supported ecological functioning 

during the extreme environmental event. The result will also help in recognition of species with 

such traits and improve the understanding of the major drivers of faunal turn over during the 

PETM. Biological trait analysis has been used to examine the tenacity of functional traits of 

marine macrobenthos during the Early Jurassic ocean anoxic event by Caswell and Frid (2016), 

but only changes in life habit were highlighted, with epifauna being more resilient than the 

infauna. In this study, more traits shall be considered across a larger time scale and geographies.  

This study will examine the foraminiferal assemblages from sites 1209B, 1212B and 1215A in 

the Pacific Ocean, site 1265A in the South East Atlantic and the Tethyan section of Alamedilla. 

These sites will be used to compare the ecological disturbance from these oceans during the 

PETM using BTA. These sites were chosen because of their location in equatorial latitudes and 

the scarcity of data on the impact of the PETM on the tropical climate. The results from this 

work will provide more insight on the impact of the event on the subtropical ecosystem.  

Specifically, this thesis aims to achieve the following objectives:  
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1. Evaluate the similarities/differences in the degree of ecological disturbance in the 

Tethys, Atlantic and Pacific oceans and improve the understanding of biotic 

changes during the PETM  

2. Analyse the benthic and planktonic foraminiferal assemblages from ODP Site 

1265A to understand changes in the ecological functioning across the water column 

from the pelagic to the benthic ecosystem during the PETM  

3. Examine the benthic foraminiferal composition from ODP Site 1215A and evaluate 

the impact of ocean acidification on the preservation of benthic foraminifera test. 

4. Explore the usefulness of biological trait analyses (BTA) in investigating the impact 

of extreme climate on the ecosystem functions of fossil foraminifera.  

5. Investigate the tenacity of the identified traits in the face of the extreme ecological 

condition. 
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CHAPTER TWO 

Materials, Methods and Taphonomic considerations 

2.1 Materials 

The material for the primary data used in this study was sampled from Ocean Drilling Program 

(ODP) expedition: Leg 199, Site 1215A Cores 6H and 8H (Lyle et al., 2002); Leg 208 Site 

1265A Cores 29H and 30H (Zachos et al., 2004). While secondary data were extracted from 

published foraminifera census data from Leg 198 Site 1209B, Core 22H (Takeda and Kaiho, 

2007), Site 1212B core 13H (Takeda and Kaiho, 2007) and outcrop samples from Alamedilla 

in Southern Spain (Alegret et al. (2009); Figure 2.1; Table 2.1). These sites were selected 

because of their location in the subtropics.   Most of the PETM studies are focussed in high 

latitudes where there are pronounced changes during the event (Kennett and Stott, 1991; Koch 

et al.,1992; Dickens et al., 1995; Kelly et al., 1996; Thomas and Shackleton, 1996) and very 

little is published on the impact of  event in the subtropics (Frieling et al., 2016).  

 

Figure 2.1: Location of the studied sites. 1215A, 1265A, 1209B, and 1212B are ODP site while 

outcrop data came from Alamedilla in Spain (modified from The European Space Agency map 

retrieved at http://www.esa.int/ESA). 
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Table 2.1: Summary of study sites, location, palaeowater depth, new data and previously published 

data 

Sites Latitude Longitude Water 

depth (m) 

Primary data Secondary 

data 

References 

ODP 189 

Site 1215 

26.0296 -147.9332 5396 Foraminifera 
census & traits 

δ 13C 
 

Leon-
Rodriguez 
& Dickens 
(2010) 

ODP 208 

Site 1265 

-28.835 2.6389 3060 Foraminifera 
Census & traits 

δ13C 
 

Zachos et 

al., 2005 

ODP 198 

Site 1209 

32.6517 158.5059 2387 Foraminifera 
traits 

δ13C & 
Foraminifera 
census 

Takeda & 
Kaiho 
(2007) 

ODP198 

Site 1212 

32.4483 157.7117 2681 Foraminiferal 
traits 
 

δ 13C & 
Foraminifera 
census 

Takeda & 
Kaiho 
(2007) 

Outcrops 37.5816 -3.2439 2000 Foraminiferal 
traits 

δ 13C 
Foraminifera 
census 

Alegret et 

al., (2009) 

 

2.2 ODP Site 1215A 

Thirty- eight (38) samples were selected across 15.62 metres of core (6 and 8H) from ODP Leg 

199, Site 1215A (Figure 2.2 and Table 2.2), and analysed for foraminiferal abundance and trait 

composition. The two holes (A and B) cored at Site 1215 were drilled at 5396 metres below 

sea level (mbsl) at 26°01.77'N, 147°55.99'W (Lyle et al., 2002). The summarised stratigraphy 

of Site 1215 (see Figure 2.2; Lyle et al., 2002; Leon-Rodriguez & Dickens 2010) indicated 

pelagic clay and clayey nannofossil ooze as the dominant lithology. The stratigraphy of the 

holes is subdivided into units I, II III and IV based on the characteristic sedimentary facies 

(Lyle et al., 2002). Unit I is composed of red clay intercalated with zeolites. Unit II from where 

the samples for this study were collected consists of brown – dark brown, clayey, calcareous 

ooze with some cherts sandwiched within the sediment. Unit III is a metalliferous dark – brown 

ooze with little clay and no ash nor fossil, it is unconformably overlying the basaltic igneous 

rock of unit IV.  

Site 1215A is located in the abyssal hill north of Molokai fracture northeast in the central 

Pacific Ocean. The core was taken in an area with typical abyssal hill topography but 

continuous sediment cover. Molokai Fracture is characterised by an extensional tectonic setting 

and with hydrothermal vents around it.  
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Figure 2.2: Stratigraphic sections and sample points for Alamedilla section, Sites 1265A, 

1215A, 1209B and 1212B. The area correlated with the red line marks the CIE section as 

interpreted from the carbon isotope and sedimentological changes. The cores for the primary 

data were sampled at a slightly lower resolution to capture long timeframe in order to 

understand reasonable changes across the PETM.  
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Table 2.2: Sample levels from cores 6H and 8H, Site 1215A with the corresponding metre below 

seafloor (mbsf1) and metres composite depth (mcd) 

Sample code mbsf mcd 

1215_6H-02_30-32 41.01 44.85 

1215_6H-02_80-82 41.51 45.35 

1215A_6H-02_130-132 42.01 45.85 

1215A_6H-03_80-82 43.01 46.85 

1215A_6H-03_130-132 43.51 47.35 

1215A_6H-04_30-32 44.01 47.85 

1215A_6H-04_80-82 44.51 48.35 

1215A_6H-04_130-132 45.01 48.85 

1215A_6H-05_30-32 45.51 49.35 

1215A_6H-05_80-82 46.01 49.85 

1215A_8H-01_30-32 50.51 54.35 

1215A_8H-01_78-80 50.99 54.83 

1215A_8H-01_130-132 51.51 55.35 

1215A_8H-02-30-32 52.01 55.85 

1215A_8H-03_28-29 53.485 57.325 

1215A_8H-03_30-32 53.51 57.35 

1215A_8H-03_33-34 53.535 57.375 

1215A_8H-03_35-36 53.555 57.395 

1215A_8H-03_37-38 53.575 57.415 

1215A_8H-03_39-40 53.595 57.435 

1215A_8H-03_41-42 53.615 57.455 

1215A_8H-03_46-47 53.665 57.505 

1215A_8H-03_48-49 53.685 57.525 

1215A_8H-03_60-62 53.81 57.65 

1215A_8H-03_63-64 53.835 57.675 

1215A_8H-03_64-65 53.845 57.685 

1215A_8H-03_65-67 53.86 57.7 

1215A_8H-03_80-82 54.01 57.85 

1215A_8H-03_130-132 54.51 58.35 

1215A_8H-04_28-30 54.99 58.83 

1215A_8H-04_78-80 55.49 59.33 

1215A_8H-04_128-130 55.99 59.83 

1215A_8H-05_30-32 56.5 60.35 

1215A_8H-05_80-82 57 60.85 

1215A_8H-05_128-130 57.48 61.33 

1215A_8H-06_30-32 57.96 61.85 

1215A_8H-06_80-82 58.46 62.35 

1215A_8H-07_30-32 59.46 63.35 

 

There were three key palaeoceanographic objectives for drilling Site 1215.  

1. To core the Palaeocene – Eocene boundary for the first time in the Central Pacific 

Ocean. 

2. To define the North equatorial current and North Pacific subequatorial gyre processes  

3. To trace the Intertropical convergence zone during the Palaeogene by following the 

variation in the Aeolian – dust composition and flux through time.  

                                                           
1 1 mbsf- metres below seafloor 
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This study will seek to understand the impact of extreme climatic change on the benthic 

foraminiferal communities and the effect of high organic flux on foraminifera preservation.  

2.3. ODP Site 1265A 

Thirty-four (34) sediment samples were collected and analysed across 11m of the core from 

Site 1265A (Figure 2.2; Table 2.3). The lithologic composition of the recovered cores on this 

site includes; nannofossil ooze, foraminifer-bearing nannofossil ooze, foraminifer-nannofossil 

ooze, nannofossil-foraminifer ooze, clay-bearing nannofossil ooze, and foraminifer- and clay-

bearing nannofossil ooze.  Smear slide result also revealed minor and accessory lithologies 

such as ash-bearing nannofossil ooze, ashy nannofossil ooze, clay-bearing volcanic glass, 

zeolite- and nannofossil-bearing clay, clay, calcareous dinoflagellate cyst–bearing nannofossil 

ooze, and hematite-bearing nannofossil ooze.  

Table 2.3: Cores depth of the section analysed from Site 1265A with their corresponding metre below 

seafloor (mbsf) and metres composite depth (mcd).  

Sample depth/ code mbsf mcd 
29H1-30-32 266.31 307.09 
29H1-80-82 266.81 307.59 
29 H2-80-82 267.62 308.48 
29 H2-130-132 268.12 308.98 
29 H3-30-32 268.62 309.48 
29 H3-78-80 269.1 309.96 
29 H3-130-132 269.62 310.48 
29 H4-30-32 270.12 310.98 
 29 H4-80-82 270.62 311.48 
29 H4-130-132 271.12 311.98 
29 H5-80-82 272.12 312.98 
29 H5-130-132 272.62 313.48 
29 H6-30-32 273.12 313.98 
29 H6-78-80 273.68 314.46 
29 H6-128-130 274.18 314.96 
29H7-20-22 274.58 315.36 
29H7-25-26 274.63 315.41 
29H7-30-32 274.68 315.46 
29H7-35-36 274.74 315.52 
29H7-40-42 274.78 315.56 
29H7-45-46 274.84 315.62 
29H7-50-53 274.88 315.66 
29H7-60-62 274.98 315.76 
29H7-65-66 275.04 315.82 
29H7-70-71 275.08 315.86 
29H7-75-76 275.13 315.91 
29H7-78-80 275.16 315.95 
29H7-80-83 275.19 315.97 
29H7-130-132 275.68 316.46 
29HCC-22-24  275.88 316.66 
30 H1-29-31 276.18 317.92 
30 H1-80-82 276.66 318.42 
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The whole section of the recovered core is divided into two units based on magnetic 

susceptibility measurement and sedimentary facies composition. The samples for this study 

was collected from unit II, particularly within the subunit IIC. The average percentage 

carbonate content for the subunit II section is 93 ± 2 wt% except in the clay – enriched horizon 

of the PETM (Zachos et al., 2004). The P/E boundary interval was encountered in Hole 1265A 

at ~275.09 mbsf (315.87 mcd). However, the lowermost Eocene was not recovered due to 

drilling disturbance. The P/E boundary interval occurred at the contact between underlying 

Palaeocene nannofossil ooze and a reddish brown nannofossil clay of the lowermost Eocene 

(Figure 2.2). The sediment sequence was marked by a red clay layer, which varies in thickness 

from 20 to 50 cm from site to site, within a thick and uniform sequence of upper Palaeocene 

and lower Eocene foraminifer-bearing nannofossil ooze.           

Site 1265A is located at latitude 28°50.10´S and longitude: 02°38.35´E in the Water depth of 

3060 m as part of the Leg 208 Early Cenozoic Extreme climate: The Walvis Ridge Transact. 

This site is situated at a couple of metres under the peak of the seamount in the north-western 

flank of the Walvis Ridge. It was drilled at the shallowest sea depth of the Leg 208 depth 

transect. Walvis Ridge is located in the eastern part of the South Atlantic Ocean (Figure 2.3). 

This site has been identified from the seismic survey as one of the best-known locations where 

it is possible to recover Paleogene sediments from the late Cretaceous to Recent over a broad 

range of depths. The ridge has been the target of previous drilling by Deep Sea Drilling Project 

(DSDP) Leg 74, which is designated as sites 525–529 on the northern flank of the ridge across 

the depths of 2.5 and 4.2 km (Moore et al., 1984).  

Brief tectonic history of Walvis Ridge by Sager et al. (2015) shows that Walvis Ridge (WR) is 

one of the Cretaceous-Cenozoic large igneous provinces (LIPs) formed by the Tristan-Gough 

hotspot interacting with the Mid-Atlantic Ridge (MAR). Plate tectonic reconstructions indicate 

that the main Rio Grande Rise (RGR) plateau and large N-S plateau in the eastern Walvis Ridge 

erupted at the same point at ~90 Ma. After about ~8Ma of continuous eruption, these juxtaposed 

igneous provinces formed a "V" shape with a basin in between them (Sager et al., 2015). 

Walvis Ridge is a northeast-southwest–trending aseismic ridge that divides the eastern South 

Atlantic Ocean into two basins, the Angola Basin to the north and the Cape Basin to the south 

(Zachos 2004). The ridge is composed of a number of concatenated crustal blocks declining 

down the slope towards the northwest and ascending more steeply towards the southeast. 

Previous data from magnetic and gravity survey indicate that Walvis Ridge was formed by 

hotspot volcanism near the spreading ridge during the process of Atlantic basin expansion 

(Rabinowitz and Simpson, 1984) and later in the latest Cretaceous, a 1.1 km basin was formed 
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as a result of thermal subsidence (Moore et al., 1984). The ridge was covered with thick pelagic 

sediment that significantly prograde in thickness toward the continental margin (Moore et al., 

1984). The sediment thickness varies from ~ 300m at the deepest part of the seafloor adjacent 

the ridge to about 600m near the summit in the southeastern portion. This was interpreted from 

a pattern expressed in seismic sequences acquired before the drilling (Zachos et al., 2004) 

The primary objective of Leg 208 expedition was to recover sedimentary sections with 

sufficient resolution to characterise high-frequency changes in bottom water chemistry and 

circulation at shallow bathyal depths during several of the key climatic events of the Paleogene 

including the Eocene–Oligocene transition, the Early Eocene Climatic Optimum (EECO) and 

the PETM. This is because most of the sites cored before Leg 208 to constrain major geologic 

events during the Paleogene suffered from poor recovery and drilling disturbance (Zachos et 

al. 2004). Advances in coring technology and drilling strategies (i.e., multiple-hole composite 

sections) allowed for almost 100% recovery of sequences that were only partially recovered 

during previous drilling campaign  

2.4 ODP Site 1209B 

Sampling at Site 1209B was at a higher resolution (Takeda and Kaiho, 2007) compared to Sites 

1215A and 1265A. Thirty sediment samples were analysed across a 30cm of core 22H-1 in 

Site 1209B, Leg 198.  ODP 198 is located at the southern high of the Shatsky Rise along a 

depth transact (Figure 2.3; Table 2.1). The sites are spread along a prograding depth of 500m. 

The position of Shastky Rise in the Pacific Ocean during the PETM was reconstructed to be 

latitude 32.6517 and longitude 158.5059 and palaeowater depth of 1900-2200m indicating that 

Site 1209B (Table 2.1) was the shallowest depth in the ODP Leg 198 (Figure 2.3; Bralower et 

al., 2002). The Lithology of the analysed core consists largely of nannofossil ooze and 

nannofossil ooze with clay. The core contained a distinct dark brown clay-rich interval that 

marks the core of the PETM and the P/E boundary. Inorganic calcite noodles have been 

reported just above the clay-rich layer by the shipboard report (Bralower et al., 2002) 
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Figure 2.3: Topography of Shatsky Rise showing the location and present depth of all the sites in ODP 

Leg 198 (source http://www-odp.tamu.edu/publications/198_SR/synth/syn_f1.htm).  

 

Results from the preliminary biostratigraphic analysis of cores recovered from the site were 

used to constrain the onset of the PETM at the top of the P5 planktonic foraminiferal zone and 

CP8 of calcareous nannoplankton zone. The PETM section is represented by an abrupt change 

from light brown nannofossil oozes to a dark brown clay horizon (see Figure 2.3) that grades 

upward into a more carbonate-rich sediment. At Site 1209B the PETM occurred at core 198-

1209B-22H-1_132-110. The clay layer at the onset of the event was bioturbated indicating 

exposure of the seafloor and well aerated benthic environment. The last down-hole occurrence 

of Morozovella valescoensis is the biostratigraphic event that marks the peak of the CIE, at Site 

1209B it was located just above the clay enrichment. The sharp lithologic contact and a 6cm 

section (Petrizzo, 2007)  indicated that the PETM section at Shatsky Rise was more condensed 

compared to the length recorded at the Atlantic and Tethys sea (Takeda and Kaiho 2007).   
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2.5 ODP Site 1212B 

Site 1212 is located on the southern flank of Shatsky Rise at a water depth of 2681m (middle 

bathyal). The site is ~300 m deeper than Site 1209B (2387 m). Thirty-two (32) sediment 

samples were collected from a 30cm length of core across the PETM interval at Site 1212B. 

The PETM section was composed of pale yellowish-brown nannofossil oozes interbedded with 

clayey pale-orange brown ooze (Takeda and Kaiho 2007). A number of minor diastems 

occurred in the clay-rich interval indicated by thin, darker horizons. Volcanic glass, iron oxide 

and pyrite were also reported within the PETM interval in the shipboard visual core description 

(VCD) record (more details on Bralower et al., 2002). P/E boundary occurred within core 198-

1212B-9H-5_72-50cm i.e. 80.08-79.705 mbsf. The analysed part of the core is located in the 

unit II section of the hole.  

2.6 Alamedilla 

The Alamedilla section is located in Granada Province, Southern Spain. The upper Palaeocene-

early Eocene section exposed at Alamedilla is composed of pelagic sediments consisting of 

grey marls, with a 15-cm thick turbidite at the base (Algret et al., 2009). The section consists 

of a continuous sediment cover from the late Cretaceous to early Eocene, and it represents a 

very important location for understanding the Palaeocene - Eocene (P/E) boundary (Algret et 

al., 2009). Twenty four outcrop samples were collected across 17.40m at 10-20 cm interval 

within the CIE section and 40 cm apart at the pre-CIE and recovery sections respectively. A 

transition from pink marl at 13.50-13.80 m into a thick red clay horizon marks the beginning 

of the PETM in Alamedilla.  
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Figure 2.4: Combined litho and biostratigraphy as well as PETM events in Alamedilla section (Adapted 

Algret et al., 2009). Column (1) is the planktonic foraminifera zone, (2) is Nannofossil zone. BEE = 

Benthic foraminifera extinction, PEB = PEB = Paleocene/Eocene boundary. Point A is the record of 

the first evidence of negative carbon isotopic excursion (CIE) and the duration from the PEB. It 

represents the first oxidation of methane in the section during the PETM. B. record of further reduction 

in the CIE. C. peak of the PETM warming and the CIE. D. Evidence of initial sign of CIE recovery. E. 

Further sign of recovery and F. return of the CIE to the pre CIE values 

2.7 Summary of published micropalaeontological and geochemical studies 

2.7.1 ODP Site 1215A 

The micropalaeontological composition of the analysed section of Site 1215A has been earlier 

published as part of ODP Leg 199 -Palaeogene Equatorial transect scientific report (Nomura 

and Takata, 2005). The report presented a comprehensive catalogue of benthic foraminiferal 

assemblage from Sites 1215A, 1220B, and 1221C. However, no detailed interpretation and 

discussion of the foraminiferal assemblage were given. Nomura and Takata (2005) also 

reported poor recovery and very few foraminifera from the section, and I believe that apart 

from the high dissolution associated with this section, the quantity of the foraminifera 
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recovered would have been hugely affected by the preparation method. They adopted the 

traditional method of washing under the tap and picking with the brush, instead of the more 

effective washing with shower head tap. Washing with shower head tap involves using mild 

pressure tap fitted with the shower head to flush all the mud leaving the residue with 

foraminifera only.  

In another study, Leon-Rodriguez and Dickens adopted integrated biostratigraphic and 

geochemical approaches to constrain the amount of carbon injected in the Pacific Ocean during 

the Late Palaeocene – late early Eocene hyperthermal ( PETM (~55.5 Ma), H1/ETM-22 (~53.7 

Ma), I13 (~53.2 Ma), and K/X4 (~52.5 Ma) events. They analysed core sections of about 42m 

in length transcending 56 – 52Ma, focusing mainly on planktonic foraminifera, calcareous 

nannofossil and stable isotope compositions of carbon and oxygen from bulk carbonate. The 

result was used to derive the age model, carbon fluxes, temperature changes and the impact of 

ocean acidification on the sediment. They noted that the CCD was 200m below the depositional 

environment during the PETM in already corrosive water as indicated by high-level dissolution 

of foraminifera test. The general trend in carbonate preservation in Site 1215A indicated an 

increase from late Palaeocene to the early Eocene with a punctuated but significant decrease 

during the CIEs. The δ13C isotope data for this study was extracted from Leon-Rodriguez and 

Dickens (2010) supplementary data. New benthic foraminiferal census data was acquired from 

this site and analysed for both taxa and trait changes.  

2.7.2 ODP Site 1265A 

Onshore micropalaeontological studies have not been conducted on the core section analysed 

from Site 1265A except for the general shipboard biostratigraphy report published as part of 

the initial report of the Leg 208 –Early Eocene Cenozoic Extreme Climates: The Walvis Ridge 

Transact. This study has provided a detailed understanding of changes in benthic and 

planktonic foraminiferal composition across the late Palaeocene – early Eocene of Core 29H 

and part of 30H and identified some climate signals using the trait changes in the recovered 

foraminifera. Some geochemical (stable isotope) studies have been published from Leg 208 

(Thomas Westerhold et al., 2017; 2007; McCarren et al., 2008 and Zachos et al., 2005). The 

δ13C isotope used to constrain the CIE in this study was sourced from the supplementary data 

                                                           
2 Second early Eocene thermal maximum 
3 Lighter hyperthemal after ETM-2 
4 Last early Eocene hyperthemal 
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from Zachos et al. (2005), nevertheless, the isotope data did not cover the whole core section 

studied. 

2.8. Methodology 

2.8.1. Sample preparations 

Wet and dry weight, as well as the volume of samples, were measured prior to the 

micropalaeontological preparation. This allows for accurate calculation of microfossil 

concentration, mass accumulation rate and other statistical analysis that requires specimen 

absolute abundance. Materials used for weighing the samples include XS204 DeltaRange 

METTLER TOLEDO precision balance, 250ml glass beaker, 50ml centrifuge tube, wash bottle 

with double distilled water, funnels, filter paper and spatula. Sediment samples were divided 

into two, one part for foraminiferal analysis and the other for palynological analysis. 

During the measurement, a 50ml centrifuge tube was filled with 20 cm3 of double distilled 

water, placed in the glass beaker and then on the precision balance. The balance was then tared 

(make the value equal to 0.0 g) with the beaker and centrifuge tube. The sediment was then 

transferred to the tared centrifuge tube in the beaker, and volume change and wet weight were 

recorded. The wet sediment is poured onto a conical folded filter paper (pre-labelled with the 

same sample number as the sediment) and placed in the funnel supported on a rack. New 

centrifuge tube and filter paper were used for each sample.  

All the measured samples were dried in the laboratory oven at 20ºC overnight, and the dry 

weight is measured the next day.  

2.8.2. Foraminiferal preparation protocols 

Weighed sediment samples were transferred into the 250ml glass beaker and soaked with water 

and 2-3 drops of sodium hypochlorite solution overnight in a fume cupboard. This allows 

enough time for the sediment to disaggregate. The disaggregated sediment samples were 

washed with Endecotts stainless steel 63µm sieve under running tap water. The recovered 

residues were transferred to a labelled filter paper placed in a funnel and dried in the oven. The 

dried residue was stored in vials for identification and counting.  

Before the counting, the recovered microfauna were sieved into three fractions, >63-125 µm 

(fine), >125-250 µm (medium) and >250 µm (coarse). Each size fraction was counted 

separately to avoid the larger microfossil from obstructing the smaller ones. Counting was done 

by sparingly spraying the microfossils on the observation tray. The observation tray is divided 

into forty –two equal sized squares and 2-3 microfossil filled trays were counted for each 
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sample by following systematically a particular transect. Because the number of planktonic 

foraminifera was high (e.g. some species exceeding 1000 in one fraction) in Site 1265A, only 

counted one tray was counted for each size fraction. However, for the benthic group that was 

less abundant more than one tray was counted to get sufficient data. Many species (e.g. 

Chiloguembellina, Globanomalia, Abyssamina, and Pleurostomellids) which were scarce in 

the larger fraction were abundant in the fine fraction. This is in contrast with the proposition 

that sizes <250 µm should be neglected because they contain mainly juvenile species (Kaiho 

et al., 2006; Luciani et al., 2007). Extreme environmental conditions can cause dwarfism in 

foraminifera (Alegret and Thomas 2009; D’haenens et al., 2012), hence the fine fraction may 

contain some important species not found in the coarse fraction. Nevertheless, it was difficult 

to identify some species of Subbotina, Acarinina and Morozovella in the fine fraction due to 

their small size, and so for these taxa identification was made to the genus level only.  Most of 

the taxa were identified to the species level using the systematic description and micrographs 

from Holbourn et al. ( 2013), Pearson et al. (2006), Olsson et al.(1999), Widmark (1997), Bolli 

et al. (1994), Speijer (1994), Nomura (1991), Loeblich and Tappan (1987), Tjalsma and 

Lohmann (1983), Cushman (1951) and other peer-reviewed publications.  

2.9. Methods of trait coding for Biological Trait Analysis  

Biological Trait Analysis utilises multivariate ordination method in describing the patterns of 

biological trait composition across the entire assemblages (i.e. the types of trait present in 

assemblages and the relative frequency with which they occur). Three main ordination methods 

are fit for this technique; they include the Fuzzy correspondence analysis (FCA), co-inertia 

analysis (CoI) and non-metric multi-dimensional scaling (nmMDS). Fuzzy correspondence 

analysis is a parametric linear ordination method that uses eigenanalysis to investigate 

differences between samples, based on the biological traits exhibited by species present in the 

assemblages, weighted by their abundance or biomass (Bremner et al., 2006). Co-inertia on the 

same vein is also based on eigenanalysis. However, it differs from FCA in that it investigates 

patterns in species' distributions and their biological traits separately, as well searching for 

covariation between them (Doledec and Chessel, 1994). Both FCA and CoI allow the traits that 

contribute most to differences in functioning between assemblages to be identified and 

visualised. Non-metric Multi-dimensional scaling (nmMDS) is an indirect gradient analysis 

approach which produces an ordination based on a distance or dissimilarity matrix and is 

frequently used in the analysis of marine assemblage composition (Clarke, 1993). Unlike FCA 

and CoI, which utilise absolute distance between samples as a measure of the difference 
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between them, nmMDS is based on the rank similarities of samples and produces an ordination 

plot showing relative differences in biological trait composition.  

For this work, we shall be using non-metric multi-dimensional scaling (nmMDS) and 

Similarity percentage analysis (SIMPER) because they are easier to visualise and interpret. The 

SIMPER analysis produces the percentage of similarity and dissimilarity of the factor of 

interest (in this case traits or species composition), the percentage of similarity and dissimilarity 

between the hierarchy of the elements and for specific levels of each factor. It shows which 

variables in the data explain the similarities or dissimilarity, the percentage of contribution 

(Contrib %) of variables that describe these similarities as well as the cumulative percentage. 

The result of variables is classified from the highest to the lowest contribution.   

The number of traits selected for this study and analyses is based on the perceived role they 

play in ecological functioning. These traits were those considered to reference core ecosystem 

functions or processes in the ocean that may be provided by foraminifera. Important traits that 

can provide an index for some of these ecosystem functions include essential aspects of 

foraminiferal morphology and behaviour such as the shape of the test, test composition, 

chamber arrangement, chamber shape, ornamentation, nature of aperture (form, accessory, 

structure and position), test perforation, life habit, feeding habit and mobility. 

 Data on traits like life habit, feeding habit and mobility that cannot be directly observed in 

under the light microscope were obtained from databases and literatures. For a couple of 

species, some traits like mobility or feeding habit could not be directly established because they 

are already extinct with no record of the life history in the literature. In such cases, the missing 

traits were extrapolated from the closest relative (at the genera or family level) or from the 

functional morphology of a known taxa. For instance, if the chamber form of a species was 

rounded trochospiral, Nagy et al. (1995) functional morphology principles were applied to 

indicate that the species was a superficial epifauna and must have been a deposit feeder (see 

Table 1.1;  http://nhm2.uio.no/norges/full/atlas/pecol_text.htm), though this was in very rare 

cases. 

All the traits were each classified into subcategories referred as modalities (Table 2.4; Figures 

2.5-2.7), for instance, test shape was classified into spiral, elongate, globose, tubular, 

subquadrate, and others. This categorisation is not exhaustive but highlighted the modalities 

that are quantifiable, common in the recovered species or those available in the accessed 

literature and databases. 
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Table 2.4: Biological traits of benthic foraminifera and associated modalities used in this study (See 

appendix 5.2 for planktonic traits) 

Traits Modalities 

A. Test Shape A1. Spiral 
A2. Elongate 
A3. Globose 
A4. Tubular 
A5.Subquadrate 
A6. Others 

B. Test Composition B1. Agglutinated 
B2. Secreted: microgranular 
B3. Secreted: Hyaline calcite 
B4. Secreted: Hyaline 
aragonite 
B5. Secreted: Porcellanous 

C. Chamber arrangement C1. Unilocular 
C2. Uniserial 
C3. Bi/Tri-serial 
C4. Planispiral 
C5. Trochospiral 
C6. Other 

D. Chamber shape D1. Spherical/Oval 
D2. Tubular 
D3. Triangular or trapezoidal 
D4. Semi-circular 
D5. Others 

E. Test macro-
ornamentation 

E1. Depressed/incised sutures 
E2. Raised sutures 
E3. Cancellate/ponticuli 
E4. Muricae 
E5. Keeled 
E6. Others/none 

F. Test Micro-
ornamentation 

F1. No ornament 
F2. Spinose 
F3. Hispid 
F4. Striate 
F5. Others 

G. Aperture form G 1. Oval/reniform 
G2. Arcuate 
G3. Radiate 
G4. Slit-like 

 G5. others 
H. Aperture accessory 
structures 

H1. Lips 
H2. Bifid teeth 



60 | P a g e  

 

H3. Umbilical teeth 
H4. Neck 
H5. None 

I. Primary aperture 
position 

I1. Terminal 
I2. Basal interiomarginal 
I3. Umbilical 
I4 Extra-umbilical 
I5. Areal 

J. Test perforation J1. Micro-perforation (<1um) 
J2. Fine perforation (1-3 um) 
J3. Macro-perforation (>3um) 
J4. No perforation 

K. Life habit K1. Benthic epifaunal 
K2. Benthic shallow-infaunal 
K3. Benthic deep- infaunal 
K4. Planktonic 

L. Feeding habit L1. Deposit feeder 
L2. Grazer 
L3. Suspension feeder 
L4. Symbiosis 
L5. Denitrification 

M. Mobility M1. Sessile 
M2. Clinging 
M3. Free-living benthic 
M4. Planktonic 
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Figure 2.5. Micrographic representation of test shape, test composition, chamber arrangement, chamber shape, test macro-ornamentation of foraminifera and 

their modalities. Not all the species in the micrographs were identified in this study. The best images to represent the traits were prioritised.  
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Figure 2.6. Micrographic representation of test micro-ornamentation, aperture form, aperture accessory structures, primary aperture position of foraminifera 

and their modalities  
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Figure 2.7. Micrographic representation of test perforation, life habits of foraminifera and their modalities  
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Table 2. 5: Example list of eight foraminiferal taxa from Site 1209B with the fuzzy trait coding 

for two (test shape and chamber arrangement) out of the 13 traits used for this study.  See 

supplementary data in the appendix for the complete table. 

 

A fuzzy coding technique was used to express the affinity of different species to the associated 

traits modalities using a scale of 0.0–1.0 (Chevenet et al., 1994). The absence of an affinity of 

a particular trait was denoted with 0 whereas 1 was used to code a species that exhibited a high 

affinity to a trait (Table 2.5). This coding technique allows species that exhibited more than 

one modalities to be categorised according to their affinity (e.g. Table 2.5), however, all the 

categories must sum to one (Caswell and Frid 2013; 2015; 2016).  

The information on the biological traits were sourced from the biological database such as 

WORMS – World Register of Marine Species: http://www.marinespecies.org, The 

Palaeobiology database http://palaeodb.org; Fossilworks http://fossilworks.org/ Pangaea 

https://www.pangaea.de/and Atlas of Paleogene Cosmopolitan Deep-Water Agglutinated 

Foraminifera http://nhm2.uio.no/norges/full/atlas/pecol_text.htmp and published literature ( 

e.g. Holbourn et al., 2013; Bolli et al., 1994; Pearson et al., 2006; Olsson et al., 1999).The 

review of these data resources as well as morphometric measurements of specimens under the 

light microscope, and personal communications with experts on a range of taxa informed the 

coding of traits selected for this analysis based on extant analogues, their functional 

morphology, and occurrences within marine ecosystems.  

The frequency of each traits’ modality in the dataset was determined by multiplying the trait 

modality scores (e.g. Table 2.5) by the relative abundance of each species (see the foraminifera 
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abundance in the appendix) exhibiting those modalities in each sample. This was achieved by 

matrix multiplication (Charvent et al., 1998; Caswell and Frid, 2016). The product of the matrix 

multiplication was then used for statistical analysis (table 2.6; see the complete data in the 

appendix).  

All the statistical analyses of both taxonomic abundance and trait composition were performed 

with PRIMER v.6 (PRIMER-e, Plymouth, UK). Prior to the statistical analysis, data were 

factorised into three to reflect the stages in the PETM (pre-CIE, CIE, Recovery) event. The 

pre-analysis treatment of the samples required standardisation of the species data which was 

transformed with Log (x+1) to reduce the influence of dominant species on the overall result. 

The similarities of both species and biological traits between samples were calculated using 

the Bray-Curtis index to create resemblance matrices. Non-metric multidimensional scaling 

(nmMDS) was used to visualise the similarities/differences in species and trait composition 

between the different stages of PETM. Species/taxa composition and biological trait 

composition were compared using Analysis of Similarity (ANOSIM), and subsequently, the 

similarity percentages (SIMPER) routine was used to identify which taxa or traits contributed 

the most to differences identified from the ANOSIM across the PETM. We used 50% data cut 

off for SIMPER result (as is the norm)  in this study as any result higher than  50% does not 

make any significant difference (Clarke, 1993).  

In reality, linking foraminifera traits to their ecological function is not as straight forward as it 

is in macrofauna (Bremner, 2008), nevertheless, traits such as test function as a protective tool 

and is known to reduce biological, physical and chemical stress in their environment 

(Armstrong and Brasier 2005). The test shape could indicate ecological adaptation and 

preference by foraminifera. Spiral tests have been associated with epifaunal habitats (Corliss 

and Chen, 1998), they are characterised by plano-convex – bi-convex trochospirally coiled tests 

with large pores (e.g. Gavelinella beccarriformis). The shallow infauna taxa (Figure 2.7) are 

usually elongate, uniserial to triserial chambered or planispirally coiled (e.g. Dentalinids or 

Buliminids) while the deep infauna are usually ovate (globose) to triserial and are dominated 

by imperforate taxa such as Oolina globosa and Tappanina selmensis.  
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Table. 2.6. An example list of the product of taxonomic composition and fuzzy coding using matrix multiplication   
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Foraminifera test composition which varies from agglutinated materials to secreted calcite 

could indicate changes in the ambient environmental chemistry and composition (Holbourn et 

al., 2013). The arrangement of the test chambers and their shape could also indicate ecological 

stress, for instance, change from sinistral to dextral or evolute to involute coiling in trochospiral 

test has been related to change in water temperature and bathymetry (Boltovskoy et al., 1991).  

Elements of test microstructure such as the macro-ornamentation (e.g. spines or muricae) could 

also reflect the mode of living and adaptation to surrounding water condition. Spinose species 

of living foraminifera are known to be symbiotic, harbouring photosynthetic alga-like 

dinoflagellates within their spines and gaining sufficient nutrient from them (Schiebel and 

Hemleben, 2017).  The spinose species have wide dispersal capability and can spread across 

ocean basins. This particularly has made planktonic foraminifera a good tool for correlation 

and age dating across geological records.  

 More so, ornamentation in foraminifera play a huge role in feeding, adaptation to extreme 

environmental condition, movement as well as prey -predation relationship. A study by 

Dubicka et al., (2015) demonstrated that foraminifera (Haynesina germanica) use body 

ornamentation to sort food particles into a different shape and sizes thereby removing harmful 

substances as well as disaggregating larger particles into smaller pieces before ingestion. The 

form of apertures, the presence of accessory structures and their primary position vary with 

changes in prevailing environmental conditions. For instance, at ambient water chemistry, 

Haynesina germanica had a well developed apertural face, teeth, tubercle and umbilical area 

but these features were difficult to identify in species found in extreme CO2 and pH levels 

(Dubicka et al., 2015).  

The perforation of foraminiferal tests is a critical functional feature of the organism; they could 

be coarse (Figure 2.6) exceeding 10µm or fine ranging from 1µm to a few tenths of micro-

millimetres (Dubicka et al., 2015). Pores in foraminifera are used for gas exchange, 

osmoregulation, intake and release of nutrient and ecosymbiosis. Large pores are possessed by 

species in a well-oxygenated environment while species found in the low oxygen environment 

have smaller pores (Jorissen et al., 2007). They allow the organism to attach to the hard 

substrate by secreting some organic adhesives through them.  
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Foraminiferal behavioural traits such as their life habit (whether they live infaunally or 

planktonically), feeding habit and mobility may indicate their level of tolerant to prevailing 

water chemistry, nutrient and oxygen concentration and other hydrodynamic conditions. 

2.10. Taphonomical considerations 

 Most of the foraminiferal specimen especially in the CIE section indicated evidence of poor 

preservation. In the fossil record, original foraminifera tests are frequently found to be altered 

by test wall dissolution, fragmentation or diagenetic recrystallization. Foraminifera dissolution 

has been used as an evidence of lysocline/CCD shoaling during the PETM (Nguyen et al., 

2009; Petrizoo et al., 2008). Some planktonic taxa such Acarinina was reported to relatively 

increase in abundance within the dissolution interval compared to Subbotina suggesting that 

Acrainina is more resistant to ocean acidification than Subbotina (Petrizoo et al., 2008).  

When foraminifera test is modified by taphonomic processes, the calcareous ones lose the 

original smooth and reflective surfaces which is responsible for the frosty and glassy 

appearance used in the qualitative characterisation of foraminifera test preservation under a 

light microscope. Previous studies showed that only a fraction (19%) of foraminifera test 

produced in the water column gets to the seafloor for preservation because of carbonate 

dissolution occurring within the undersaturated deep sea area (Berger, 1970; Schiebel et al., 

2007). It is therefore important to set some background on the taphonomic processes that 

affected foraminifera during sedimentation, burial and preservation which is very crucial to the 

understanding of the organism’s ecology.  

After the death of foraminifera, they pass through series for test preservation issues such as 

abrasion, bioerosion, breakage, encrustation, and dissolution and cement degradation on transit 

through the water column to the final resting place, the sea floor. The chemical composition of 

the sea/pore water, test composition, size, perforations play a major role in the postmortem 

preservation of foraminifera (Nguyen et al., 2009).  The degradation of foraminifera test is 

primarily controlled by the nature of organic carbon mineralisation in the water column, other 

factors include, temperature, sedimentation rate and post-depositional diagenesis (Berkerley et 

al., 2007).  

Carbonate ion concentration in the sea water is the major factor that controls the preservation 

or degradation of foraminifera test in the ocean. The differences between the concentration of 
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Calcium (Ca2+) carbonate (CO3
2−) ions with the equilibrium value determines whether 

calcareous test will be precipitated or dissolved [Ca2+ (aq) + CO3
2−

(aq) = CaCO3(s).] Carbonate 

occurs in different forms in the ocean due to the continual dissolution of carbon dioxide and 

dissociation of hydrogen ions. Carbonic acid (H2CO3) dominates the seawater at pH values 

<6.0, bicarbonate (HCO3
−) occurs within the pH range of 6.0-9.1 and carbonate (CO3

2−) 

dominates at pH > 9.1(Krauskopf and Bird, 1995; Martin, 1999a) So any condition that 

increases the concentration of carbonic acid will favour the dissolution of calcium carbonate 

and foraminifera test [CaCO3 + H2CO3 = Ca2+ HCO3
− ] 

In the sediment, the onset of taphonomic degradation of foraminifera starts with the continuous 

deposition of organic matter on the surface of the sediment (Berkerley et al., 2007). The organic 

matter provides a chemical solution within the sediment that drives early diagenesis. At this 

point, the agglutinated foraminifera which make their test with predominantly organic matter 

and other detrital materials may begin to oxidised (Sexton et al., 2006). The new chemical state 

created by organic matter in the upper surface of the sediment column may also result to the 

dissolution of the calcareous foraminifera test. The degree of degradation or preservation 

resulting deposition of organic matter depends on the redox condition of the sediment i.e. oxic, 

hypoxic or anoxic.  

Bacterial activities is another factor that contribute to the degradation of foraminifera after 

burial (Goldstein and Becker, 1998). The bacteria found on the wall of empty foraminifera test 

has been associated with thinning and fragmentation of test in the Georgia saltmarsh. In 

addition, temperature determines the rate of test preservation or degradation. High temperature 

leads to poor preservation especially in oxic environment while lower temperature results in 

good test preservation. This explains the nature of foraminifera test preservation found in the 

tropical Pacific and southern ocean during the PETM.  

The sedimentation rate is very critical to the preservation potential of foraminifera. It controls 

the residence time of foraminifera in the organic layer. Rapid sedimentation in even in the oxic 

environment results in better quality preservation while slow sedimentation increase the 

residence time of the test within the organic matter layer hence results in poor preservation. 

Bioturbation has also been found to influence the preservation of foraminifera. Bioturbation 

increases control the oxygen concentration within the sediment column and rate of organic 

matter degradation. High bioturbated environment results in intense mixing and poorer 
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preservation. Low organism activities within the sediments result to lower sediment 

oxygenation and enhance better preservation (Sexton et al., 2006).  

Foraminifera morphology, test size and composition has also been linked to their susceptibility 

to dissolution (Berger, 1970; Dittert et al., 1999), species with small and thin walls with large 

pores are more susceptible to dissolution than those with big and thick  walls with small pores 

(Sliter et al., 1975). Also, surface dwellers and warm water-loving spinose taxa were reported 

to be more delicate and prone to dissolution while the cold- water non-spinose taxa are more 

resistant (Hemleben et al., 1989). While the factors mentioned above are extrinsic to 

foraminifera test preservation, some factors which are intrinsic to individual species also play 

a significant role in the selective dissolution of specific species. 

 In general, a higher rate of organic matter and carbonate test degradation occurs in the oxic 

environment compared to anoxic one.  
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CHAPTER THREE 

The PETM extreme climate impact on the benthic foraminiferal traits and 

ecological functioning in the tropical Pacific and Tethys Oceans  

3.1 Introduction 

The foraminiferal census data for this chapter has been previously published based on faunal 

turnover during the PETM from the Northeastern Pacific Ocean (ODP Sites 1209B and 1212B; 

Takeda and Kaiho, 2007) and pelagic marls exposed at Alamedilla, Spain (Alegret et al., 2009). 

The census data were used to generate the trait compositions (new data) of all the benthic 

foraminifera taxa present in both sites. The taxonomic and trait compositions of the benthic 

foraminiferal assemblages from each site were analysed using biological trait analysis to 

examine changes in traits and ecological functioning during the PETM. 

In this chapter, we present new results from the statistical analysis (BTA) of taxa and trait 

compositions as well as the age model for each site. We compare the changes in taxa and trait 

compositions in both basins in other to check for patterns in fauna and trait changes during the 

PETM.   

3.2 Results 

3.2.1. Age model for Sites 1209B and 1212B 

The age model for sites 1209B and 1212B were based on the paleomag, sedimentation rate 

high-resolution biostratigraphic data and astronomically calibrated stratigraphic framework for 

the late Palaeocene-early Eocene period. The age model was developed by Bralower et al. 

(2002) and have been previously published by (Takeda and Kaiho, 2007). Presented in figure 

3.1 is the summary of the chronostratigraphy of the studied sections of Sites 1209B and 1212B. 

The age model of both sites is presented together because they were drilled during the same 

expedition are close to each other.  
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Figure 3.1: Integrated age model for Site 1209B (a) and Site 1212B. Also shown is the CIE sections 

interpreted from δ13C isotope data. 

 

3.2.2 Changes in taxonomic composition at ODP Site 1209B 

The majority of the benthic foraminiferal assemblages recovered from Site 1209B are 

dominated by calcareous taxa and very few agglutinated forms such as Bathysiphon spp., 

Spiroplectammina spp., and Tritaxia spp. (Takedo and Kaiho, 2007). Epifauna taxa accounted 

for only 14% of the total faunal abundance and are characterised by Anomalinoides, 

Cibicidoides, Oridosalis, Gavelinella and Gyroidinoides taxa. Infauna morphogroup 

constituted over 80% of the total abundance and was dominated by the Buliminds with 50% of 
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the total abundance (Figure 3.2). The pre-CIE interval of the PETM in this location was 

characterised by a predominance of Bolivina inconspicua, Bulimina kugleri, Paralabamina 

spp., Gavelinella spp., Gyroidinoides spp., Lenticulina spp., Siphogenerinoides brevispinosa, 

Fursenkoina sp. and the Stilostomellids. Most of these taxa disappeared at the peak of the CIE 

(Takedo and Kaiho, 2007; Figure 3.2). The CIE interval was characterised by the acme of 

Bolivina gracilis, Anomalinoides trinitatensis, Buliminella cf. beaumonti, Globocassidulina 

subglobosa, Quadrimorphina halli, Q. pacifica, Q. profunda, Quadrimorphina sp. 1, 

Tappanina selmensis and  Bulimina bradburyi.  The recovery section recorded the highest 

relative abundance of foraminifera at ODP Site 1209B and was dominated by Bulimina spp., 

Nuttallides truempyi, Bulimina bradburyi and Pleurostomellid taxa. The detailed faunal 

composition has been discussed in Takedo and Kaiho (2007) and the focus here is on describing 

the changes in taxonomic composition in relation to changes in trait composition. 

Non-metric multi-dimensional scaling (nmMDS) ordination of the recovered benthic 

foraminiferal assemblages (Figure 3.2) showed three clear taxonomic groupings during the pre-

CIE, CIE and the recovery (Figure 3.3).  ANOSIM values confirmed that the three groups 

significantly differed (global R= 0.693; p<0.01) and pairwise ANOSIM  with p<0.01 showed 

that all the three groups significantly differed from each other. However, the faunal 

assemblages from 196.455, 196.445 and 196.435 mbsf were distinct from the other 

assemblages present during the CIE, being more similar to those from the pre-CIE interval, the 

recovery interval or dissimilar from all other assemblages respectively. This suggests that 

foraminifera assemblage from these depths were highly disturbed and represented the transition 

stages between the  CIE.
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Figure 3.2: Benthic foraminiferal distributions across the PETM section at ODP Site 1209B. Sample depth in mbsf is plotted at the left-hand side 

while the age is plotted in the right-hand side. Pre-CIE (before the onset of the PETM); CIE (Peak of the PETM warming); Recovery (period of 

PETM recovery). The foraminiferal abundance data from Takeda and Kaiho (2007) were used to plot this chart.
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Examination of the foraminifera census data (Takedo and Kaiho) showed that the sample from 

196.435 mbsf yielded less than 100 foraminiferal specimens. The low faunal abundance of this 

sample could be due to the severe environmental changes that occurred at this point as this 

sample coincides with the benthic foraminiferal extinction event (BEE; Takeda and Kaiho, 

2007).  

 

Figure 3.3: Non-Metric Multidimensional Scaling ordination of foraminiferal taxonomic composition 

(transformed with log x+1) of Bray-Curtis similarity from ODP Site 1209B on the Shatsky Rise, Pacific 

Ocean. The samples are grouped into three intervals according to the PETM events. Sample 196.435 

indicates the position of the BEE.  

Similarity percentage (SIMPER) analysis showed that 50% of the dissimilarity between the 

taxonomic composition of the foraminiferal assemblages present during the pre-CIE and the 

CIE intervals were attributable to differences in the mean abundance of five taxa only (Table 

3.1). The taxa contributing most to the dissimilarity were Quadrimorphia profunda and 

Bolivinia gracilis which was 20-fold more during the CIE than at the pre-CIE. Bulimia kugleri 

that was also 20-fold less during the CIE than pre-CIE as well as Bolivinia inconspicua and 

Oridosalis spp which significantly decreased in abundance during the CIE (Table 3.2). During 

the recovery period, half as many Quadrimorphia profunda and ten-fold less Bolivina gracilis 
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occurred compared with the CIE period (Table 3.2). Whereas Buliminids, Nuttalides truempyi 

and Pleurostomellid spp increased. During the recovery, the assemblage differed from the pre-

CIE in having less B. kugleri and B. inconspicua, Buliminids, Quadrimorphina profunda, 

Pleurostomellid spp. and Nuttallides truempyi than pre-CIE (Table 3.3). 

Table 3.1: Site 1209B Similarity percentage (SIMPER) result of the average taxonomic abundance and 

their respective percentage contribution within the pre-CIE and the main CIE intervals (Data cut off 

50.96 %). Numbers in bold highlight the higher of the two values. 

Species Mean abundance Contribution to 

dissimilarity (%) Pre-CIE CIE 

Quadrimorphina profunda 
1.45 27.66 17.41 

Bulimina kugleri 
20.27 1.79 12.47 

Bolivina gracilis 
0.33 11.87 8.13 

Bolivina inconspicua 
12.30 2.08 7.63 

Oridosalis spp. 
9.29 1.92 5.31 

 

Table 3.2. Site 1209B SIMPER results of the average abundance and their respective percentage 

contribution within the main CIE and recovery intervals. (Data cut off 52.8%)  

Species Mean abundance Contribution to 

dissimilarity (%) CIE Recovery 

Quadrimorphina profunda 27.66 17.96 14.58 

Buliminids 14.92 30.79 13.63 

Bolivina gracilis 11.87 1.83 9.04 

Nuttallides 4.59 13.39 7.61 

Pleurostomellid spp. 3.10 11.41 7.52 
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Table 3.3: ODP Site 1209B SIMPER result of the average taxonomic abundance of benthic foraminifera 

and their respective percentage contribution within the pre-CIE and the recovery intervals (Data cut 

off 53.39 %). 

Species Mean abundance Contribution to 

dissimilarity (%) Pre-CIE Recovery 

Bulimina kugleri 20.27 0.12 12.42 

Buliminids 12.50 30.79 11.21 

Quadrimorphina profunda 1.45 17.96 10.22 

Bolivina inconspicua 12.30 0.07 7.55 

Pleurostomellid spp. 1.14 11.41 6.35 

Nuttallides truempyi 4.27 13.39 5.64 

 

3.2.3 Changes in foraminiferal trait composition at ODP Site 1209B 

Similar to the ordination for taxonomic composition, the trait composition (Figure 3.4) differed between 

the three intervals of the PETM (global R = 0.581, p<0.01). Pairwise ANOSIM indicated that the 

composition present during the recovery period significantly differed (p<0.01) from both those 

preceding it. The trait assemblages present during the pre-CIE significantly differed from those present 

during the CIE although at lower significance (p<0.01). Overall trait composition during the recovery 

was more similar to the CIE than at the pre-CIE (Figure 3.4) as was the case for taxonomic composition. 

The trait composition of samples from depth 196.455, 196.435 and 196.445 mbsf were also of distinct 

trait composition from the other samples from during the CIE just like in taxa. This suggests that the 

trait composition did not change until after ~390 ka (sample 196.445 mbsf, Figure 3.4; Takeda and 

Kaiho, 2007) at Site 1209B. This was 100 ka after the benthic foraminiferal extinction event (Takeda 

and Kaiho, 2007).  
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Figure 3.4: Non-metric Multidimensional Scaling ordination of foraminiferal traits composition 

(transformed with log x+1) of Bray-Curtis similarity from ODP Site 1209B on the Shatsky Rise, Pacific 

Ocean. The samples are grouped into three intervals according to the CIE events. The outlier 

196.435mbsf indicates the position of BEE. 

 

SIMPER results showed that 19 traits contributed to 50% of the dissimilarity between intervals 

(Figure 3.5) all of which were more abundant during the recovery as opposed to pre-CIE, these 

included spiral and elongate tests; hyaline calcite and hyaline aragonite tests; bi/triserial and 

planispiral chamber; spherically shaped chambers, depressed sutures, costae ornamentation, 

fine perforations and bifid teeth. Foraminifera with apertures at the terminal and umbilical 

positions that lived a sessile lifestyle, and shallow – deep infauna also contributed significantly 

to the dissimilarities. The mean abundance of foraminifera with spiral coiling, hyaline 

aragonite test, planispiral chamber arrangement, no apertural accessories, aperture at the 

umbilical position and live shallow infauna were higher during the CIE than at any other 

interval of the PETM.  
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After the CIE, the benthic communities seem to become more successful than before the CIE, 

as shown by the high abundance of most of the trait modalities at the recovery (Figure 4.4). 

The higher abundance of the traits at the recovery interval may be due to the bloom of 

foraminifera after the hyperthermal. This could be related to the optimum ambient condition 

and increased nutrient reaching the ocean from enhanced continental weathering. The higher 

relative abundance of hyaline calcite tests after the CIE could be due to increased carbonate 

preservation after the event. While the high mean abundance of shallow infauna during the CIE 

may imply that some deep benthic taxa migrated or changed their habitat to live in the upper 

sediment column due to low oxygen in the sediment.    

Benthic foraminiferal trait distribution from the raw data (Figure 3.6) indicates high variability 

in the predominant traits across the PETM. The pre-CIE trait composition was dominated by a 

high relative abundance of globose taxa, tubular shaped chambers, species with apertural necks 

and uniserial test arrangements (Figure 3.6). Taxa with shallow infaunal habits were more 

common before compared with during or after the CIE. However, during the main interval of 

the CIE the relative proportions of species with hyaline aragonite tests, planispiral chamber 

arrangement, raised sutures, umbilical apertures, shallow infaunal habits, grazing and free-

living lifestyle increased. There was a distinct switch from predominantly hyaline calcite 

(~60% of the assemblage in approximation) and porcellanous tests to hyaline aragonite (the 

latter of which was markedly absent before the event) tests during the CIE. However, hyaline 

calcite tests also remained common during the event (Figure 3.6). Taxa with elongate shapes, 

hyaline calcite tests, costate ornamentation, terminal apertures and suspension feeding habits 

decreased during the CIE (Figure 3.6). During the recovery interval immediately after the CIE, 

the trait composition was characterised by blooms of foraminifera with elongate shapes, 

bi/triserial chamber arrangement, hyaline calcite tests, with fine perforations, apertural teeth, 

terminal aperture, deep benthic, sessile and suspension feeding habits. Taxa with porcellanous 

tests increased. Those with hyaline aragonite tests, raised sutures, umbilical teeth, macro-

perforation, and shallow infaunal lifestyle also decreased during this interval.  
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Figure 3.5: Similarity percentage (SIMPER) showing traits that cumulatively contributed ~50% to the 

differences in benthic foraminiferal trait composition across the CIE events at Site 1209B. Grey bars = 

Pre-CIE; sky blue bars = CIE core; deep blue bars= Recovery; green bars = % contribution that each 

trait modality is making to the overall similarity.  
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 Figure 3.6: Changes in the traits of benthic foraminifera across the PETM events at Site 1209B in the 

Shatsky Rise, Pacific Ocean. On the left: Core depths, lithology and carbon isotope record (derived 

from benthic foraminifera; Takeda and Kaiho, 2007). The numerical age is plotted on the right-hand 

side of the figure.  A. Shows traits for test composition and morphology. B. Test ornamentation and 

aperture traits. C. Traits associated with life habit. The lithostratigraphy is not to scale but was used 

to indicate the changes in the calcareous oozes coeval to the PETM  
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3.2.4. Changes in taxonomic composition at ODP Site 1212B 

The recovered taxa from Site 1212B were dominated by cosmopolitan foraminifera, mostly of 

calcareous test wall (Figure 3.7). The foraminiferal census data (Figure 3.7) showed that 

Siphogenerinoides brevispinosa, Stilostomellids, Bulimina kugleri and Bolivina inconspicua 

were present at the pre-CIE section but disappeared during the PETM. However, 

Quadrimorphina profunda, Tappanina selmensis, Bolivina gracilis, Anomalinoides 

trinitatensis and Laevidentalina spp. recorded their highest abundance during the CIE while 

Eponides elevata was a local excursion taxon that appeared towards the end of CIE. The details 

of faunal distribution as retrieved from the supplementary data of Takedo and Kaiho, (2007) is 

plotted on the distribution chart shown in figure 3.7 below. 

The ordination of samples from Site 1212B in the nmMDS (Figure 3.8) showed three distinct 

groupings with global R =0.649, and that each group significantly differ from the other at 

p<0.01. The pairwise ANOSIM tests for the three intervals showed that the taxonomic 

composition of the assemblage significantly differs as follows: recovery and CIE R= 0.317, 

p<0.02;   recovery and pre CIE R= 1, p< 0.02;   CIE and pre CIE R= 0.683; p<0.1. During the 

CIE there was a wider separation between samples (SIMPER, 53% similarity) compared with 

the pre CIE (SIMPER, 74% similarity) or the recovery (SIMPER, 76% similarity). This may 

be due to the high level of ecological stress recorded during the PETM warming  

The nmMDS plot also showed six subgroupings: one each for the pre-CIE and the recovery, 

and four subgroups for the CIE. These subgroupings of samples during the CIE could imply 

that there may have been a number of distinct environmental changes during the PETM. 

Overall ordination shows a horseshoe (Figure 3.8) structure proceeding from the pre-CIE, 

through several substages of the CIE, and then the recovery. The recovery samples showed a 

clear separation from the pre-CIE and CIE groups. 
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Figure 3.7: Benthic foraminiferal distribution across the PETM at ODP Site 1212B. Sample depth in mbsf is plotted on the left-hand side while the age is 

plotted in the right-hand side.  
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Depth 79.745 mbsf which was classified within the recovery interval (using the carbon isotope 

curve) but ordinated with one of the CIE groups, meaning that it was similar in composition to 

this subgroup of the CIE than the recovery. The transitional nature of the sample from 79.745 

mbsf suggests that even although δ13C may have started to recover to the background levels, 

the benthic communities were yet to recover from the ecological stress caused by the 

hyperthermal. 

 

Figure 3.8: Non-Metric Multidimensional Scaling ordination of foraminiferal taxonomic composition 

(transformed with log x+1) of Bray-Curtis similarity from Site 1212B on the Shatsky Rise, Pacific 

Ocean. The sample groupings indicate taxonomic relationship across the CIE events. The dispersal in 

the CIE interval could indicate biotic disturbance. 

Results of the SIMPER showed that only five taxa accounted for 56% of the dissimilarity 

between the CIE and recovery interval (Table 3.4). During the CIE there were relatively higher 

abundances of Q. profunda and Bolivina gracilis, whereas, during the recovery Buliminids, 

Pleurostomellids and N. truempyi were two-four times more abundant (Table 3.4).  

The four taxa that accounted for 50% of the dissimilarity between the pre-CIE and the CIE 

were Bulimina thanetensis, Siphogenerinoides brevispinosa, Quadrimorpha profunda and 

Bolivinia gracilis. Bulimina thanetensis and Siphogenerinoides brevispinosa were more 
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abundant during the pre CIE while Quadrimorpha profunda and Bolivinia gracilis were more 

abundant during the CIE (Tables 3.5; 3.6). The differences in abundance of Siphogenerinoides 

brevispinosa and Quadrimorpha profunda together accounted for about 40% of the 

dissimilarity between the two intervals.  

The taxonomic composition of the recovery interval differed from the pre-CIE by containing 

more Buliminids, Pleurostomellids, Q. profunda and N. truempyii. In contrast, pre-CIE had 

higher abundances of B. kugleri and B. inconspicua (Table 3.6) than the recovery. 

Table 3.4: Mean abundance of taxa contributing to the most dissimilarity between the recovery and the 

CIE intervals (56% cut off) at Site 1212B 

Species Mean abundance Contribution to dissimilarity 

(%) 
 Recovery CIE 

Quadrimorphina profunda     11.39     26.89    18.29 

Nuttallides truempyi     14.61      5.68     8.81 

Bolivina gracilis      1.32      9.76     8.50 

Laevidentalina spp.     11.40      5.18     7.09 

Bulimina bradburyi      8.33      1.50     6.73 

Siphogenerinoides brevispinosa      0.00      6.39     6.20 

 

Table 3.5: Mean abundance of species contributing to the most dissimilarity between the recovery and 

the pre-CIE intervals at Site 1212B (54% cut off) 

Species Mean abundance Contribution to 

dissimilarity (%) 
Recovery Pre-CIE 

Siphogenerinoides brevispinosa      0.00       30.44    23.85 

Quadrimorphina profunda     11.39        0.32     8.68 

Nuttallides truempyi     14.61        4.34     8.03 

Bulimina kugleri      0.07        8.67     6.72 

Bulimina thanetensis      2.23       10.75     6.66 
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Table 3.6: Mean abundance of species contributing to the most dissimilarity between the CIE and the 

pre-CIE intervals at Site 1212B (55% cut off). 

Species Mean abundance Contribution to dissimilarity 

(%) 
 CIE Pre-CIE 

Quadrimorphina profunda     26.89        0.32    21.81 

Siphogenerinoides brevispinosa      6.39       30.44    19.79 

Bulimina thanetensis      2.02       10.75     7.20 

Bolivina gracilis      9.76        4.20     6.21 

 

3.2.5. Changes in foraminiferal trait composition at ODP Site 1212B 

The nmMDS ordination of trait composition showed that the pre-CIE, CIE and recovery 

intervals were clearly separate from each other (Figure 3.9) and ANOSIM showed that they 

significantly differed at global R = 0.542 and p<0.01. The section analysed during the recovery 

was short and did not show a significant change in the areal diagram (Figure 3.11) 

Figure 3.9: Non-metric Multidimensional Scaling ordination of foraminiferal traits composition 

(transformed with log x+1) of Bray-Curtis similarity from Site 1212B on the Shatsky Rise, Pacific 

Ocean. The widespread of the CIE trait composition was a reflection of the faunal turnover during the 

PETM. The outlier 79.825mbsf indicates the position of BEE. 
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Pairwise ANOSIM showed that the trait composition of the assemblage present during the pre-

CIE and the CIE differed significantly at p<0.01. The recovery and CIE also differed but at 

lower significance (p<0.04). During the CIE, samples were highly variable as shown by the 

lowest percentage (79%) in SIMPER group similarity, the pre CIE samples were 88% similar, 

and the recovery sample similarity was 91%.  

The nmMDS for trait composition was very similar to that of the taxonomic composition. The 

main CIE ordinates in three subgroups (Figure 3.9) with samples from depth 79.865 – 79.895 

mbsf ordinating within one subgroup, samples from depth 79.755 – 79.815mbsf clustered fairly 

together, and depth 79.835mbsf -79.845 mbsf formed the third subgroup between the other two 

CIE subgroups. Samples from depth 79.785mbsf and 79.825mbsf lay separately from the rest 

(Figure 3.9). The clustering of the CIE samples into three groups could be an evidence of 

environmental perturbation during the hyperthermal, and the outlier (sample 79.825mbsf) 

marks the BEE interval. 

 Trait distribution deduced from raw data before statistical analysis (Figure 3.11) indicated that 

species with spiral test shape, hyaline aragonite, and planispirally test blossomed during the 

main period of the CIE when global temperature was highest. A coeval increase in species with 

tubular shape, arcuate apertures, fine perforations, shallow infaunal life habits as well as sessile 

lifestyle was also recorded at the CIE interval. While species with elongate tests, agglutinated 

forms, uniserial chamber arrangement, terminal apertures, and macro-perforation increased in 

relative abundance at the pre-CIE but their abundance plummeted drastically with further 

warming close to the CIE section. 

The similarity percentage analysis (SIMPER) showed that 24 trait modalities accounted for 

50% of the dissimilarity between the three PETM subdivisions (Figure 3.10).  Six traits 

predominated at the pre-CIE, these include elongate tests, uniserial chamber arrangements, 

terminal apertures with neck, agglutinated tests, micro perforation and semi-circular chamber 

shape. Taxa with spiral tests, hyaline aragonite, fine perforation, planispiral coiling, umbilical 

apertures, no ornament, arcuate shaped apertures and grazers that live in the shallow infauna 

niche were more abundant during the CIE (Figure 3.10). The recovery interval recorded the 

highest abundance of the porcellanous test, trochospiral test shape, triangular/trapezoid 

chambers, slit-like apertures, and basal interiomarginal apertural position, non-perforated test 

and deposit feeders. During the period of recovery, almost all the species with macro-
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perforations in their test and semi-circular chambers that was present during the pre-CIE had 

disappeared from the trait composition (Figure 3.10). 

 

Figure 3.10: SIMPER result of the most significant trait (at 50% cut off) that contributed to the 

differences in benthic foraminiferal trait composition across the CIE events at Site 1212B. Grey bars = 

pre-CIE; sky blue bars = CIE core; deep blue bars= Recovery; green bars = % contribution of each 

trait.  

Other trait modalities that were predominant at the pre-CIE but decreased in abundance during 

the recovery include elongate shape, uniserial test arrangement, terminal apertures, and 
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agglutinated tests (Figure 3.10). Nevertheless, there was an increase in taxa with deposit 

feeding habit, umbilical apertures and spiral test during the recovery. 

 

Figure 3.11: Benthic foraminiferal trait composition and distribution of the CIE events at Site 1212B. 

On the left: Core depths, lithology and carbon isotope record (derived from benthic foraminifera) used 

in association with other data to determine the CIE event. The numerical age is plotted on the right-

hand side of the figure. A. shows the test composition and morphologically related traits. B. Contains 

ornamentations and aperture related traits C. Traits associated with the life habit. The lithostratigraphy 

s not to scale but was used to indicate the changes in the calcareous oozes coeval to the PETM. 
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The most affected traits at Site 1212B during the peak of the CIE were trochospirally coiled, 

semi-circular chamber shape, benthic epifauna and suspension feeding taxa as shown in the 

raw data (Figure 3.11). However, species with sessile lifestyle, deposit-feeding habit and 

depressed sutures did not show any significant changes across the studied interval and these 

could be the traits that sustained ecological functioning during the hyperthermal (Figure 3.10) 

3.2.6 Alamedilla age model 

The age model for the Alamedilla section was derived from a combination of planktic 

foraminiferal and calcareous nannofossil zones identified by Arenillas and Molina (1996), 

Molina et al. (1999) and Monechi et al. (2000). The timing of the CIE was inferred by 

comparing the shape of δ13 C bulk carbonate isotope from Alamedilla sediment to similar 

isotope record from ODP Site 690, where Rohl et al. (2007) developed a high-resolution age 

model using cyclostratigraphy.  

 

Figure 3.12: Age model for Alamedilla outcrop based on the integration of biostratigraphy, isotope 

stratigraphy derived from ODP Site 690 and Leg 208 (Alegret et al., 2009). A = Acarinina; I = Igorina; 

M = Morozovella; Ps = Pseudohastigerina; S= Subbotina; T=Tribrachiatus; T. cont=T. contortus. 

Numerical ages and sedimentation were inferred from ODP Leg 208. LAD = Last appearance datum, 

FAD = First appearance datum 
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Six inflecting points were chosen from the δ13C record on the assumption that the kicks reflect 

inputs and sinks of light carbon during the PETM (Algret et al., 2009).  The P/E boundary was 

designated as 0 ky to mark the datum for this age calibration. Point A-F in figures 2.4 and 3.12 

reflects the age estimation base on the correlation with Site 690. The isotope stratigraphy 

correlation of Alamedilla section and Site 690 is not very robust due to differences in sample 

resolution. The absolutes age and sedimentation rates for Alamedilla section was extrapolated 

from the timescales applied to ODP Leg 208 (Zachos et al., 2005; Algret et al., 2009). The 

absolute is shown in figure 2.4. 

3.2.7 Changes in taxonomic composition at Alamedilla section 

The fauna composition in Alamedilla indicated highly diverse and rich assemblages especially 

in the section before the CIE. About 117 species and over 6000 specimens of foraminifera were 

counted from this location (Alegret et al., 2009). The foraminiferal assemblage was dominated 

by calcareous taxa accounting for about 85% while the agglutinated taxa were about 15% of 

the overall count. The details of foraminifera composition at Alamedilla is contained in 

appendix 3 as the volume could not allow it to be displayed here. The most common 

morphogroup was the infauna comprising mostly of taxa from the superfamily Buliminacea 

(Aragonina Bolivina, Brizalina, Bulimina, Buliminella, Coryphostoma, Dorothia, 

Fursenkoina, Marsonella, Praebulimina, Quadratobuliminella, Siphogenerinoides, and 

Tappanina) and the Abyssamminids. The epifauna taxa consisted of Cibidoides, 

Globocassidulina, Gyroidinoides, Nonion, Nuttallides, Oridorsalis, Pullenia and Stensioena 

(a.k.a. Gavellinella). The pre-CIE interval has the highest species richness and abundance, but 

more than 26 species that existed within this interval went into extinction during the CIE.  

Some of the taxa that disappeared during the CIE include; Angulogavelinella avnimelechi, 

Anomalinoides rubiginosus, Arenobulimina truncata, Bolivinoides delicatulus, Cibicidoides 

species, Coryphostoma midwayensis, Dorothia pupa, Gyroidinoides subangulatus, 

Marssonella oxycona, Neoflabellina jarvisi, Nuttallinella florealis, Osangularia velascoensis, 

Pullenia coryelli, Siphogenerinoides brevispinosa and S. beccarriformis (Alegret et al., 2009). 

The species richness decreased upward from the pre-CIE to the recovery.  The CIE interval 

was characterised by the prevalence of Anomalinoides spp., Globocassidulina subglobosa, N. 

truempyi, O. umbonatus, Osagulina spp., Q. profunda, T. selmensis and Trochamminids. Only 

three samples were analysed during the recovery interval and this must have been responsible 
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for the fewer species recorded within the section. Species of Abyssaminids, Bolivinoides, 

Cibicidoides pseuodoperlucidus, Lenticulina spp., Nonion spp., and Quadrimorphina profunda 

exhibited “resurrection attribute” at the CIE interval. They appeared before the CIE, 

disappeared during the peak of the CIE and reappeared after the warming. This means that the 

reproduction of these species may have dropped significantly during the PETM but were not 

totally wiped out. Nevertheless, the acme of Anomalinoides spp, Aragonia aragonensis, 

Buliminids, Globocassidulina subglobosa, Laevidentalina spp., N. truempyi, O. umbonatus, 

Osangularia spp., Paralabamina hillbrandti, Q. profunda Repmanina charoides, T. selmensis 

and Trochaminids occurred at the CIE interval (Alegret et al., 2009 and appendix 3).  

The nmMDS plot of foraminiferal taxa abundance in Alamedilla showed that only the pre-CIE 

samples were clearly separated from the rest of the intervals (Figure 3.13). The depths (13.5, 

13.6 and 13.7 mbsf) representing the early stage of the CIE coeval to the BEE distantly ordinate 

away from the rest of the group while sample 15.40 mbsf designated as the recovery based on 

the carbon isotope clustered with the CIE group. This left only two out of the three recovery 

sample ordinated together. The sample ordination could mean that foraminifera from sample 

15.40mbsf designated as a recovery interval was still having the impact of the hyperthermal. 

The CIE outliers indicate the depth with very few agglutinated taxa and absence of calcareous 

foraminifera. The absence of calcitic taxa at this depth was due to the massive carbonate 

dissolution associated with the PETM.   

The ANOSIM value (global r=0.624; p<0.01) showed that the pre-CIE, CIE and recovery 

intervals significantly differed in taxonomic composition, while the pairwise ANOSIM showed 

that all three groups significantly differed except when the CIE and the recovery interval was 

compared. However, the number of samples from the period of recovery was smaller than those 

from the other two intervals.  

The SIMPER result for foraminiferal abundance data from Alamedilla indicated the 

dissimilarity across the studied section as 71%. The comparison between the taxa that 

contributed to the dissimilarities between the CIE and recovery as well as the CIE and the pre-

CIE (Tables 3.7 and 3.9) showed that all the taxa were higher in abundance during the CIE 

than any of the two intervals during the PETM. Nuttalides truempyi and Oridosalis umbonatus 

were more cosmopolitan whereas Globbocassidulina subglobosa, Repmanina charoides, 

Anomalinoides Spp. and Osangularia spp. tend to be the CIE markers for this section. 
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Figure 3.13: Non-metric Multi-dimensional Scaling of foraminiferal traits composition of Bray-Curtis 

similarity from the Alamedilla outcrop, Spain. Taxonomic abundance was standardised by total 

resemblance. The outlier 13.6 mbsf indicates the position of BEE. 

 

Table 3.7: Mean abundance of species making a cumulative contribution to the dissimilarity between 

the CIE and the recovery intervals at Alamedilla section (Data cut off 52.98%) 

Species Mean abundance Contribution to 

dissimilarity (%) Recovery CIE 

Globocassidulina subglobosa      2.00     61.64    13.67 
Repmanina charoides      1.30     18.55     5.16 
Nuttallides truempyi     17.10     25.18     4.29 
Oridorsalis umbonatus      8.60     24.45     4.29 
Anomalinoides spp.     10.90     19.73     3.61 
Osangularia spp.     10.90     19.27     3.43 
Tappanina selmensis      2.90     15.55     3.25 
Stilostomella spp.     13.70      2.18     3.23 
Abyssamina quadrata     11.70      5.91     2.97 
Anomalinoides cf. zitteli     13.20      3.18     2.86 
Quadrimorphina profunda      5.70     11.73     2.86 
Anomalinoides ammonoides      9.70      1.18     2.45 
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Table 3.8: Mean abundance of species making a cumulative contribution of ~50% to the dissimilarity 

between the pre-CIE and recovery intervals at Alamedilla section  

 

Species Mean abundance Contribution to 

dissimilarity (%) Recovery  Pre-CIE 

Stilostomella spp.     13.70        4.33     4.19 
Anomalinoides cf. zitteli     13.20        3.67     4.05 
Abyssamina quadrata     11.70        4.00     3.88 
Anomalinoides spp.     10.90        4.33     3.44 
Nonion havanense      3.90        9.33     3.26 
Stensioeina beccariiformis      8.10        0.00     3.17 
Osangularia spp.     10.90       10.67     2.91 
Nuttallides truempyi     17.10       21.67     2.91 
Nonionella sp.      7.70        0.67     2.89 
Laevidentalina spp.      7.80        1.00     2.78 
Anomalinoides ammonoides      9.70        5.33     2.64 
Bulimina kugleri      9.20        3.67     2.43 
Pleurostomella sp.      4.70        8.33     2.16 
Paralabamina hillebrandti      6.20        1.33     1.98 
Oridorsalis umbonatus      8.60        3.67     1.98 
Quadrimorphina profunda      5.70        6.33     1.94 
Trochamminids      6.10        2.33     1.91 
Coryphostoma midwayensis      4.30        0.00     1.69 

 

Table 3.9: Mean abundance of species making a cumulative contribution of ~50% to the dissimilarity 

between the CIE and pre-CIE PETM intervals at Alamedilla. 

Species 
Mean abundance Contribution to 

dissimilarity (%) CIE Pre-CIE 

Globocassidulina subglobosa     61.64        4.33    18.66 
Repmanina charoides     18.55        0.33     8.97 
Oridorsalis umbonatus     24.45        3.67     6.92 
Nuttallides truempyi     25.18       21.67     6.80 
Anomalinoides spp.     19.73        4.33     5.99 
Osangularia spp.     19.27       10.67     5.65 

 

18 taxa accounted for 50% of the dissimilarity between the pre-CIE and recovery intervals 

(Table 3.8). SIMPER analysis clearly revealed that Stensioeina beccariiformis and 

Coryphostoma midwayensis disappeared before the recovery (Table 3.8) All the species 

showed higher abundance during the recovery interval except for the opportunists; Nonion 

havanense, Nuttallides truempyi, Quadrimorphina profunda and Pleurostomella sp.  
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3.2.8. Changes in foraminiferal trait composition at Alamedilla section 

The nmMDS of trait composition at Alamedilla showed that most of the CIE samples clustered 

with part of the pre-CIE group but the recovery samples grouped in more or less longitudinal 

axis with notable separations (Figure 3.14). The ordination of trait composition was more 

dispersed than that of faunal composition, signalling that foraminiferal trait and by extension, 

it's functioning in the ecosystem was stretched during the CIE. The ANOSIM indicated that 

the trait composition of foraminifera across the three intervals significantly differed at global 

R= 0.496 and p <0.01. Also, the pairwise test also revealed that the pre-CIE and the recovery 

were the most dissimilar interval with p<0.02 while the recovery and the CIE were the most 

similar at p<0.01 and there was a significant dissimilarity (p>0.5) between the pre-CIE and the 

CIE. 

 

Figure 3.14: Non-metric Multidimensional Scaling ordination of foraminiferal traits composition from 

Alamedilla (transformed with total resemblance) of Bray-Curtis similarity indicating the grouping of 

samples across the CIE events.  

The SIMPER result showed that the pre-CIE interval recorded the lowest abundance of all the 

traits identified from Alamedilla section (Figure 3.15). There were more spiral, hyaline 
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aragonite, porcellanous, uniserial, and trochospiral test, triangular/trapezoid, semi-circular 

chamber shape and arcuate apertures during the CIE than at the recovery. While elongate test 

shape, agglutinated test, planispiral coiling, oval/reniform- slit-like apertures and apertural 

neck were more during the recovery than at the CIE (Figure 3.15).  

 

Figure 3.15: Similarity percentage (SIMPER) showing traits that cumulatively contributed ~50% to the 

differences in benthic foraminiferal trait composition across the CIE events at Alamedilla section, Spain 
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The overview of the trait distribution from the raw data at Alamedilla revealed spiral, elongate, 

tubular, and globose as the major test shapes of foraminifera identified from Alamedilla. The 

spiral shape was the most abundant with ~50% in total abundance (Figure 3.16A). The highest 

abundance of this shape occurred above the BEE at the CIE interval and significantly decreased 

during the recovery. Elongate test constituted about 40% of the four shapes that existed in 

foraminifera from Alamedilla. This trait recorded the highest abundance at the pre-CIE but 

dropped to near zero at the depth 13.50 mbsf, afterwards it resurrected and remained relatively 

uniform up to the top of the section. 

Nevertheless, the abundance at the CIE interval was slightly higher than at the recovery. The 

tubular test was the second to the least in the abundance of test identified at Alamedilla, it 

indicated continuous occurrence at the pre-CIE section only, after which the abundance of the 

trait during the CIE and the recovery was more or less patchy. Globose test existed at the pre-

CIE interval only and went into extinction at the BEE. It was the lowest in the abundance of 

foraminiferal trait in the test shape category from Alamedilla, constituting only ~3% of the four 

test shape identified. 

The test composition of benthic foraminifera identified from the raw data (Figure 3.16) at 

Alamedilla comprises of hyaline calcite, porcelaneous, agglutinated, micro-granular and 

hyaline aragonite. Foraminifera with calcitic tests were the most abundant amounting to 

approx. 40% of the total test composition. The highest abundance of hyaline calcite test was 

after the BEE in the CIE interval but decreased remarkably during the recovery period (Figure 

3.16B).  

Porcelaneous test composition was relatively moderate and uniform across the study section 

except for some spikes at 13.20, 14.5 and 15.5 mbsf, it constituted about 25% of the total test 

composition. The agglutinated test was most abundant at the pre-CIE, it conspicuously 

increased in abundance at the BEE where most of the other traits decreased and dropped 

afterwards during the recovery. The micro-granular test was only recorded shortly after the 

BEE and no other evidence of its occurrence was found in the section (Figure 3.16B). The 

highest abundance of hyaline aragonite was at the CIE interval, followed by the pre-CIE, while 

the recovery interval recorded the rarest abundance of foraminifera with aragonite test.  



98 | P a g e  

 

 

Trochospiral coiled test was the most abundant among the foraminifera identified from 

Alamedilla. Its highest abundance was recorded at the CIE immediately after the BEE. 

Bi/triserial test, on the other hand, was the second most abundant trait with its highest 

occurrence at the pre-CIE interval and lowest at the recovery. Planispiral coiled taxa nearly 

mirrored the trend of the bi/triserial occurrence.  

The uniserial test also recorded relative high abundance at the pre-CIE, but decreased 

significantly at the CIE interval and picked up again during the recovery. The unilocular test 

was sparingly present at the pre-CIE and went into extinction at the CIE interval while other 

miscellaneous test arrangement occurred in random with relatively high abundance at the BEE 

before going extinct at the CIE interval. Foraminiferal taxa with tubular chamber were the most 

abundant across the study section, and it exceptionally increased at the BEE and recorded the 

highest abundance at the CIE. Triangular/trapezoid was the second most abundant chamber 

shape; its highest occurrence was recorded at the pre-CIE while the recovery recorded the 

lowest occurrence.  

The macro-ornamentation in foraminifera found in Alamedilla was predominantly depressed 

sutures representing about 70%. It increased in abundance from the pre-CIE to the CIE and 

remarkably dropped during the recovery. Another significant macro ornamentation identified 

from the studied section was raised sutures, the highest occurrence of this trait was at the pre-

CIE while the recovery interval recorded the lowest abundance of the trait. Other miscellaneous 

macro ornamentation mimicked the raised sutures trend while keeled and cancellate sutures 

occurred only at the pre-CIE and CIE interval respectively.  Foraminifera taxa without any 

recognisable micro-ornamentation on their test were the most abundant in the studied section 

with highest relative abundance at the CIE and lowest at the recovery (Figure 3.16F). This trait 

was closely followed by miscellaneous micro-ornamentation with the highest occurrence at the 

pre-CIE. Spinose and striate/costae test indicated significantly high abundance at CIE and low 

abundance at both pre-CIE and recovery intervals. While hispid ornamentation occasionally 

appeared from the pre-CIE and went extinct at the CIE interval.  

Arcuate aperture recorded the highest abundance at Alamedilla and was closely followed by 

slit-like apertures. Both apertural forms indicated a similar trend, showing high abundance at 

the pre-CIE, relative increase during the CIE and lowest abundance at the recovery. 

Oval/reniform apertures indicated moderate abundance at the pre-CIE and CIE intervals but 
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slightly increased during the BEE. Radiate/cribate apertures also showed moderate abundance 

at the pre-CIE but went into extinction within the CIE interval.  

 

Figure 3.16: Benthic foraminiferal trait composition and distribution across the CIE events at 

Alamedilla section. The numerical age is plotted on the right-hand side of the figure.  A. Shows traits 

for test composition and morphology. B. Test ornamentation and aperture traits. C. Traits associated 

with life habit. 
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Taxa with no apertural accessories were the most abundant in the studied section, followed by 

those with lips, bifid teeth, neck, and umbilical teeth in that order. They were abundant at the 

pre-CIE, relatively increased during the CIE and decreased in abundance at the recovery 

(Figure 3.16G). 

The majority of foraminifera taxa in Alamedilla had their apertural position at the basal 

interiomarginal (~45%), the relative occurrence of others are terminal (~25%), extra-umbilical 

(~20%), umbilical (~18) and areal (~2%). They were all moderately abundant at the pre-CIE, 

relatively increased during the CIE and decreased in abundance at the recovery interval except 

for the areal apertures which occurred sparingly at the CIE interval. Perforations in 

foraminifera identified from Alamedilla showed a decreasing abundance from fine perforation, 

non-perforated, macro and micro perforations. They display a similar trend of high abundance 

at the pre-CIE, relatively increase during the CIE and decrease at the recovery (Figure 3.16J). 

The life habit of benthic foraminifera at Alamedilla was dominated by shallow infauna (~50%), 

deep infauna (~30%) and epifauna (~20%), whereas the feeding mode was predominantly 

deposit feeding (65%), grazers (20%) and 15% for suspension feeders (Figure 3.16). Over 80% 

of the identified foraminifera taxa were stationary (sessile), free-living benthic constituted only 

12% while clinging trait accounted for ~8%.  

The most significant event in the trait composition at Alamedilla from areal plot (Figure 3.16) 

was the total collapse of all the trait at depth 13.50 mbsf. This depth was interpreted to be 

coeval to the benthic extinction event (BEE).  Traits that showed relative increase at this point 

were agglutinated test and tubular chamber arrangement. Nevertheless, most of the traits 

recovered after the BEE except those with globose shape, apertural neck, radiate shaped 

apertures and uniserial chamber arrangement. The species with suspension feeding strategy and 

elongate test shape were found to be most susceptible traits during the CIE at Alamedilla.  

3.3 Discussion 

Biological trait analysis of the benthic foraminiferal taxa and trait composition in the tropical 

Pacific Ocean and Alamedilla (Tethys Sea) have enabled us to understand faunal turn over and 

trait reorganization during the period of extreme climate conditions associated with the PETM. 

The changes in trait composition are consistent with foraminiferal turnover during the PETM 

in all the studied sections. However, our result showed that the disappearance of some taxa did 
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not immediately affect the change in trait composition and hence the ecological functioning 

performed by them as seen in Site 1209B.  Foraminifera reacted by either increase in the 

abundance of the taxa that shared similar traits or taxa with cosmopolitan behaviour that can 

tolerate a wide range of ecological changes, this continued until ecological function was 

stretched to the tipping point (example during the BEE at Alamedilla). In addition, the 

extinction of some trochospiral and macro perforated taxa did not lead to the immediate 

disappearance of those traits (Figure 3.17) as other taxa reacted by increase in abundance 

(Figure 3.2) and thereby sustaining the ecological functioning. The changes in foraminiferal 

traits were found in most case to lag behind the taxonomic turnover.  

3.3.1 Similarities in trait compositions across the tropical Pacific Ocean and Tethys Sea. 

The near coincidence of changes in foraminiferal traits with changes in environmental 

conditions as shown in Figure 3.17 may have been as a biological adjustment to the physio-

chemical changes such as carbon fluxes, nutrient supply and oxygen concentration in the ocean 

during the PETM. These changes as inculcated into the fabric of foraminifera may be used to 

identify some vital climate events. A high occurrence of traits like elongate and spiral 

foraminiferal test shape were common in all the studied sites. Foraminifera with elongate tests 

were most abundant across the Pacific Ocean sites but significantly decreased during the CIE 

interval during which time spiral tests became more abundant (Figure 3.17). In the Tethys Sea 

(Alamedilla section), spiral tests were highly abundant and showed a relative increase during 

the CIE while elongate tests showed a concomitant decrease in abundance. Considering the 

differential thickness of the sections studied at the three sites (2 m in Alamedilla, compared 

with ~15 cm at the Pacific sites) we believe there is still a positive correlation between test 

shapes in both oceans (Figure 3.17). Taxa with spiral test shapes were more opportunistic and 

may have tolerated a wide range of environmental perturbation during the PETM. This was 

reflected in the high abundance of spirally coiled taxa such as Nutallides, Abyssaminids and 

Oridosalis taxa (Tables 3.1; 3.6; 3.7) during the CIE intervals. Increased abundance of 

opportunistic taxa during environmental upheavals have been reported for many PETM 

sections and other ocean anoxic events (OAE) in the geologic record (Thomas 2007; Giusberti 

et al., 2009; D'haenens et al., 2012). In addition, high abundances of forms with elongate tests 

have been associated with periods of ecological disturbance in benthic communities by Ortiz 

and Kaminski (2012). The dominance of elongate tests in the Pacific sites is consistent with 
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this pattern. Despite the differences in the geological/palaeoenvironmental setting and faunal 

composition between Alamedilla and Shatsky Rise, there remains a relative decrease in the 

abundance of the elongate taxa during the CIE in both locations. This decrease may be an 

indication of a change in palaeoproductivity or preferential dissolution of the elongate test 

during the hyperthermal.  

The typically common hyaline calcite tests predominated at all the studied sites. At Alamedilla, 

hyaline test composition relatively increased during the CIE just above the benthic 

foraminiferal extinction event (BEE), but at Shatsky rise (Figure 3.17) it slightly decreased 

during the CIE. The second most abundant test composition in Alamedilla was porcellanous 

and aragonite at the Pacific sites. There was also a significant amount of agglutinated test at 

Alamedilla and Site 1212B, but very little was recorded at Site 1209B. At Alamedilla, the 

agglutinated test relatively increased coeval to the BEE where there was a total absence of other 

test composition, also hyaline aragonite tends to increase both at Alamedilla and Shatsky Rise. 

The possible explanation for the increase in agglutinated test at the same time with the BEE 

could be as a result of calcite dissolution or because agglutinated taxa are more tolerant to 

higher organic flux and decrease in oxygen content under low sedimentation of fine-grained 

materials or that the sediment may have originated from the continental margin where higher 

abundance and diversity of agglutinated forms exist, (Kamiski and Gradstein, 2005).  The 

decrease in agglutinated test at Shatsky Rise could be related to the prevailing foraminifera 

ooze in the area.  

There was a decrease in the abundance of taxa with uniserial and bi/triserial chamber 

arrangement during the CIE at all sites except Alamedilla. Uni/bi/triserial chamber 

arrangements are usually traits exhibited by infauna taxa (Corliss and Emerson, 1990), it could 

mean that some epifauna and shallow infauna took refuge deeper in the sediment to reduce the 

impact of the hyperthermal and competed with the ‘true’ infaunal taxa in the utilization of 

nutrient and available oxygen leading to decrease in the abundance of uni/bi/triserial trait. 

Another explanation to this could be as a result of preferential dissolution as un/bi/triserial taxa 

are more susceptible to dissolution than other hyaline calcite taxa (Nguyen et al., 2009; 

Mancini et al., 2013). Nevertheless, trochospiral test increased significantly at Alamedilla 

during the CIE and shortly in the beginning of the CIE at the Pacific sites (Figure 3.17). 
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A near perfect similarity of chamber shapes occurred across the two oceans in the trait 

distribution chart (4.15). There was a decrease in the spherical/oval chambers in both sites at 

the beginning of the CIE but increase towards the later part of the hyperthermal. 

Triangular/trapezoids and semi-circular chamber decreased in abundance during CIE across all 

sites. Nevertheless, tubular chambers increased remarkably during CIE at Alamedilla and 

1212B. Tubular chambers seem to be the most tolerant trait because they stick their head above 

the sediment surface Ortiz and Kaminski (2012) and may have been adapted to high organic 

carbon and low oxygen concentration. 

In terms of macro ornamentation, most of the foraminiferal taxa identified had either depressed 

or raised sutures. At Alamedilla, the highest abundance of depressed sutures was recorded at 

the CIE interval, but at Shatsky rise, the CIE only marked the beginning of the increase in 

abundance. Raised sutures also relatively increased at the CIE in both sites.  Most of the 

foraminifera have some sort of depressed sutures on them, and macro ornamentation does not 

seem to be a very critical trait in foraminifera in case of these sites.  Decrease in micro 

ornamentation was observed across all the studied sites as shown by the dominance of taxa 

without recognisable ornaments. This decrease is believed to be responsible for the decrease in 

abundance of foraminifera, especially at the CIE interval. Micro ornamentation is crucial of the 

survival of foraminifera in the environment (Dubicka et al., 2015), and the absence of 

ornamentation in foraminifera recovered across sites during the PETM could be responsible 

for their inability to cope with the extreme environmental changes. Dubicka et al. (2015) 

demonstrated that foraminifera utilise body ornament to sort food particles into different shapes 

and sizes, removing harmful substances and disaggregating larger particles prior to ingestion. 

They also use body ornamentation as protection from predators. The absence of ornamentation 

in foraminifera may have increased their vulnerability during the hyperthermal leading to the 

decrease in abundance and ecological function as well as the coeval extinction of some benthic 

foraminifera during the PETM.  

There was no recognisable trend in aperture form in all the study sites. In Alamedilla section, 

slit-like increased during the CIE but remained relatively uniform at Site 1209B while 

decreasing in abundance at site 1212B. Arcuate apertures were moderately abundant and 

relatively increased during the CIE in all the three sites. Oval/reniform apertures composition 

was relatively uniform throughout the PETM sections, though it decreased during the BEE at 
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Alamedilla and Site 1209B. At Site 1212B it was relatively abundant before the CIE but 

decreased significantly after BEE. Radiate apertures were present on taxa from Alamedilla and 

Site 1212B, but no significant pattern could be observed at Site 1209B.  

The abundance of aperture accessories varies across the sites. Lip, for instance, was the most 

abundant accessory at Alamedilla but the least in the Pacific sites. However, the common trend 

in this trait was its relative increase during the CIE in all the sites studied. Taxa without any 

recognisable apertures also indicated a relative rise in abundance during the CIE. Bifid teeth 

decreased during the CIE at the Pacific sites but increased at Alamedilla. While taxa with neck 

decreased in all the sites and those with umbilical teeth decreased at the beginning of the CIE 

at two sites but increased at the same time in Site 1209B. We cannot provide a convincing 

explanation for the decrease in aperture accessories during the PETM, but a similar scenario 

has been recorded by Dubicka et al. (2015) which observed a decrease in the apertural 

accessory of Haynesina germanica during the extreme rise in CO2 and pH in the Barents seas. 

Because accessories like teeth are used in breaking down larger food particles, the majority of 

the foraminifera may have adopted assimilation of dissolved particles rather than feeding on 

solid food to reduce the energy spend on metabolism.  

In terms of aperture position, there was a big increase in basal interiomarginal (BIM) aperture 

during the CIE at Alamedilla, but the trait relatively decreased at the Pacific sites. The increase 

in BIM aperture at Alamedilla may be linked to the continued existence of trochospiral taxa 

whose aperture mostly occur at the BIM, some of these taxa, however, went into extinction at 

the Pacific site at the beginning of the CIE. Terminal apertures decreased across the three sites 

at the CIE interval while umbilical/extra-umbilical apertures increased across all the sites. The 

decrease in terminal apertures can also be linked to the decrease in the abundance of 

uni/bi/triserial trait reported above. This needs more investigation because one should expect 

an increase in terminal apertures which are predominantly infauna morphotypes during the 

hyperthermal. 
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Figure 3.17: Composite trait composition from the Tethys Sea and the tropical Pacific Ocean to show some trait similarities across the studied sites.  The colour 

used in a particular modality is uniform across all the sites. The trait abundance below each plot represents the absolute count of traits after standardisation.  

Site location and core depths are plotted at the left-hand corner of the figure and the PETM events at the right.  
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Test perforation in the studied sites indicates that fine perforation relatively increased during 

the CIE, both at Alamedilla and Pacific sites. Decrease in macro-perforation occurred at Site 

1212B and Alamedilla but relatively increase at Site 1209B which had a sparse occurrence of 

this trait. Smooth tests (no perforation) showed a decrease in abundance at the Pacific sites but 

a relative increase occurred at Alamedilla. Micro perforation increased in abundance in all the 

three sites. Test perforation is a very important functional trait in foraminifera. The size, pattern 

and density of pores found in benthic foraminifera reflect the amount of oxygen available in 

the ecosystem they lived (Kuhnt et al., 2013). Perforations in foraminifera have been linked to 

their ability to live in very low oxygen concentration as it is believed to play a role in the nitrate 

respiration and in the material exchange between the foraminifera and its symbionts. The 

increase in fine perforation and decrease in macro perforation could imply that hyperthermal 

favoured the taxa with smaller pores whose oxygen requirement was less than macro pores. 

The extinction of Gavellinids during the PETM (Thomas, 2007; Giusberti et al., 2016) was 

attributed in part to the large perforations found in the taxa which required elevated oxygen 

concentration to survive but the species could not survive with a decrease in oxygen 

concentration during the hyperthermal. In other words, large pores are possessed by species 

(G.becarriformis) in a well-oxygenated environment while species found in the low oxygen 

environment have smaller pores (Jorissen, 2007). It is worthy to state that there are exceptions 

to this case depending on the prevailing environmental conditions and fauna assemblages. Taxa 

with large pores could also be more vulnerable to dissolution because the pores can create 

access for fluid to invade the test and disintegrate them.  

Shallow infauna and grazers were the traits that correlated positively across the study sites 

during the CIE by a concurrent increase in abundance. There was a decrease in epifauna at 

Pacific sites during the hyperthermal but an increase was recorded at Alamedilla. Deep benthic 

infauna and deposit feeders indicated a similar trend with an increase in abundance at 

Alamedilla and a decrease in the Pacific sites. Suspension feeders indicated a relative decrease 

in abundance at the CIE in all the sites. Our results also demonstrate that shallow infauna was 

the most favourable habitat during the hyperthermal, with the trait been the most abundant as 

well as showing a relative increase during the CIE in all the sites (Figure 3.17). There is a 

possibility that shallow benthic infauna lived a dual life style migrating to the surface to feed 

when the environment is favourable and back into the sediment when the condition becomes 

unfavourable. The increase in epifauna at Alamedilla could be traced to the survival of some 

Gavelinidae and other epifauna taxa in the section during the hyperthermal. Deep infauna are 
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the next to shallow infauna in terms of success during the CIE. The habitat is mostly likely to 

be protected from the water column corrosiveness by the sediment. Their decrease in the Pacific 

sites could be attributed to the absence of agglutinated forms.   

The classification of foraminiferal mobility was a tricky one as the Paleobiology Database and 

other literatures used in this study classified most of them as stationary. We hope that this is 

correct as our data showed sessile trait to be most dominant. Sessile trait relatively increased 

at the PETM and free-living trait, which was much less, slightly increased as well at Alamedilla 

and Site 1212B but decreased after the BEE at Site1209B during the same period. There is a 

general decrease in the abundance of clinging taxa in all the three sites. The increase in the 

sessile trait could be that most shallow and deep infauna live sessile lifestyle conserve energy 

and hide from predators. Nevertheless, despite the predominance of sessile trait, we cannot say 

that we have enough evidence to show that sessile was more favourably disposed towards 

foraminifera survival during the extreme warmth. 

3.3.2 Interpreting ecological function base on changes in foraminifera fauna and traits 

3.3.2.1 Nutrient supply in the Pacific Ocean during the PETM 

Nutrient supply to the benthic zone was inferred from the faunal composition, 

infaunal/epifaunal ratio, species and trait turnover from the statistical analyses. The faunal 

assemblages in the Pacific Ocean (Sites 1209B and 1212B) are dominated by calcareous 

infauna taxa primarily by Buliminids, Stilostomellids/Pleurostomellids and Bolivinids. These 

taxa in the modern and ancient oceans thrive in the area of high and sustained food supply and 

low oxygen (Alegret and Thomas, 2004; 2009; Jorissen et al., 2007; Mancini et al., 2013; 

Arreguin-Rodriguez et al., 2016). The relative dominance of infauna morpho-groups with a 

coeval high abundance of Buliminids at the Pacific sites (Tables 3.1- 3.6; Figure 3.7; Takeda 

and Kaiho, 2007) suggest a significant supply of nutrient to the seafloor during the PETM. The 

result from our SIMPER analyses between the pre-CIE and other intervals showed an increase 

in high nutrient flux indicators such as Bulimina kugleri and Bolivina inconspicua (Table 3.1). 

The nutrient supply started to decrease within the CIE interval as shown by a decrease in the 

Bulimina taxa (Figure 3.18; 3.19). The lowering in the number of Buliminids and 

Stilostomellids in the samples across this interval (Figure 3.16) was a good indicator of 

oligotrophy. The abundance of these taxa may not have been extremely affected by carbonate 

dissolution since they live inside the sediment and also very low carbonate dissolution was 

recorded in the Pacific Ocean during the PETM (Takeda et al., 2006). 
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 There was an initial increase in the Buliminid abundance at the beginning of the CIE (Figure 

3.18) which could be as a result of preliminary increase in the surface productivity encouraging 

more phytodetrital rain to the sea floor but when the further rise in temperature resulted to 

enhanced metabolic efficiency of pelagic phyto and zooplankton (Thomas, 2003), they 

consumed more refractory organic particle in the upper water column and reduced the quantity 

and quality of food material reaching the bottom water. Food availability was made worse for 

the bottom-dwelling taxa as the rise in temperature resulted to increase in the opportunistic taxa 

(e.g. Quadrimorphina profunda and Nuttalides truempyi) that out-competed the epifauna and 

shallow infauna by consuming the limited food supply (Algret and Thomas, 2009; Table 3.4).  

 

 

Figure 3.18: Litho, bio and geochemical stratigraphy of PETM section in core 1209B-22H-1. The 

lithostratigraphy and δ13C record are those of Takeda and Kaiho (2007) while the morph groups and 

taxa curves plotted with absolute abundance were created in this study. 

The faunal composition from the raw data at the recovery interval demonstrated a period of 

highest and most stable supply of quality nutrients to the sea floor. The highest abundance of 

the deep infauna morphogroup, as well as other high organic carbon influx indicators across 

this interval (Figure 3.18), strongly supports this observation. The high nutrient supply during 
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the recovery may be attributed to the enhanced continental weathering (Winguth, 2011) 

supplying nutrients to the ocean and less number of species competing for available resources 

after the PETM. 

The results of trait evaluation indicate that the prevailing conditions at the sea floor before the 

CIE favoured species with elongate and uniserial test; neck and bifid teeth as well as bi/triserial 

forms (Corliss and Chen, 1988). These species are well adapted to infauna lifestyle and are 

predominantly Stilostomellids, Pleurostomellids and Buliminids. In general, the trait 

composition that constituted 50% similarities across the three PETM interval show that fine 

perforation, deep infauna, sessile, deposit feeder, terminal aperture, hyaline calcite test, bifid 

teeth, elongate, uniserial and shallow infauna and spherical aperture (Figure 3.11) were the 

most significant traits during the CIE across the studied section. These traits demonstrate high 

tolerance to high organic carbon influx to the bottom ocean and extreme environmental 

conditions (Corliss and Chen, 1988).   

 

Figure 3.19: Litho, bio and geochemical stratigraphy of PETM section in core 1212B-9H-5. The 

lithostratigraphy, δ13C record, number of species and number of individual are those of Takeda and 

Kaiho (2007) while epifauna, infauna, Stilostomellids and Buliminids percentage curves were created 

in this study.   

Taxa with coarse perforations, trochospiral coiling and epifaunal habit (e.g. G. beccariiformis) 

was extirpated during the PETM perhaps because they required high dissolved oxygen and 

lowered organic matter to thrive, but high organic matter influx that resulted in bottom water 
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anoxia and acidification making the bottom water uninhabitable for them. Foraminifera with 

traits such as elongate cylindrical, flabelliform or biserial architecture were reported to have 

high surface to volume ratio that enables them to successfully adapt in the infaunal habitat with 

high organic matter inundation and anoxia (Mancin et al., 2016). Additionally, this form of 

chamber arrangement provide communication/exchange link at each end and this can reduce 

the rate of protoplasm mixing between the inside and outside of the test leading to decreased 

metabolic activity within the foraminiferal cell. This anatomy could reduce oxygen and nutrient 

requirement of the organism. Excessive organic carbon rain from the upper water column may 

have contributed to the decrease in some less competent epifaunal taxa because high abundance 

of organic matter in the sea floor hinders pseudopodia function as they are usually 

overwhelmed by algal growth (Boltovkoy et al., 1991; Arreguin-Rodriguez et al., 2016).  

3.3.2.2 Nutrient supply to the Tethys Sea during the PETM as interpreted from Alamedilla 

section 

Nutrient supply to the benthic zone in the Tethys Sea during the PETM was similar to that of 

the Pacific, with overall high organic matter influx from the pre-CIE till the recovery. The high 

organic content in the seafloor sediment at the Tethys Sea was indicated by the high abundance 

of Buliminids and other infauna morphotypes (Figure 3.20). However, enigmatic scenario 

occurred at the interval (13.4m) where BEE was recorded (Figure 3.20) with a total collapse in 

the food supply as indicated by a significant reduction in the abundance of Buliminids, infauna 

and epifaunal taxa (Figure 3.20). The only foraminifera that survived within this interval were 

the agglutinated taxa of Rapmanina and Trochaminids and it appears to be the most severe 

benthic foraminiferal extinction recorded in any PETM section across the globe (Alegret et al., 

2009).  

The period of highest organic flux to the sea floor occurred just before the onset of the CIE 

(Figure 3.20). This suggests optimal primary and export production at the beginning the PETM 

warming but when the ecological threshold of the benthos was exceeded, the whole system 

collapsed due to a combination of other extreme climatic factors including insufficient food 

supply. The food supply to the benthic environment, however, returned and increased again 

after the BEE, 21ky years before the PETM recovery (see Figures 3.18; 3.20; Alegret et al., 

2009).  In general, there was more supply of quality food product to the Tethys sea floor 

because epifaunal richness indicated sustained the supply of nutrient suitable for both epifauna 

and infauna to flourish.  
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It seems there was a sufficient supply of quality food material before and after the CIE from 

the dominant taxa (Buliminids) that constituted 50% similarities in SIMPER analysis (Figure 

3.15), However, nutrient supply at the main CIE interval was more or less episodic with the 

supply of low degraded organic matter at one point and fresh phytodetritus at another 

(Arreguin-Rodriguez et al., 2016) as suggested by high abundance of G. subglobosa and O. 

umbonatus (Tables 3.7 – 3.9).  

 

 

Figure 3.20: Stratigraphic profile of Alamedilla section. The arrow labelled 3 marks the top of BEE. 

The chronostratigraphy, lithostratigraphy and δ13C record were modified from Alegret et al. (2009) 

while the biostratigraphy (Buliminidae, Epifauna and Infauna) curves were made with faunal data from 

Alegret et al. (2009).  

The traits identified as the drivers of ecological function at Alamedilla includes; tubular, spiral 

and trochospiral test, hyaline calcite test composition, depressed sutures, fine perforation, slit-

like and basal interiomarginal apertures, oval/spherical apertural shapes, apertures with lips, 

deposit feeder, sessile and shallow infauna. The complex test composition and apertural 
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framework composed in these traits provide some hints on the ability of the benthic 

foraminifera to utilise available food material in their environment. Mancin et al. (2013) 

hypothesised that complex apertures and test wall could provide suitable structures to develop 

numerous pseudopodia for capturing more food particles and break them down for easier 

digestion.  

3.3.3 Productivity/global carbon cycle 

3.3.3.1 Palaeoproductivity/global carbon cycle in the Pacific Ocean 

Palaeoproductivity in the Pacific Ocean interpreted from fauna and trait results from sites 

1209B and 1212B varied across the PETM intervals. The diversity and abundance of both the 

benthic and planktonic foraminifera [PF data in Petrizzo, (2007)] as well as the δ13C signature 

of the biogenic carbonates (Figure 3.21) supports this assertion. The carbon isotope record of 

the surface-dwelling planktonic foraminifera and bottom-dwelling taxa strongly suggests high 

primary productivity in the surface ocean and significant export production to the seafloor 

denoting efficient benthopelagic coupling. The evidence of high export production in the 

Pacific Ocean was further supported by a notable abundance of taxa regarded as a good 

indicator of high export production such Siphogenerinoides brevispinosa, Stilostomellids and 

Buliminids (Arreguin-Rodriguez et al., 2016; Tables 3.1-3.6) at Sites 1209B and 1212B.  

The productivity at the main CIE section was not very clear perhaps as a result of massive 

carbonate dissolution that led to shoaling of CCD globally during the PETM. All the proxies 

indicate a collapse in both pelagic (surface) and benthic productivity. The rise in temperature 

that resulted from the PETM must have increased the metabolic rate of the pelagic primary 

producers (Thomas, 2007). The high temperature recorded during the peak of the CIE must 

have caused encystment of many phytoplankton and reduced primary production (with episodic 

productivity when the environment is conducive to reproduce) while the zooplankton may have 

moved deeper into the water column and thoroughly foraged all the available organic matter 

and diminished the quality and quantity of organic carbon reaching the seafloor. 

Enhanced foraging of the upper water column would mean that less phytodetritus will be 

reaching the ocean floor resulting in food scarcity and increased competition. In addition, 

increase in the solubility of calcium carbonate resulting from higher CO2 concentration and 

lowered pH in the ocean will stimulate foraminifera to reduce calcification by building smaller 

and thinner test walls which are less likely to be preserved in the sediment record.    
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Palaeoproductivity picked up again after the BBE as indicated by the increase in the relative 

abundance of both planktonic and benthic foraminifera at Site 1209B (Takeda and Kaiho, 2007; 

Petrizzo, 2007), though this was not reflected on the δ13C record as it remained relatively low 

throughout the rest of the studied interval in the Pacific. The lowering of δ13C record in benthic 

foraminifera even when the abundance of biomass increased could be attributed to vital effect5.  

 

Figure 3.21: Records of benthic and planktonic foraminiferal abundance and δ13C record from Site 

1209B indicating changes in litho, bio and isotope stratigraphy during the PETM.  Benthic foraminifera 

abundance and benthic isotope record was plotted from Takeda and Kaiho (2007) while the planktonic 

foraminifera abundance and isotope record was plotted from Petrizzo, (2007) 

The connection between trait composition and productivity has not been well publicised in 

foraminiferal research. Jorissen et al. (2007) believed that cylindrical spherical and planispiral 

morphogroups usually with infaunal habit are common in the area of high productivity. In the 

PETM section at the Pacific Ocean, trait composition was dominated by the terminal apertures, 

fine perforation, grazers, infauna, planispiral, elongate test, sessile, biserial-triserial and 

                                                           
5 Vital effect is the impact of ecological and environmental variability on the geochemical signatures of 
biominerals. For instance planktonic foraminifera may change their depth of habitat during ontogeny for specific 
nutrient or ecological requirement and return to their normal habitat adult stage. This affects the isotopic 
composition of their test (See Schiebel et al., 2017 for more details). 
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complex apertures (Figures 3.5, 3.6; 3.10 and 3.11). These trait assemblages strongly support 

the Jorissen et al. (2007)’s hypothesis. Another possible explanation for the increase in 

cylindrical and bi-triserial traits may be related to their response function towards 

environmental perturbation and not really to productivity increase. Increase in the abundance 

of oligotrophic taxa such N. trumpyi, Q. profunda and G. subglobosa may suggest lowered 

productivity or well-functioning bentho – pelagic coupling6. This is also in line with the 

deduction on the food supply that suggested sustained mesotrophy during the PETM in the 

Pacific Ocean. In addition, the topography of elevated platform like the Shatsky Rise (Figure 

2.3; Altenbach et al., 1999), trophic focusing has been identified as the cause of disparity 

between food supply and productivity. Trophic focusing involves winnowing of the fine 

organic particle by current and concentrating them on a particular part of the ridge. (Arreguin-

Rodriguez et al., 2016; Heinz et al., 2004). Kelly et al. (2006) also reported a decrease in 

calcareous nannoplankton abundance during the PETM in the Pacific Ocean. This decrease 

could also be a result of carbonate dissolution associated with the event.  

In summary, i believe that the initial increase in the ocean-atmospheric CO2 and the coeval rise 

in temperature before the CIE resulted in an increase in productivity with enhanced organic 

matter rain to the seafloor but with a further rise in temperature, phytoplankton productivity 

optimum was exceeded in the surface ocean leading to lowered export production. More so, 

the increased ocean acidification resulted in reduced calcification in the form of smaller and 

thinner test walls in benthic foraminifera and increase in bacterial activity in the sea floor. 

Increase in the opportunistic and resilient taxa utilised more bicarbonate in the upper water 

column and acted as a sink to the CO2. The increase in silicate weathering from the continents 

enhanced this process and triggered the recovery of PETM. However, export production to the 

benthic realm never returned to the pre-CIE scenario as suggested by bulk carbonate and 

foraminiferal δ13C records in figures 3.19 and 3.21.  

 

                                                           
6 Benthic – Pelagic coupling refers to the exchange of mass, nutrients/organic materials or energy between 
benthic and pelagic habitats of the ocean (Griffiths et al., 2017) 
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3.3.3.2 Palaeoproductivity/global carbon cycle in the Tethys Ocean as interpreted from 

fauna and trait composition from Alamedilla section 

The high abundance and diversity of foraminifera, as well as high bulk carbon values (Alegret 

et al., 2009) at Alamedilla section, was interpreted as the high flux of organic matter resulting 

from strengthening primary (surface ocean) and export productivity. Before the initiation of 

the CIE, δ13C record of bulk CaCO3 was as high as 3%o with a remarkable increase in the 

epifauna and infauna (Figure 3.20). The co-occurrence of epifauna and infauna indicates 

optimum productivity condition and deep water ventilation as well as efficient solubility and 

biological pump that could allow highly heterogeneous fauna to thrive in the sedimentary 

record (Guisberti et al., 2016). Increase in both primary and export productivity has also been 

reported in the western Tethys at Forada section (Italy, Guisberti et al., 2016). The climax of 

benthic productivity was attained after the BEE with the deposition of clay horizon rich in 

organic matter and iron oxide free from calcium carbonate. This layer marks the peak of the 

PETM warming at Alamedilla. Similar organic carbon-rich layers have been reported in other 

PETM sections in deep water and continental deposits such as Contessa and Forada (Italy) as 

well as Zumaia (Spain) in the western Tethys. δ13C record of bulk carbonate suggests a 

significant decrease in the carbonate content after the BEE  and a coeval increase in silicate 

mineral in the sediments (Alegret et al., 2009), but there was also an increase in the abundance 

of Buliminids (indicator of high productivity) as well as higher abundance of epifauna 

morphotypes. This suggests oligotrophic bottom water conditions. The decrease in the δ13C 

content in the bulk sediment could be attributed to the global dissolution of CaCO3 during the 

PETM and does not necessarily imply a decrease in palaeoproductivity. Also, the increase in 

abundance of epifauna during this period of rising in temperature could tilt the foraminiferal 

assemblage towards oligotrophy (Alegret et al., 2009) because the rise in temperature increases 

the metabolic efficiency of foraminifera (Thomas, 2007) and encourages thorough pasturage 

of available food material. Infauna morpho-groups remained relatively low in abundance after 

BEE because more epifauna consumed most of the organic matter at the sediment-water 

interface reducing the food reaching the deeper infaunal niche. The δ13C content increased in 

this section indicating deepening of the CCD and PETM recovery but the carbonate 

concentration did not return to the pre-extinction value suggesting that the benthic ecology 

never recovered from the PETM perturbation.  
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The trait composition across the studied section showed strong similarity with those of the 

Pacific Ocean. The traits were dominated by tubular, elongate and spiral, and hyaline calcite 

test, sessile, shallow infauna and deposit feeding habit and a combination of simple and 

complex apertures with fine perforation (Figures 3.5; 3.10; 3.15). This trait assemblage 

suggests high organic carbon influx to the seafloor but not so high as to destroy the epifaunal 

niche as observed in the open ocean of the Pacific. Nevertheless, there was a notable high 

abundance of trochospirally coiled and agglutinated taxa such as Glomospira spp., Repmanina 

charoides and Trochamina spp. that bloated the frequency of spiral, trochospiral and basal 

interiomarginal traits.  

Tubular, hyaline calcite, shallow infauna, sessile, deposit feeding, fine perforation and complex 

apertures are noted for the traits that sustained carbon cycling in the benthic ecosystem during 

the PETM extreme condition because of their increase in abundance during the PETM.  

3.3.4 Oxygen concentration in the seafloor 

Estimating the amount of dissolved oxygen in the sea floor using faunal association is 

complicated but has been successfully demonstrated by Kaiho (1994). This is because oxygen 

concentration in the bottom water also depends on the interaction between the quantity of 

organic matter reaching the seafloor, deep water circulation pattern, temperature and faunal 

composition. Another difficulty lies in the fact that some taxa (especially epifauna) considered 

to be abundant at a particular amount of oxygen concentration does not spend their whole 

lifetime in a single niche but migrate within a wide range of variable oxygen concentration 

environment during their life (Jorissen et al., 2007). Nevertheless, the study by Kaiho (1994) 

identified critical dissolved oxygen concentration markers for estimating the amount of oxygen 

available in the benthic ecosystem.  

3.3.4.1 Pacific Ocean 

Foraminiferal composition in the Pacific Ocean (Sites 1209B and 1212B) indicates low oxygen 

concentrations throughout the PETM. Prior to the initiation of the CIE, the faunal assemblage 

was composed of dysoxic (moderate oxygen concentration) indicators characterised by a 

mixture of low oxygen taxa such as Bolivina inconspicua, Buliminids and stilostomellids (Table 

3.1) and oxic fauna like Gavelinella spp., Anomalinoides and Gyroidinoides species occurring 

together in the sediment.  
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The high abundance of deep infauna, (Figure 3.5) in association with a few number of epifauna 

taxa reveals that oxygen level was already low in the benthic environment, but just slightly 

enough to keep the species that needed higher oxygen concentration on life support. The 

threshold of taxa that require high oxygen concentration was probably reached at the onset of 

the CIE that resulted in the benthic foraminiferal extinction (BEE). The BEE may largely have 

been caused by low oxygen concentration because high porosity epifauna taxa like Gavelinella 

beccariiformis needed high dissolved oxygen for their metabolic requirements but could not 

get enough. Low amount of dissolved oxygen accompanied by high organic carbon influx to 

the sea floor plus water column stratification combined to exterminate the susceptible (highly 

perforated) epifaunal species. Other epifaunal species that survived this hypoxia are well 

adapted to low oxygen concentration and had the ability to tolerate high organic carbon influx 

or are able to move up and down the sediment column.  

The acme of Bolivina gracilis as well as a significant increase in the abundance of opportunistic 

taxa (Q. profunda) have been interpreted as a marker for low oxygen concentration at the peak 

of the CIE (Takeda and Kaiho, 2007). The amount of dissolved oxygen slightly increased after 

the peak of the CIE and at the beginning of the PETM recovery as suggested by high abundance 

of infaunal taxa (Buliminids) and the reduction in the opportunistic taxa (Takeda and Kaiho, 

2007; Table 3.3) because more oxygen was available in the sediment and the infauna could 

favourably compete with the opportunistic taxa for the accessible nutrients.  

The trait composition from SIMPER results revealed that the dominant traits driving ecological 

changes in Sites 1209B and 1212B during the PETM are deep infauna, sessile, elongate, no 

ornamentation, fine perforation, terminal apertures, planispiral and bi/trispiral test shape 

(Figures 3.5; 3.6). These trait assemblages strongly suggest adaptation to low oxygen 

condition, Kaiho (1994) describes the morphological characteristics of low oxygen taxa as thin 

wall, elongate, spiral and multi-serial. These attributes help them to maximise available oxygen 

to continue their metabolic activities in the face of hypoxia. Elongate and biserial taxa such as 

Bolivina have been reported to respiring nitrate in the absence of oxygen (Keating-Bixonti et 

al., 2017). Some species of foraminifera found in the oxygen minimum zone have also been 

reported to lack ornamentation (Boltovskoy et al., 1991) and no ornamentation trait was 

relatively high in the SIMPER result as shown in Figures 3.5 and 3.10. There was a mixture of 

traits like basal interiomarginal, trochospiral, and species with umbilical apertures. Such traits 

are indicating an increase in the abundance of opportunistic taxa across PETM events and 
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suggest environmental disturbance or periods of episodic bloom as a result of a seasonal 

increase in oxygen concentration.  

3.3.4.2 Tethys Ocean 

The oxygen concentration in the Tethys Sea was not as low as in the Pacific. The high taxa 

abundance, diversity and heterogeneity in the Alamedilla section are a positive indicator of the 

well-oxygenated environment (Jorissen et al., 2007) in the latest Palaeocene. The epifauna and 

infauna morphotypes are relatively high in abundance, an indication that the bottom water, 

sediment surface and down to few centimetres had enough oxygen to sustain both morphotypes 

successfully. The main body of the CIE interval at Alamedilla did not seem to experience 

extreme anoxia as reported in other open ocean (Walvis Ridge, Wendell and Southern Ocean 

(Thomas, 2003; 2007; Zachos et al., 2008; Dunkley-Jones et al., 2013) during the PETM. Iron 

enrichment and bioturbation (Alegret et al., 2009), as well as the highest abundance of oxic 

environment indicators (G. subglobosa and O. umbonatus), occurred at the main CIE interval 

(see Arreguin-Rodriduez et al., 2016; Tables 3.7 and 3.9). There was no significant increase in 

the infaunal morphotypes as shown in Figure 3.20 because the increase in oxygen concentration 

meant that the epifauna thrived and competed favourably with the deeper dwelling taxa. 

Increase in the heavily calcified taxa like Anomalinoides species and Osangularia spp. further 

supports the oxic nature of the CIE interval at Alamedilla. The cause of BEE at the Tethys may 

have been extreme temperature and other ecological perturbation but not necessarily low 

oxygen concentration (Alegret et al., 2009).   

The trait composition in Alamedilla was similar to those that occurred in the Pacific Ocean 

(Figure 3.17). However, the magnitude of interiomarginal, trochospiral and spiral are relatively 

the same as the hypoxic indicators (Figure 3.16). This strongly correlates with the faunal 

distribution that showed co-habitation of epifauna and infauna in a suboxic environment.  

3.4 Conclusions 

This study is a novel one and it pioneered the utilization of trait changes in fossil foraminifera 

as indices for paleoecological changes in the benthic system.  We have shown that trait 

composition in conjunction with faunal assemblages can be used as indices for 

palaeoecological changes and to detect ecological disturbance in the marine ecosystem. Detail 

examination of foraminiferal traits across the PETM sections at Northeastern Pacific and 

Tethys seas indicated that mostly heavily calcified and perforated benthic foraminifera taxa 
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went into extinction during the PETM but a significant number survived. This suggests that 

foraminifera could tolerate a wide range of ecological changes and withstand extreme 

ecological conditions through various trait manoeuvring such as increasing the abundance of 

taxa with resilient traits during environmental perturbation.  

The results from this study also showed that changes in foraminiferal traits does not occur at 

the same time as the faunal turn-over in foraminiferal taxa, implying that traits of foraminifera 

are conserved. Careful examination of foraminifera census data from Takeda and Kaiho (2007) 

and Alegret et al (2009) revealed a very dynamic changes in foraminiferal events across the 

studied sites, however, the foraminiferal trait diagrams in Figures 3.6; 3.11; 3.16 showed a 

more uniform and predictable bioevents. The similarities in trait events in Figure 3.17 and 

Table 3.10 indicate that some foraminiferal trait are redundant meaning that different species 

share similar traits and when one goes into extinction similar species sharing the same trait can 

still maintain ecological functioning in the ecosystem.  

Our results also have shown strong evidence that the trait composition of foraminifera can be 

used to characterised climatic events and sedimentary facies across basins as exemplified by 

trait similarities during the hyperthermal in both basins (Table 3.10). Nevertheless, some trait 

modalities such as hyaline calcite tests have been affected by the intensity of carbonate 

dissolution in both basins because of the ocean acidification. The decrease in the hyaline calcite 

in the Shatsky Rise indicates that carbonate dissolution in the Pacific Ocean may have been 

more severe during the PETM than at Alamedilla contrary to claim by Algret et al. (2009). 
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Table 3.10: Summary of trait occurrence patterns across the PETM events in the tropical Pacific and 

Tethys Oceans  

 

The trait distribution partly conforms to the taxonomic composition of foraminifera from which 

they were derived, however, the biological trait analysis demonstrated how foraminifera 

maintained benthic functioning in the face of an extreme climate event that led to the extinction 

of numerous benthic foraminifera. For instance, the extinction of taxa with highly calcified and 

mega perforated taxa like Gavellinidae at the Shatsky Rise was followed by an increase in 

smaller-sized opportunistic taxa such as Q. profunda; (Table 3.2) with micro-perforated tests 

that require less dissolved oxygen and well adapted to high organic rain.  

The biological traits analysis of foraminiferal turnover from the Shatsky Rise (Pacific Ocean) 

and Alamedilla section (Tethys Sea) across the PETM has revealed the ecophenotypic 

responses of the benthic foraminiferal community to the environmental perturbations. The 

increase in temperatures and dissolved inorganic carbon associated with the event resulted in 
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enhanced food supply, decreased the amount of dissolved oxygen and palaeoproductivity in 

the Pacific Ocean. The excessive supply of organic material to the seafloor and lowered oxygen 

concentration resulted in the extirpation of the highly porous trochospirally coiled epifaunal 

taxa. However, in the Tethys, high productivity, moderate supply of oxygen and nutrient to the 

sea floor as indicated by high abundance of both the infauna and epifauna suggest effective 

bentho – pelagic coupling. The cause of extinction in the Tethys Sea is probably high 

temperature and ocean acidification as revealed by organic-rich clays found across the central 

and western Tethys (Giusberti et al., 2016; Arreguín-Rodríguez et al., 2018). 

In both oceans, the statistical result showed that infaunal, sessile life habits, cylindrical elongate 

and bi-triserial test forms, complex terminal apertures and omnivorous feeding modes were the 

most resilient traits during the hyperthermal (Figures 3.5; 3.10; 3.15). Along with other 

opportunistic taxa the Buliminids, Bolivinids, Pleurostomellids and Stilostomellids may have 

utilised their facultative anaerobic metabolism enhanced by cytoplasmic streaming to sustain 

calcification and drew down the excess dissolved inorganic carbon in the water column. 

Increase in populations of foraminifera during the recovery intervals in all the studied sites 

together with high temperature feedbacks such as increase in precipitation and silicate 

weathering would have eventually returned the ocean to its normal state.  
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CHAPTER FOUR 

The impact of high palaeoproductivity on the test and ecological function of 

foraminifera in the equatorial Pacific Ocean during the PETM  

4.1 Introduction  

Productivity in the modern equatorial Pacific is reportedly the highest compared to any other 

pelagic biomes in the world (Moore et al., 2004). Equatorial Pacific is estimated to have the 

largest primary production of 20%–60% in the modern oceans most of which is exported to the 

benthic zone (Lyle and Wilson, 2006). It hosts the largest reservoir of carbon and nutrients, 

and so it makes a major contribution to the global carbon budget through its regulation of global 

organic/inorganic carbon and atmospheric CO2 partial pressure (pCO2). Although the physical 

and chemical properties of the Pacific Ocean may have differed somewhat from what they are 

now during the Palaeogene, high palaeoproductivity has also been reported in the North 

equatorial tongue during the Eocene (Moore, 2005) and the PETM (Faul and Paytan, 2005; Ma 

et al., 2014) at which time the equatorial Pacific also accounted for significant volume (60%) 

of the global ocean (Lyle and Wilson, 2006).  

Ocean productivity is the main driver of foraminifera composition/changes in the benthos 

ecology as its a major food source, but also controls the amount of oxygen available for faunal 

utilisation (Altenbach et al., 1999; Jorissen et al., 2007). Benthic foraminifera are a very useful 

tool for the reconstruction of the palaeoflux of organic matter on the sea floor because they 

constitute a major proportion of the benthic biomass in the open ocean (Altenbach and 

Sarnthein, 1989; Licari et al., 2003; Cavan et al., 2017). The main source of food to the benthic 

organism is the detrital rain from the particulate organic matter produced by the plankton in 

the surface ocean except where hydrocarbon seeps and hydrothermal vents are present (Cavan 

et al., 2017).  

The response of foraminifera to the organic carbon flux in the ocean floor is controlled by the 

quantity and quality of the organic material reaching the ocean floor. Hence adequate 

knowledge of the past changes in primary production and export production as it relates to 

foraminifera is crucial to the understanding the biological carbon pump which is a major driver 

of ocean productivity and in extension climate change (Chisholm 2000, Birch et al., 2016).  
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Barite accumulation rate (BAR) during the PETM indicated that high pCO2 had a fertilising 

effect on the primary producers which led to increase in reproduction and coeval increase in 

export production during the event (Ma et al. 2014). Although the evaluation of 

palaeoproductivity is difficult, biogenic barium is a good indicator of biological productivity 

because it is well preserved in pelagic settings (Paytan et al., 1996; Bains et al., 2000). The 

high rate of BARs correlates well with the increase in export production, i.e. carbon flux from 

the surface water to the intermediate and deep waters (Dymond et al., 1992) which is also a 

function of primary production. Increases in the temperature of the ocean can also lead to 

increased in bacterial activity and organic matter regeneration and nitrogen fixation (Ma et al., 

2014) thereby increasing the efficiency of the biological carbon pump and higher export 

production. More so, increase in nutrients in the ocean, either by continental runoff or 

upwelling from the deep sea, causes blooms of phytoplankton and increased export production 

to the ocean beds.   

The PETM section of equatorial Pacific Ocean is reported to have the highest export production 

when compared to any site at a rate of 112g C m-2 yr-1 compared to 28 – 48g C m-2 yr-1 in the 

Atlantic and Southern Oceans (Ma et al., 2014). The evidence of high organic matter content 

in the Central Pacific is present in the cores recovered from Site 1215A (Figure 4.1). And as 

stated in previous chapters, the understanding of the impact of the enhance palaeoproductivity 

during the PETM in the benthic ecosystem will give an insight on how current global warming 

will affect the deep sea benthic  

The focus of this chapter is to examine the foraminiferal abundance and trait composition 

across the PETM section at Site 1215A, analysed them using the BTA and scanning electron 

microscopy (SEM). 

See chapter two for details on the location, materials and methodology.  
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Figure 4. 1: Digital core photograph of Core H8, ODP Site 1215A. The brown colouration is an 

indication of high organic matter content in the central tropical North Pacific Ocean. The PETM 

occurred in the darkest part of section 3 (http://web.iodp.tamu.edu/OVERVIEW) 
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4. 2 Results 

4.2.1 Core description 

The detailed lithologic description of core 1215A 6H and 8H sampled for this work is outlined 

below from bottom to the top. 

Core 8H-07 was the base of section sampled for this analysis; it was a short core of 32cm in 

total length that grades from light brown calcareous oozes at the top to dark brown nannofossil 

at the bottom. 

Core 8H-06 composed of an intercalation of dark brown – very dark brown oozes. It is made 

of dark brown oozes from the core top to the 44cm interval, very dark brown at 45 – 116cm 

while the section from 117 -150TD was composed of light brown oozes.  

Core 8H-04 composed of black nannofossil oozes from the core top to about 6cm interval. 

There was a diapiric intrusion of the lighter coloured ooze from 7-11cm and alternation of dark 

to very dark layers from the 12-38cm interval. However, a lighter brown interval underlain the 

intercalation from 38 – 98cm interval. Below this was another 18cm thick of very dark brown 

ooze. The onset of the CIE is situated in the upper part of this core.  

 

Figure 4.2: A section of core 8H-03 showing sediment diapir and soft sediment deformation 

The lithologic composition of core 8H -03 is the same nannofossil oozes, but it contains some 

small chert at the 8cm interval as well as 123 cm interval. There is evidence of a break in 

sedimentation and a sort of sediment deformation on this core (Figure 4.2). Two bigger lumps 

of chert also occurred at the 123cm interval with a little mixing of lighter coloured sediment. 

The black nannofossil oozes continued to the 144cm interval where another sediment 
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disintegration occurred around some chert fragments. 128-148 cm interval is interpreted as the 

P/E boundary and the core of the PETM. 

Core 8H-02: The prevailing colour of the sediment on this section of the core was dark brown 

oozes, but there was a spectacular feature which I interpreted as a micro fault that runs from 

11cm interval and sidetracks through 55cm of the core (Figure 4.3). This is not unusual 

considering the location of the site near the Molokai fracture zone. A dark coloured chert 

occurred at 90 – 98 cm, 111-116cm 119 – 120cm and 128 – 133 cm intervals. Carbon Isotopic 

Excursion (CIE) started at this section of the core. 

 

Figure 4.3: A section of core 8H-02 showing a fracture across the core 

Core 8H- 01 was composed of predominantly dark brown nannofossil ooze. Some sort of soupy 

sediment occurred from the core top to the 31cm interval (Lyle et al., 2002), and a mixture of 

stable/flowing sediments was recognised from 32cm – 91cm interval. The rest of the core from 

91cm to the TD- 150cm was made of more stable and very dark brown ooze.  

N/B Core section 7H of Site 1215A recovered only a black chert and was not analysed for this 

study (Figure 4.5, Leon – Rodriguez and Dickens, 2010). 

Core 6H- 06 was mainly a dark brown ooze, the intervals from 9-13cm, 30 -33cm, 39 -42cm 

and 45 – 49cm were very dark, while the rest were dark brown. The total depth of this core was 

78cm. 

Core 6H -05: The core top up to 6cm interval was composed of dark brown nannofossil ooze, 

while 7-28 cm interval was light brown, 28-39 dark brown, 40-80cm light brown, 81-89 dark 

brown and 90 -100TD light brown.  
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Core 6H-04 also consisted of predominantly dark brown nannofossil ooze, apart from the 

intervals from 30-37, 52-68, 77-88, 114 -124 and 138-149TD which were light brown in colour. 

A black chert occurred between 89-113cm interval.  

The top of core 6H-03 was a light brown nannofossil ooze, except at 5cm interval where a dark 

brown clay lens pierced in between the nannofossil sediment (Figure 4.4) reflecting a mixture 

of sediment of different ages. Also, there was a lump of chert and dark mineral fragments 

suspected to be igneous materials at 46 – 55cm interval.  

 

Figure 4.4: A section on core 6H-03 showing sediment mixing within the core. Arrows show directions 

of sediment deformation in this core. The flow in structure could affect the quality of biostratigraphic 

data collected from this section of the core.  
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The lower section of the core was interbedded with darker coloured oozes. The interval 

between 69 -73cm was dark brown, 91-96cm (dark brown), 118- 122cm (very dark brown), 

135 – 138 (very dark brown) while other intervals composed of lighter brown sediment. The 

total depth (TD) of the core is 150cm.  

Core 6H-02 comprised of inter-bedded dark and light brown nannofossil ooze and clay. Dark 

brown ooze occurred from the 1-7cm interval, underlain by light brown sediment from 7-26cm, 

and another dark brown interval occurred from 26-37cm. The inter-bedding continued from 38 

-54 (light brown), 55 – 67cm (dark brown), 68 – 85 (light brown), 87-89 (dark brown), 99 – 

113(light brown). There was evidence of flow-in and sediment mixture on this core section. 

 4.2.2  Chronology 

The age model for the studied section of Site 1215A was based on the paleomagnetic 

information and magnetic susceptibility data from Shipboard Scientific Party Leg 199 and 

biostratigraphic events from Leon-Rodriguez and Dickens, 2010.  

Unit II of Site 1215A was assigned Chron C24r from the identified palaeomagnetic reversal 

and anomalies (Agnini et al., 2007; Figure 4.5). Calcareous nannofossil was the best tool for 

the high-resolution age model for this section. The occurrence of Fassciculithus richardii, and 

F. shaubii at 55.38 mbsf mark the top of calcareous nannofossil zone NP9 (Raffi et al., 2005) 

and the last downhole occurrence (LDO) of Tribrachiatus bramlettei found at 54.32 mbsf 

correspond to the base of NP 10. The absolute ages of the studied section (Figure 4.5) were 

derived by correlating shifts in the bulk carbonate isotope data from Leon-Rodriguez and 

Dickens (2010) work with the trends in the δ13C records from ODP Site 690 for which a high 

resolution and orbitally tuned age model have been established by Rohl et al., 2007. The 

average sedimentation rate for Unit II was approx. 8.5m/m.y.
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Figure 4.5: Chronology and stratigraphy of the studied section of ODP Site 1215A, cores 6H -8H (Adapted from Leon-Rodriguez & Dickens, 2010) 
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Figure 4.6 Age – depth model and sedimentation rate for Site 1215A (Taken from Lyle et al., 2002)  

To calculate the sedimentation rate, the age-depth model was first derived using age dating 

techniques, and the sedimentation rate was derived from age-depth formula (See Lyle et al., 

2002).  The line of best fit was drawn through all the bioevents and palaeomag data over a 

successive depth interval (Figure 4.6; Lyle et al., 2002).  

4.2.3 Benthic foraminiferal taxa composition and changes through time in Site 1215A 

The benthic foraminiferal composition and assemblage in Site 1215A were dominated by 

calcareous hyaline taxa, with agglutinated forms constituting less than 10% of all the identified 

fauna. The strong dominance of benthic foraminifera with the calcareous hyaline test in the 

recovered taxa indicates that the studied section was deposited above the lysocline, and carbon 

compensation depth (CCD). However, poor preservation of planktonic and benthic 

foraminifera tests suggest that the lysocline may have been really close to the depositional 

depth especially during the PETM when the preservation was worst affected. 117 species 

constituting 4065 specimens of benthic foraminifera were identified and counted. The faunal 
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assemblage was predominantly infaunal morphotypes (~60% relative abundance), including 

Bulimina, Abyssamina, and cylindrical taxa like Pleurostomella, Nodosaria, and Stilostomella. 

The epifauna was relatively less (approx. 40%) with mainly cosmopolitan deep water Velasco- 

type taxa such as Nuttalides, Anomalinoides, Cibicidoides, Gyrodinoides and Valvalabamina 

(Figure 4.8; Table 4.1).  

The nmMDS of taxa composition (Figure 4.7) showed a direct opposite of what we observed 

in other sites with the CIE samples clustering more tightly together than the other intervals.  

Most of the pre-CIE samples spaciously clustered at the base of the plot except for a sample 

from 56.5 mbsf. The CIE samples clustered more tightly at the upper part while the recovery 

samples clustered in between the pre-CIE and the CIE. The samples from the recovery interval 

were the most dispersed when compared to the other intervals. The ordination also showed that 

the recovery fauna were more closely related to their CIE counterpart than to the pre-CIE. The 

three samples from the CIE that clustered closer to the pre-CIE were those from the onset of 

the excursion, suggesting that they are more related. The clustering together of the CIE samples 

is interpreted as evidence of similarity in taxonomic composition and may also reflect a higher 

sampling resolution of that interval as the pre-CIE and the recovery were sampled at a lower 

resolution (Table 2.2). The recovery samples with wider dispersal were those at the transition 

from the CIE to the recovery; this suggests that fauna at the interval just before the recovery 

were still experiencing some perturbation. In general, the samples that did not ordinate with 

the respective group were those related to either the beginning or termination of the negative 

carbon isotopic excursion. Sample 41.01mbsf was an exception but it was the first sample 

analysed for this study and was basically a training sample.    

The ANOSIM test indicated that the foraminifera communities from three intervals differed 

significantly from each other with the global R= 0.20 and p<0.05.  
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Figure 4.7: Non-metric Multidimensional Scaling ordination of benthic foraminifera taxa composition 

(transformed with total resemblance) of Bray-Curtis similarity from Site 1215A ODP Leg 199, Central 

equatorial Pacific Ocean.  

The SIMPER result indicated that 24 taxa were the major contributor to the differences/ 

similarities observed in the faunal composition of the PETM intervals studied at Site 1215A. 

The highlighted species were predominantly cosmopolitan and composed of both infauna and 

epifauna morphotypes (Table 4.1). The pre-CIE was characterised by increase in the abundance 

of both robust/heavily calcified taxa as well as small disaster taxa. The CIE was characterised 

by increase in the small disaster taxa only and the recovery interval was characterised by mostly 

heavily calcified taxa (Table 4.1). 

The mean abundance of the taxa present in the similarity percentage result showed that 

Paralabamina elevata, Valvalabamina praeacuta, Buliminella beaumonti, Globorotalites 

micheliniana, Paralabamina lunata, Aragonia aragonensis, Oridorsalis umbonatus, 

Valvalabamina sp.2, Gyroidinoides subangulatus, Neoeponides hillebrandti, and Pullenia 

subcarinata were relatively higher during the pre-CIE than in other intervals. The foraminifera 

assemblage above were dominated by epifauna taxa with few Buliminids (Table 4.1). Despite 

the high number of species in this interval, their % contribution to the total dissimilarity was 

very low. 

 



133 | P a g e  

 

Table 4.1: Mean abundance of taxa that contributed the most dissimilarities observed in faunal 

distribution across the CIE intervals at ODP Site 1215A. Data is limited to 50% cumulative 

contribution.  

Species Mean Abundance Contribution to 

dissimilarity (%) REC CIE Pre 

CIE 

Abyssamina quadrata 1.85 2.36 1.28 5.3 

Nuttallides truempyi 2.08 2.77 1.38 5.12 

Tappanina selmensis 1.78 1.81 0.41 4.08 

Paralabamina elevata 0.13 0.24 1.59 2.99 

Valvalabamina praeacuta 0.6 1.04 1.57 2.87 

Anomalinoides praeacutus 1.56 0.63 1.04 3.35 

Buliminella beaumonti 0.53 0.12 1.32 2.62 

Quadrimorphina profunda 1.26 1.15 0.58 3.4 

Nonion havanese 0.91 0.29 1.2 2.07 

Globorotalites micheliniana 0.7 0.7 1.04 2.49 

Paralabamina lunata 0.67 0.04 0.85 1.94 

Aragonia aragonensis 0.19 0.48 0.66 1.92 

Bulimina midwayensis 0.47 0.27 0.9 1.9 

Oridorsalis umbonatus 0.64 0.57 0.87 1.89 

Valvalabamina sp.2 0.1 0.24 1.21 1.89 

Paleopleurostomella pleurostomelloides 0.51 1.59 0.77 3.1 

Cibicidoides eoceanus 0.57 0.04 0.41 1.66 

Cibicidoides subcarinatus 0.48 0.24 0.49 1.58 

Gyroidinoides subangulatus 0.54 0.28 0.35 1.56 

Neoeponides hillebrandti 0.05 0.13 0.51 1.54 

Coryphostoma crenulata 0.23 0.71 0.55 2.16 

Bulimina tuxpamensis 0.79 0.15 0.84 1.71 

Pullenia subcarinata 0.61 0.27 1.28 1.67 
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The CIE interval recorded the highest mean abundance of Abyssamina quadrata, Nuttallides 

truempyi, Tappanina selmensis, Paleopleurostomella pleurostomelloides and Coryphostoma 

crenulata and these taxa made the greatest contribution to the dissimilarity (50% cut off) 

between the pre-CIE and the recovery (Table 4.1).  

Quadrimorphina profunda, Bulimina midwayensis, Nonion havanese, Anomalinoides 

praeacutus, Cibicidoides eoceanus, Gyroidinoides subangulatus and Bulimina tuxpamensis 

were the most abundant species during the recovery interval. These species are associated with 

moderate oxygen level and seasonality in productivity from upwelling and surface water 

mixing (D’haenens et al., 2012; Arreguin-Rodriguez et al., 2016)  

In the raw taxa composition, the late Palaeocene (Pre-CIE, 59.5 – 54.6 mbsf) section was 

characterised by the restricted occurrence of Valvalabamina depressa, Ribdamina Sp, G. 

beccarriformis, Spiroluculina Spp., Neoflabellina rugosa, Stilostomellia plumerae, 

Coryphostoma midwayensis, Falsoguttulina wolburgi, Orthokarstonia clarki, Hemorobulina 

arcuta, Dorothia retusa, Brotzonella monterelensis, Marsonella trochoides, Oolina globosa, 

Ellipsoglandullina chilostoma and Ellipsoidella cuneiformis (Figure 4.8).  
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Figure 4.8: Benthic foraminiferal events in ODP Site 1215A. A- The distribution of some important opportunistic taxa. B- Extinction taxa; C- Taxa that 

originated during or after the CIE. N/B: There is colour overlap across three events due to limited colour range in Tilia. 
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Most of the listed taxa went into extinction before or during the PETM. Other cosmopolitan 

fauna that showed high relative abundance in this interval were Nuttallides truempyi, Nonion 

havanese, valvalbamina praeacuta, Buliminella beaumonti and Bulimina spp, Cibicidoides 

Sp.3 Neoeponides hillebrandti and Paralabamina elevata (Figure 4.8) 

The main CIE (54.6 – 51.5 mbsf) interval was characterised by blooms of opportunistic taxa 

such as Abyssamina quadrata, N. truempyi, Paleopleurostomella pleurostomelloides, 

Oridosalis umbonatus, Bulimina Spp.,  and Cibicidoides Spp., (Figure 4.8) indicating an 

ecological disturbance in the benthic ecosystem. Other taxa which occurrences were restricted 

to the PETM include Ellipsoglandulina Spp., Cibicidoides subspiratus, Leganogladulina 

ovata, Pseudomarsonella Spp., Pleurostomella nitida, Gyrodinoides subglobosa, 

Spiroplectinella esiraensis and Rotaliida pleurostomellidae.  These benthic foraminiferal 

species also went into extinction after the PETM.  Agglutinated taxa were the most affected 

group of foraminifera (Figure 4.8) during the CIE in the equatorial Pacific, probably because 

they build their test with rock fragments and the majority of the fragment in the open ocean are 

a biogenic carbonate. The taxa that survived or increased in abundance during the PETM were 

mainly opportunistic epifauna and triserial infaunal morphotypes (Figure 4.8) and are 

predominantly of the small test sizes. Foraminifera have been reported to produce smaller test 

during the period of low oxygen concentration and decreased carbonate concentration due to 

early reproduction as a preadaptation measures to extreme ecological condition (Winguth et 

al., 2012; Foster et al., 2013). 

Recovery section (51.5 – 41.0 mbsf) was characterised by the significant increase in diversity 

and abundance of taxa that survived the CIE including: N. truempyi, Tappanina selmensis, A. 

quadrata, N. havanense, Bulimina Spp., Orisadolis plumerae, Anomalinoides praeacuta, Q. 

profunda Bulimina trinitatensis, B. tuxpamensis, Aragonina valescoensis Pullenia subcarinata 

and Cibicidoides Spp. The ratio of epifauna to infauna also increased, the majority of the 

infauna were Buliminids and Abyssaminids while the Pleurostillomellids decreased in 

abundance during this period. The increase in both the surface-dwelling epibenthic and the 

deep sediment dwelling infauna at the recovery interval suggest improved ecological condition 

after the CIE.  
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Figure 4.9: Distribution of cosmopolitan benthic foraminifera in ODP Site 1215A 
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4.2.4 Benthic foraminiferal traits composition in the equatorial Pacific Ocean 

There were two separations in the nmMDS of traits composition at Site 1215A but unlike the 

previous sites where the ordinations were linked to the ecological stability of different intervals 

of the PETM, the trait nmMDS at Site 1215A depicted a different scenario. All the intervals 

clustered together in two groups (Figure 4.10). Samples at group A represent the core of the 

three intervals of PETM while samples at group B represent the boundaries between each 

interval. The ANOSIM value of global R= 0.08; p >0.05 indicated that intervals differed but at 

a low level. The ordination suggests that most of the benthic foraminifera that lived in the 

Central equatorial Pacific shared similar traits, possibly because the area was very eutrophic 

even before the PETM and all the taxa adapted similar traits to enable them to survive. Samples 

41.01mbsf and 52.01mbsf were outliers and we could not explain the cause.  

 

Figure 4.10: Non-metric Multidimensional Scaling ordination of foraminiferal traits composition 

(transformed with total resemblance) of Bray-Curtis similarity from Site 1215A ODP Leg 199, Central 

equatorial Pacific Ocean.  

 

The result from the analysis of trait modalities with SIMPER indicated 22 trait modalities 

contributed to the similarities present in Site 1215A (Figure 4.11).  Spiral test, planispiral 

chamber arrangement, triangular/trapezoid chamber shape, depressed sutures, and fine test 
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perforation increased in relative proportion during the pre-CIE. However, at the CIE interval, 

hyaline calcite test, trochospiral test, bi/triserial chamber arrangement, spherical/oval chamber 

shape, no ornament, slit-like apertures, terminal apertures, micro perforation and deposit 

feeding mode increased in abundance. The recovery interval was characterised by increase in 

elongate test, raised sutures, arcuate apertures, apertures with lips, shallow infauna and deposit 

feeding.   

Another trait modality that showed significant variation in abundance across the three intervals 

were spherical/oval and triangular/trapezoid chamber shapes. Spherical/oval increased during 

the CIE but decreased afterwards but not as low as it was at the pre-CIE while 

triangular/trapezoid trait decreased significantly at the CIE and increased during the recovery 

but not as much as the pre-CIE values. The increase in the proportion of spherical/oval still 

points to the high abundance of some taxa like Q. profunda and A. quadrata during the CIE. 

The triangular/trapezoid trait is difficult to pin point to any taxa because it could be found in 

both elongate and spiral forms.  

The mean values of depressed sutures retrogressively decreased from the pre-CIE to the 

recovery, while raised sutures progressively increased from the pre-CIE to the recovery. There 

were a general decrease in ornamentation and apertural accessories with the increase in carbon 

concentration in the ocean; this may have probably as a result of a decrease in the survival rate 

of the organism as ornamentation is associated with feeding and defence mechanism of 

foraminifera (Mancin et al., 2013). Perforation also decreased during the CIE while the mode 

of life shifted toward a shallow infauna habit (Figure 4.11).  

In the raw trait composition, five functional traits events (two during the pre-CIE, one at the 

CIE and two during the recovery) were recognized. (Figure 4.12). The trait composition (Figure 

4.12) showed a more harmonised system of biotic event when compared to the taxonomic 

composition indicating that functional redundancy (i.e. multiple taxa performing similar 

ecological role) existed in the foraminifera communities from Site 1215A.  
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Figure 4.11: SIMPER result of the most significant trait (at 50% cut off) that contributed to the 

differences in benthic foraminiferal trait composition across the CIE events at ODP Site 1215A. Grey 

bars = pre-CIE; sky blue bars = CIE core; deep blue bars= Recovery; green bars = % contribution of 

each trait. 

 

0 2 4 6 8

A1. Spiral

A2. Elongate

B3. Hyaline calcite

C3. Bi/Tri-serial

C4. Planispiral

C5. Trochospiral

D1. Spherical/Oval

D3. Triangular

D5. Others

E1. Depressed sutures

E2. Raised sutures

F1. No ornament

G2. Arcuate

G4. Slit-like

H1.Lips

H5. None

I1. Terminal

J1. Microperforation

J2. Fine perforation

K2. Shallow-infaunal

K3. Deep- infaunal

L1. Deposit feeder

Pre CIE CIE REC % Contribution

1215



141 | P a g e  

 

The spiral test was the most abundant category in the test shape modality with ~55%, 

accompanied by elongate ~40% (Figure 4.12A), while tubular and globose shape occurred in 

a very small proportion during the pre-CIE and recovery. Because spirally coiled foraminifera 

comprise of a wide range of taxa including epifauna and infauna, and elongate are dominantly 

infauna, the test shape can be said to reflect the higher abundance of infauna taxa. The overall 

test composition was predominantly hyaline calcite, however, hyaline aragonite moderately 

occurred at the pre-CIE and the CIE intervals but decreased significantly during the recovery 

(Figure 4.12B). Micro-granular tests originated during the CIE and slightly increased during 

the recovery. Agglutinated and porcelaneous tests frugally occurred across the studied section 

with the lowest abundance occurring during the CIE (Figure 4.12B).  

The chamber arrangement modality indicated that trochospiral abundance was slightly higher 

than bi/triserial and planispiral which also occurred in significant quantity across the studied 

interval. The three chamber arrangements correlated with the events in the trait composition, 

however, bi/triserial chambers recorded the lowest occurrence before the CIE. Uniserial, 

unilocular and other chamber arrangements occurred in very small abundance at few depths 

across the analysed section.  

Triangular/trapezoid was the most abundant in the chamber shape category, followed by 

spherical/oval. There was a relatively low abundance of tubular chamber across the studied 

section, but they significantly increased during the CIE, the semi-circular chamber also 

occurred sparingly before and after the CIE but none was recorded at the CIE interval. Other 

chamber shapes that did not fall under the above categories but was grouped as others occurred 

in low abundance at the pre-CIE but increased from the CIE to the recovery. Depressed and 

raised sutures were the two major macro ornamentations found in the identified foraminifera, 

the depressed sutures constituted about 80% and mirrored the general trend in trait 

composition. Raised sutures were very low in abundance at the pre-CIE interval but increased 

at the main CIE, it later dropped to zero and increased again during the recovery. In micro 

ornamentation category, no ornamentation trait was the most abundant, striate/costae structures 

were also significantly abundant during the CIE and recovery but low at the pre-CIE interval. 

Other micro ornamentations only occurred in a very small proportion across the studied 

interval.  
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Figure 4.12: Benthic foraminiferal traits distribution in ODP Site 1215A. The core depth (left) in mbsf 

is followed by composite core photo of hole 6 &8; the δ13C benthic record was plotted from  Leon-

Rodriguez & Dickens (2010); trait distribution with legends directly below them and the age (Ma) of 

the analysed section at the extreme right.  
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Slit-like aperture recorded the highest abundance ~45% in the apertural form category, 

followed by arcuate aperture ~ 35%; oval/reniform 18%; while other apertural forms constitute 

less than 2%. Foraminifera with no apertural accessories predominate the identified 

assemblages, those with lips constitute about 22%, teeth ~20% and neck ~10%. Foraminifera 

with neck show low abundance in pre-CIE and after the CIE but significantly increased during 

the main CIE interval. Primary aperture position category showed high trait richness and 

diversity; basal interiomarginal (BIM) was the most abundant in the primary aperture modality 

(Figure 4.12I), followed by a terminal aperture which was almost of the same abundance with 

the BIM aperture. The relative abundance of the terminal aperture was the lowest during the 

pre-CIE, and BIM aperture was the lowest during the CIE. Apertures in the umbilical positions 

were equally abundant but recorded the lowest occurrence at the pre-CIE, Invariably, extra-

umbilical aperture recorded the highest occurrence at the pre-CIE section. Areal aperture 

constituted less than 1% of the total trait richness in this category and only occurred during the 

CIE. 

 Perforations in the identified foraminifera were dominated by finely perforated taxa ~30%, 

followed by micro perforation ~25%, and macro perforation ~20%. Other perforations 

followed the general trend of trait composition in this site, however, macro perforation 

significantly decreased in main CIE interval, this could be related to the disappearance of 

coarsely perforated taxa such G. beccarriformis during the CIE. There were a significant 

amount of none perforated taxa ~22 % across the studied section, indicating that the taxa shifted 

towards less perforation during the CIE.  

The shallow benthic infauna was the most abundant trait in the living mode of foraminifera, 

constituting over 60%, the benthic epifauna and benthic infauna constitute ~20% each, 

suggesting that the shallow infauna was the most conducive habitat during the CIE. Deposit 

feeding mode was also the predominant feeding habit in the identified foraminifera with ~48%, 

suspension feeding ~25%, grazing 15%, and significantly high denitrifying taxa of about 10%. 

Our data also showed that half of the taxa analysed were sedentary with over 60% sessile trait 

and the rests were swimmers as well as those attached to the hard substrate. 
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4.3 Discussion 

4.3.1 Interpreting the ecological functioning of the seafloor from the fauna and trait 

composition of benthic foraminifera 

The faunal composition of the studied section indicates an assemblage associated with severe 

ecological disturbance due to the dominance of opportunistic taxa such as Abyssamina 

quadrata, Nuttallides truempyi, Tappanina selmensis, P.pleurostomelloides, Quadrimorphina 

profunda, Bulimina midwayensis and Bulimina tuxpamensis. The prevalence of opportunistic 

taxa in an ecosystem is evidence of ecological stress (Oschmann, 1998; Caswell and Frid, 

2013). Similar foraminifera assemblages have been reported in many extreme climatic events 

such as Cretaceous/Palaeogene boundary event (Alegret and Thomas, 2009), Middle Eocene 

Climatic Optimum (MECO; Boscolo Galazzo et al., 2015)  as well as the PETM (Thomas 

2003, 2007; Takeda and Kaiho, 2007; Alegret et al., 2009; D’haenens et al., 2012; Stassen et 

al., 2015 and Arreguin-Rodriguez et al., 2016). The extinction of G. beccarriformis, 

Neoflabellina, Dorothia retusa and Marsonella trochoides that occurred in this location have 

been reported in other PETM sections confirming the existence of the biotic changes that 

occurred during the hyperthermal at the equatorial Pacific (Alegret et al., 2009; Takeda and 

Kaiho 2007; Speijer et al., 2000, Aref and Youssuf 2004). The disappearance of other taxa 

recorded in Site 1215A may be as a result of local extinctions.  

The pre-CIE interval was strongly dominated by epifauna and agglutinated taxa as well as few 

hyaline calcareous infauna (Figure 4.8).  The extinct taxa were known to have wide distribution 

during the late Palaeocene in deep and epicontinental seas before their extinction in the early 

Eocene. The high abundance of infauna taxa is an indication of moderate and sustained food 

supply and/or reduced oxygen concentration to the seafloor (Jorissen, 2007). Also, the faunal 

composition in this interval indicated a mesotrophic condition, with seasonally fluctuating 

oxygen and transient high food environment (Sen Gupta and Machain-Castillo, 1993; Thomas, 

2003; Kuhnt et al., 2007; Alegret and Thomas 2009; Arreguin-Rodriguez et al., 2016) 

The composition of taxa at the CIE  interval (Table 4.1; Figure 4.8) are dominated by 

opportunists, characteristic of low-productivity and possibly thriving in continuously stressed 

dysoxic sea-bottom conditions (Giusberti et al., 2014). These species are reported to be 

common in the deep sea especially around the BEE (Alegret et al., 2009a; Stassen et al., 2012, 

Frenzel 2000; D’haenens et al., 2012; Giusberti et al., 2009; Arreguin-Rodriguez et al., 2016). 
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The relatively low abundance of low oxygen indicators may be due to preservation as 

bi/triserial taxa go into solution before other taxa during carbonate dissolution (Nguyen et al., 

2009). And the high level of dissolution in foraminiferal assemblage from this site may have 

affected the taxonomic composition by skewing the preserved specimens toward more resistant 

taxa.  

Overall, there was a reduction in the abundance of taxa with a spiral test from the pre-CIE to 

the recovery interval and taxa with elongate test indicated an inverse trend as they rather 

increased from the pre-CIE through to the recovery interval. This result suggests that elongate 

bi/triserial tests were more resilient to the increase in the acidification of the ocean as most taxa 

that increased in abundance at the CIE interval have elongate bi/triserial tests.  

Elongate test shape is associated with taxa like Bulimina; Bolivina; Pleurostomelloides, 

Stilostomella, and Coryphostoma and these taxa are well known as disaster taxa (Alegret et al., 

2009). These taxa have been reported to be tolerant to increased phytodetritus rain to the sea 

floor, reduced oxygen content and unstable ecological condition (Giusberti et al., 2009; 

Arreguin-Rodriguez et al., 2016). Spiral tests are found in a large number of heavily calcified 

epifauna that are susceptible to changes in the benthic ecosystem.  The increase of bi/triserial 

chamber (Figures 4.11 and 4.12) also supports the increase of elongate test during the CIE as 

a proxy for stress in the seafloor ecology. Elongate traits have also been identified as the most 

dominant during the CIE in the Atlantic and Tethys seas (see Chapter 3 and 5). Trochospiral 

test showed a relative increase in abundance during the CIE and returned to the pre-CIE values 

at the recovery interval (Figure 4.11). The increase in this trait modalities during the CIE could 

be linked to the increase in the opportunistic taxa like A. quadrata; N. truempyi; O. umbonatus 

and Q. profunda which have trochospiral chamber arrangement.  

The high abundance of near-surface dwelling spiral taxa and the deep living elongate form in 

trait composition could mean that most of the preserved benthic foraminifera lived in a dual 

habitat, staying on the sediment surface when it is conducive and diving deeper inside when 

the sediment surface becomes harsh. Jorissen et al. (2007) pointed out that species classified 

as epifauna in the modern ecosystem may have lived a similar dual lifestyle as they co-occur 

with deep infauna taxa, though this hypothesis still needs more investigation.  

 The ecological functioning of the benthic foraminifera will, therefore, be complicated to 

interpret due to the loss of some taxa that contributed to functioning that may have been lost to 

dissolution. Nevertheless, our BTA analysis shows that ocean acidification caused by high 
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export productivity had a significant impact on the traits and by extension functioning of 

benthic foraminifera as shown in the alternation of trait composition (Figure 4.12).  

The high abundance of highly calcified taxa indicated by the predominance of hyaline calcite, 

spiral, trochospiral, elongate, bi/triserial (Figures 4.8; 4.11; 4.12) suggests a continual 

sequestration of carbon by foraminifera and that ocean acidification may not have reduced the 

ability of this organism to calcify, instead it destroyed the test of the organism after burial. This 

is contrary to the current observation in the modern ocean where ocean acidification is said to 

reduce the calcification of calcifying organism (Heinze et al., 2015; Riebesell et al. 2017). This 

is because, despite the high degree of dissolution observed in the foraminiferal assemblage, 

taxa with calcareous test still dominate. Foraminifera during this period may have utilised more 

inorganic carbon (DIC) than the organic carbon (OC) for their nutritional needs as the DIC is 

more labile than the OC. The residual organic matter may have contributed to a large amount 

of organic material and other detrital rain from the surface ocean to the sea floor, and the 

bacterial oxidation of this organic matter may have sustained the acidification for a long period 

in the equatorial Pacific.  

The ocean acidification leads to the loss of ornamentation in the identified foraminifera. The 

result from this study indicated a prevalence of the no ornament trait (Figure 4.11 and 4.12). 

Loss of ornamentation in benthic foraminifera is linked to extreme ecological conditions and 

has been previously reported by Dubicka et al. (2015) in the modern ecosystem. Ornamentation 

in foraminifera is important in feeding, protection, movement, and prey -predation relationship 

(Dubicka et al. 2015; Georgescu et al., 2011). They are used for sorting food particles into 

different shape and sizes, disaggregating larger particles into smaller pieces before ingestion, 

removing of harmful stuff as well as an adaption for escaping from predators (Dubicka et al. 

2015). The outer ornamentation of foraminifera would likely be the first point of attack by the 

corrosive bottom water. More so, organisms could reduce structural/anatomical complexity to 

conserve energy in the period of ecological stress and thereby enriching taxa with no 

ornamentation in the foraminiferal assemblage. The relatively high abundance of striate/costate 

structures may have been to enhance absorption of dissolved nutrients since the ornamentation 

is negative (depressed into the test). 

The apertural modality of the foraminifera assemblage was dominated by simple slit-like and 

arcuate form. Because the majority of the foraminifera are shallow infauna and deposit feeders, 

these forms of apertures are suitable for absorbing dissolved nutrient rather than ingesting food 
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particles. Our result also shows a significant decrease in apertural complexity across the studied 

section with no aperture accessory being the most abundant trait in the aperture accessories 

category. The decrease in apertural complexity has also been reported in some species of 

foraminifera (Haynesina germanica) during the period of carbon dioxide increase in the Barent 

Sea (Dubicka et al., 2015). Nevertheless, there was a significant number of taxa with teeth and 

neck which are linked to suspension feeding habit. In general, there was a shift towards nutrient 

assimilation over foraging behaviour among foraminifera during the PETM in the equatorial 

Pacific Ocean. Perforation also decreased with the increase in acidification as indicated by the 

lowest occurrence of macro perforation at the CIE section and the dominance of finely 

perforated taxa. Perforations are known to enhance dissolution of foraminiferal tests because 

pores are points of reaction in the test (Figure 4.12), hence the decrease in size of perforation 

during the CIE may be an artefact of carbonate dissolution as well as the result of the extinction 

of some coarsely perforated epifauna taxa. It is difficult to relate perforation to the ecological 

function due to high dissolution and unstable ecological conditions observed in the study area 

but the BTA has shown that prevailing traits in the recovered foraminifera encourage 

accumulation of large quantity of organic material because most taxa derive nutrients from the 

dissolved organic carbon and only a few preys on the smaller plankton that contributed to the 

organic carbon. This could be the reason for the high organic matter deposition and prolonged 

acidification in the equatorial Pacific during the late Palaeocene – early Eocene period.   

4.3.2 Preservation of foraminiferal test in the equatorial Pacific during the PETM  

The scanning electron microscope (SEM) images of some recovered foraminifera have 

revealed evidence of dissolution/etching, extreme recrystallisation/neomorphism and 

secondary calcite cementation on the test of both planktic and benthic foraminifera. The SEM 

imaging focused on the quality of preservation in selected foraminifera, and we have 

documented different stages of foraminifera test alteration during the PETM at Site 1215A.  

 The SEM imaging revealed that some of the foraminiferal specimens that showed glassy 

appearance in the light microscope have evidence of dissolution under the SEM and the frosty 

specimens showed a high level of dissolution and recrystallisation (plates 4.1 – 3). For example 

specimens 4.1 A - D would appear to be well preserved under the light microscope, but under 

the SEM, A is showing an early stage of alteration. The initial protruding part of the test has 

been dissolved indicating that foraminifera test dissolution usually starts from the last chamber 

of a spiral test and progresses to different parts of the test. 
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Plate 4.1: Foraminifera test from sample 1215A_8H-03_60-62 showing evidence of early stage of 

diagenesis. A) shows a test of Cibicidoides dayi with the arrows pointing at the broken edge and peeling 

on the surface of the test. Under the light microscope, this test will appear glassy indicating good 

preservation. B) is a test of unidentified planktonic foraminifera with the outer layer of the test 

completely removed. It is difficult to identify this species because all the outer features have been 

completely dissolved. C) is showing a partially dissolved outer layer of B. tuxpamensis? It could still 

be identified based on shape and aperture position. D) is showing coccolith plates exposed by partial 

dissolution in T. selmensis test.  Note (yellow arrow) how the nannofossil are arranged in different 

parts of the test with some sort of order.  E) a piece of the foraminifera chamber is showing the peeling 

of the second layer of the test. The dissolution of this test has reached an advanced stage. F) is a test of 

O. umbonatus with the outer layer completely removed. 
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The specimens also show that the test architecture plays a role in the susceptibility or resistance 

of a test to abrasion or dissolution. The surfaces around the broken part were beginning to 

roughen and exfoliate as shown by the arrow in specimen A. Specimen B shows a completely 

exfoliated specimen, all the diagnostic features and ornamentation have been removed, and the 

size of previously small pores are beginning to increase as a result of dissolution. This specimen 

appears frosty under the light microscope and could be identified based on the shape to the 

family level, but in SEM where all the surface features have been completely removed, it is 

identified as unknown foraminifera. Specimen C and F showed the test that was undergoing 

dissolution and still retained their original shape and ornamentation which was used in their 

identification, more so, the evidence of widening of pores in specimen F is conspicuous. The 

surface of specimen D (T. selmensis) is partially removed by dissolution and coccolith plates 

embedded in the test have been exposed.  

The last chamber at the bottom of the specimen still retained the secreted crystals; we think 

that this species may have a dual method of calcification; secreting hyaline calcite to build its 

test and incorporating coccolith plates during the later period of calcification. Specimen E 

shows a test that has undergone many layers of exfoliation, the size of existing crystals in the 

original test has been enlarged by recrystallization, and the chamber has been detached from 

the parent test. This specimen is hyaline calcite and at an advanced stage of dissolution.  

The process of foraminifera test alterations starts with the roughening/etching of the initially 

smooth surface (Plate 4.1, A and C), as the dissolution continues there may be partial peeling 

of the test or breaching of the last chamber depending on the morphology of the foraminifera 

test (Plate 4.1A and 4.2A) at this point the last chamber may be broken and more or less missing 

with total removal of the surface ornamentation or suture and widening of surface pores. 
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Plate 4.2: Foraminiferal test at an advanced stage of dissolution. All the specimens were picked across 

the PETM interval. A shows extreme dissolution, calcite overgrowth and neomorphism of planktonic 

foraminifera. Dissolution has destroyed all the ornamentation, enlarged the pores spaces and removed 

some chambers. B – D shows advanced stages dissolution and thinning of the test walls with 

fragmentation setting in. E – G are fragments of foraminifera test at the final stage of dissolution.  Note 

the coccolithophores on specimen F; it is a post-depositional attachment unlike the previously 

described test with nannofossil incorporated in the test fabric.   
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Advanced stages of dissolution are characterised by significant thinning of the test, missing 

chambers/disappearance of some part of the test and scattered holes (Plate 4.1 E and Plate 4.2 

A – D), and most of the last whorl may be totally exfoliated. The last stage shows less than 

50% of the test preserved, and the test becomes so thin that it could crumble on the touch of a 

picking brush, (Plate 4. 2, E- G, Plate 4.3 A- E). Also, the original calcite crystal may have 

been replaced by neomorphism and overgrowth (Plate 4. 2 A – G). At this point, the test may 

be destroyed beyond possible taxonomical identification. 

Many specimens of foraminiferal test recovered from this study showed evidence of coccolith 

incorporation in foraminiferal test (Plate 4. 3). The amount of coccolith incorporated in the test 

of some foraminifera in this study has generated some curiosity as to which method(s) does 

foraminifera calcify in the open ocean. Plate 4.3A, C & E are foraminiferal fragments 

composed entirely of calcareous nannofossil. One may argue if these fragments are sediments 

recovered with the foraminifera, but specimens 4.3B, 3D, 3G, and 3F showed part of 

foraminiferal test composed of coccolith plates. Nannofossil incorporation in foraminifera has 

been reported as part of the post-depositional diagenetic process of foraminifera (Bearman, 

1989; Hecht et al., 1975. Some agglutinating taxa have also been reported to use coccolith 

plates as part of their test (Henrikson et al., 1998) but the nature of coccoliths plate association 

(Plates 4.1 and 4. 3) with foraminifera test in this study makes us argue that some foraminifera 

species may have dual calcification method of building their test with secreted hyaline as well 

as incorporating coccolith plates by agglutinating method as they develop.  
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Plate 4. 3: Evidence of nannofossil incorporation in foraminifera test from sample 1215A_8H-03_130-

132.  A, C &E are broken pieces of foraminifera test resulting from extreme dissolution. Note in the 

arrows showing nannofossil incorporation in foraminifera test. B) is the enlarged part of T. selmensis 

showing a combination of secreted hyaline test and embedded coccolith plates. This test composition 

suggests that foraminifera could calcify in dual processes (agglutinating and secreted hyaline). D) 

shows advanced stages dissolution and thinning of O. umbonatus? test wall with fragmentation setting 

in. G & F are further evidence of incorporation of nannofossil in foraminifera.    
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In general, foraminiferal test is known to undergo different types of diagenetic processes after 

the death of the organism from the water column to period of deposition and burial. Dissolution 

of foraminifera tests usually starts as the test sinks in the water column to the seafloor  (Edgar 

et al., 2015) and it results to altering the appearance of the test morphology and removal of 

delicate ornamentation such as the spine, roughening of the previously smooth surface, etching 

(i.e. stripping of upper layers of the test surface) and enlargement of pores and perforations 

(Nguyen et al., 2009). Recrystallization (neomorphism) is caused by modification of the crystal 

structure of the calcite test or growth of small crystals on the existing test walls (Bearman, 

1989). These crystals eventually increase in size and deform pre-existing ornamentation, 

sometimes changing the morphology of the test entirely. The existence of secondary calcite 

cementation on the test of foraminifer is also common (Bearman, 1989), the cementation could 

be in the form of the calcite layer over the test or encrustation with coccolith plates. In the deep 

sea, fine-grained carbonate detritus often accumulate in the open part of foraminifera and fuses 

with it (Nguyen et al., 2009). These could obscure the original ornamentation and/or alter the 

chemical composition of the test.  

There are many factors that could cause changes to the preservation of foraminifera test after 

deposition. The composition, internal wall structure and microfabrics of the test are major 

factors; the high Mg/Ca porcellaneous taxa dissolve faster than the low Mg/Ca of hyaline 

making the aragonitic test more susceptible to dissolution than the calcitic test. The lithologic 

composition and post-burial sedimentation rate also play a crucial role in the preservation and 

alteration of foraminifera (Nguyen et al., 2009). Tests deposited in the very fine-grained (clay) 

sediment are better preserved than those buried in very coarse sediment (Bearman, 1989). Very 

fine clays have low porosity and do not easily allow fluid and oxygen penetration for bacterial 

activity to degrade the test. High porosity and permeability, on the other hand, are critical to 

the processes of foraminifera test alteration as they provide fluid pathways and greater surface 

area for reaction to proceed (Sexton et al., 2006). The pH of the surrounding interstitial pore in 

which the test is submerged also controls the alteration and preservation of the test (Nguyen et 

al., 2009).  

Dissolution and etching set in when the pH of the pore fluid is less than 7.0. CaCO3 saturation 

of the surrounding seawater and burial rate after deposition also control the nature of 

foraminifera test preservation (Edgar et al., 2015). The paleobathymetry of the depositional 

environment is another factor in the preservation potential of foraminifera; test deposited in the 
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continental shelf are better preserved than those deposited in the abyssal depth of the open 

ocean (Sexton et al., 2006). The increase in dissolution with depth is related to the 

undersaturation of carbonate [CO3
-] below the lysocline.  

The combined effect of an increase in atmospheric pressure, decreasing hydrothermal gradient 

and fluctuating pCO2 is the cause of CaCO3 underestimation in deeper waters. The poor 

preservation noticed on the foraminifera test identified from this study could ascribe to the core 

depth, ocean acidification and high organic flux to the bottom water during the PETM.  

The incorporation of some nannofossils in their test of foraminifera may be a result of post-

depositional diagenetic processes, however, some species of foraminifera may have 

constructed their hard parts by dual processes, i.e. by crystallising the inner part of their test 

during the early stage of test formation from the chemical composition of the surrounding 

seawater as well as incorporating some coccolith plate into their test later in life by 

agglutinating process. Some agglutinating foraminifera has been reported to use 

coccolithophores for feeding and plastering their test with coccolith plates (Noel, 1958). A 

close look at the SEM image of some of our elongate infauna taxa (Plates 1 and 3) showed the 

nannofossil incorporated on the test of some Buliminids are in fact part of the test and not a 

diagenetic artefact. Most of the nannoliths are of Toweius and Discoaster taxa indicating that 

the coccolith plates were preferentially selected. If it were to be diagenetic in origin, the 

composition of the coccolithophores might have varied, and nannofossils usually dissolve 

before foraminifera (Kelly et al., 2006). A similar scenario was reported by Henrikson et al. 

(1998) where Gaudryina cribrosphaerellifera constructed their test entirely with 

Cribrosphaerella ehrenbergii. T. selmensis (Plate 4.3) for instance was described as being 

entirely composed of hyaline calcite only, but our result has shown that the species and other 

deep infauna Buliminids may have been hyaline and agglutinated (Plate 4.3).  

4.4 Conclusions  

This study has further improved the knowledge of benthic foraminiferal composition and 

palaeoecology from Site 1215A. New benthic foraminiferal dataset has been generated and 

analysed for faunal and trait composition with biological trait analysis which has not been 

previously applied to foraminifera data from this site. The results from this study has revealed 

the ecological disturbance associated with high organic matter flux to the seafloor as a result 

of increased surface productivity and upwelling. Our interpretation supports the idea that the 

paleoredox changes from enhanced organic carbon influx during the period of increased 
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temperature and carbon dioxide concentration created highly acidified oceanic conditions that 

resulted to poor preservation of the recovered foraminifera and ecological disturbance in the 

sea floor. Evidence of benthic ecological perturbation was indicated by the turn over in taxa 

and trait composition of the recovered foraminifera as well as the dominance of opportunistic 

taxa in assemblages. 

 Post-depositional dissolution is believed to be a significant factor that influenced the faunal 

composition and invariably the associated traits and ecological functions. Dissolution is 

suspected to have selectively removed more susceptible taxa, smaller specimen and taxa with 

rough ornamentation as well as coarsely perforated taxa. However, results from the biological 

trait analysis suggest that functional redundancy (i.e. some species performing the same 

function) existed in the foraminiferal assemblage studied. The technique highlighted some 

crucial foraminiferal traits responsible for running the benthic ecosystem in the studied section 

and how they were affected.   

In terms of faunal composition, the BTA identified Paralabamina elevata, Valvalabamina 

praeacuta, Buliminella beaumonti, Globorotalites micheliniana, Paralabamina lunata, 

Aragonia aragonensis, Oridorsalis umbonatus, Valvalabamina sp.2, Cibicidoides 

subcarinatus and Pullenia subcarinata (Table 4.1) as drivers of ecological functioning before 

the onset of the CIE. This assemblage is characterised by heavily calcified epifaunal species 

and a few deep infaunal taxa, and it correlates with a relatively low perturbed and less acidified 

seafloor with a moderate and sustained supply of food materials. Abyssamina quadrata,  

Nuttallides truempyi, Tappanina selmensis, Paleopleurostomella pleurostomelloides and 

Coryphostoma crenulata were the taxa with highest relative abundance during the CIE interval; 

these are small, deep infauna taxa known to bloom during ecological disasters (see Tekeda and 

Kaiho, 2007; Algret et al., 2009; Arreguin-Rodriguez et al., 2016). The increase in the 

abundance of these opportunistic taxa during the PETM may be as a result of biotic turnover 

resulting from extinction and/or stifling of reproduction in the bigger taxa that require more 

energy to flourish. This assemblage suggests a stressed ecosystem caused by additional 

pressure from the carbon isotopic excursion on the already perturbed benthic habitat.  

The foraminifera assemblage associated with the recovery in this study (Table 4.1) included: 

Anomalinoides praeacutus, Quadrimorphina profunda, Nonion havanese, Bulimina 

midwayensis, Cibicidoides eoceanus, Gyroidinoides subangulatus and Bulimina tuxpamensis. 

The faunal composition indicates a return of heavily calcified taxa and a combination of 
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epifaunal and infaunal morphotypes. There is still a number of cosmopolitan taxa suggesting 

the benthic ecosystem have not fully recovered from the effect of PETM even when the carbon 

isotope signal had fallen back to the pre CIE values.  

Based on trait composition, this study suggested that taxa with spiral and elongate test shape, 

secreted hyaline calcite test composition as crucial traits for the regulation of carbon content in 

the ecosystem. Bi/tri-serial, planispiral and trochospiral chamber arrangement, as well as 

spherical/oval, triangular/trapezoid shape chambers, depressed or raised sutures and taxa with 

no ornament, are indicated as resilient traits during the period of ecological disturbance because 

their proportion increased or remained constant during the CIE. These traits are found on a 

wide range of taxa with opportunistic lifestyle (Figure 4.11). Aperture forms such as arcuate 

or slit-like apertures with lips or no apertural accessories and terminal aperture position are 

indicators of successful feeding strategies critical to the survival of the benthic foraminifera.  

Also, the existence of micro and fine perforation in the SIMPER result (Figure 4.11) suggested 

a reduction in the size of perforation. Finer perforation reduces oxygen requirement of 

foraminifera as well as the impact of dissolution by creating smaller reaction surface. More so, 

the absence of coarse perforation suggests that taxa with such traits require higher oxygen 

concentration and less corrosive bottom water to survive.  

Benthic fauna shift their habitat towards shallow-infaunal and deep- infaunal with deposit 

feeding mode during the period of ecological disturbance (Figure 4.11), and only those taxa 

that were suited to such lifestyle were able to survive. There are possibilities that some taxa 

currently classified as epifauna may have lived infaunally and migrated to the sediment surface 

to feed or acquire oxygen and move back later into the sediment to take refuge.  

This study also suggests that some deep infaunal taxa like T. selmensis might have constructed 

their test in a dual process of secreted hyaline calcite and incorporation of coccolith plate by 

agglutinated processes. Further sample cleaning procedures, high-resolution SEM imaging and 

tomography are therefore recommended to understand the calcification in this taxa better.  

The application of BTA in understanding the ecological functioning of microfossils is still at 

its pioneering state, and we hope that with increasing interest among palaeoecologists on the 

application of the tools, more discoveries of its value would be appreciated. In this study, it has 

been very useful in combining faunal assemblages and trait composition and mapping them to 

the related ecological functioning. Also, it synthesises large data sets across the lateral and 

temporal scale in a well-structured and understandable manner.  
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CHAPTER FIVE 

Biological trait composition and ecological functioning of foraminifera in 

the SE Atlantic Ocean during the PETM (to be submitted as a paper) 

5.1 Introduction 

Foraminifera contribute to some important ecological functions in the oceans such as nutrient 

cycling, carbon sequestration and source of food for organisms at the higher trophic levels. 

Because the shells of most foraminifera are composed of calcium carbonate, they are the largest 

contributor to biogenic inorganic carbon sequestration globally (Petrizzo et al., 2008). 

Foraminifera are very sensitive to ocean chemistry and tend to incorporate the chemical 

composition of sea water within their calcified shells and thereby record the prevailing local 

conditions. Thus foraminiferal test composition (hereafter referred to as test) can be used as 

proxy for interpreting palaeoenvironmental conditions such as temperature, carbon saturation, 

salinity, palaeocirculation, oxygen concentration and hydrodynamics during their lifetime (e.g. 

Thomas, 2007; Aze et al., 2014b; Boscolo Galazzo et al., 2014; Littler et al., 2014; Nwojiji et 

al., 2014; Palike et al., 2014; Schiebel and Hemleben 2017).  

The physiological makeup of foraminifera plays a huge role in the surviving strategies they 

adopt while alive and has been demonstrated in the fossil and modern species records to have 

a close relationship with environmental parameters (Keating-Bitonti and Payne, 2017). Several 

palaeoecological studies have linked vertical separations (stratification) in the ocean to the 

morphological stratification of foraminiferal ecosystem both at the pelagic and benthic zones 

(Luciani et al., 2007; Arreguin-Rodriguez et al., 2016; Schiebel and Hemleben, 2017). In the 

modern ocean, the planktonic foraminifera found in the mixed layer of the surface water is 

dominated by rounded globular test, such Globigerinids with an algal symbionts.  Moreover, 

the species found deeper below the thermocline are predominantly flattened discoidal, or 

conical forms representing Globorotalids morphologies with herbivorous feeding habit 

(Hemleben et al., 1989). In the benthic zone, the epifauna species are composed of smooth 

trochospirally coiled and coarsely perforated forms while the infauna species are significantly 

rough, bi-triserially chambered and elongate forms (Corliss and Chen, 1998; Jorrisen et al., 

2007).  

Due to the rapid changing of global marine ecosystem as a result of anthropogenic (e.g. climate 

change, habitat loss, and environmental pollution) and natural (e.g. orbital forcing, volcanism) 
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pressures, extreme climatic changes are forecasted for the next few millennia (Zebee and 

Zachos, 2013). The climatic extreme could lead to mass extinction and permanently alter the 

current climate system (Barnosky et al., 2011). The present study considers the Palaeocene – 

Eocene Thermal Maximum (PETM) hyperthermal event 55 – 56 million years ago that had 

similar magnitude and rate of greenhouse emission as present value (Zebee and Zachos, 2013). 

The PETM is characterised by 2 - 3‰ carbon isotopic excursion (CIE) due to a massive 

injection of isotopically light carbon into the Earth system that coincided with eccentricity 

maxima (McInerney and Wing, 2011). Extensive ocean anoxia and the acidification in the 

deep-sea led to the burndown of existing calcite deposit in the ocean and a significant rise in 

the lysocline and carbon compensation depth (CCD) during the PETM (Babila et al., 2018). 

These changes in ocean chemistry have significant effects on marine ecosystems including 

faunal turnover such as the extinction of benthic foraminifera, subsequent diversification and 

migration of planktonic foraminifera (Williams et al., 2007; more details in Chapter one).  

Because of the significant role that foraminifera play in the global carbon sequestration and 

food supply, it is important to understand how their turnover during the PETM as well as the 

impact of the climatic extremes on the essential services provided by foraminifera. The result 

from this study will help us to speculate the impact of the current climate change on 

foraminifera and their ecological functions.  To achieve this aim, we have selected ODP core 

samples from the southeastern Atlantic Ocean (Leg 208 Site 1265). ODP Site 1265 is located 

at bathyal water depths (Zachos et al., 2004; Figure 5.1) in a broad channel at the base of the 

westward trending slope of the Walvis Ridge. ODP Leg 208 was the first to recover an intact 

and undisturbed continuous sequence of Palaeocene – Eocene (P/E) boundary because of the 

drilling strategy that adopted advanced piston corer (APC) techniques. The recovered cores 

were used to constrain the nature of both long and short-term changes in the vertical dimension 

of PETM (Zachos et al., 2004).  
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Figure 5.1: Three-dimensional diagram of the Leg 208 drill sites showing the location of Site 1265A 

and its associates with corresponding bathymetry (adapted from Zachos et al., 2004).  

In this chapter, we present the foraminiferal abundance and distribution from thirty-five 

sediment samples (core depths 266.31 mbsf – 276.66 mbsf) across the PETM section in ODP 

Site 1265A.   Biological traits analysis (BTA; Bremner et al. 2006) was used to quantify 

changes in the trait, and by inference of functional composition. The recovered foraminiferal 

assemblage in conjunction with the trait composition helped to understand how the ecological 

functioning of foraminiferal assemblage changed during the hyperthermal. Furthermore, 

determining which characteristics the benthic foraminifera that became extinct or survived 

during the PETM had, can provide a clue to the response of foraminifera during an extreme 

climatic event in the future.  
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5.2 Results  

5.2.1 Core description 

The detailed description of individual core section (Table 3.3)  analysed for this study showed 

that Core 29H-01 compose of brown ooze from the core top to 10cm interval while the rest 

part of the core was a grey foraminifera ooze. This description is based mainly on the change 

in colour across the core sections. Changes in colour is known to reflect climate variability in 

deep-sea sediment across the time slice they were deposited with lighter colour indicating 

cooler climate and dark brown for a warmer climate (core 29H-07 in Figure 2.2). Core 29H-02 

was predominantly chalky ooze with light brown intervals at 55-65cm and 97-112cm. There is 

only a 5cm interval of light brown ooze at 29H-03 while the rest of the section was grey in 

colour. The interval from 88 – 134 cm composed a mixture of soupy and semi-solid sediment. 

Core 29H-04 consisted of light grey calcareous oozes with brown intervals at the core top to 

30cm and at 56-63cm sections. The whole section of cores 29H-05 and 06 were made of light 

grey foraminifer-bearing nannofossil ooze. 

 Core 29H-07 is the core of major interest. The reddish-brown section of this represents the 

CIE interval at Site 1265A. The 50cm (22-72cm) interval of this core composed of nannofossil-

bearing clay. The clay enrichment in this section is evidence of carbonate dissolution widely 

associated with the PETM across the globe. The clay was evident during the foraminifera 

processing with the sediments forming pellets and sticking to the mesh. Less than 5% of the 

foraminiferal residue was recovered from this section compared to 30-40% (estimated) 

recovered from the section below and above this section. The contact between the PETM (CIE) 

onset and late Palaeocene sediment was not sharp as expected, and this has been interpreted as 

evidence of sediment reworking resulting from bioturbation during the hyperthermal. 

Lightening of the core towards the top was a sign of carbonate enrichment associated with 

PETM recovery.  
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5.2.2.  Chronology 

The age model for Site 1265A was derived from a combination of cyclostratigraphy, XRF (Fe 

and Ca) curves, carbon isotope stratigraphy and biochronology. The PETM section is located 

within the magnetic polarity zone of Chron C24r (Aubry et al., 1996). The chronology of ODP 

Leg 208 cruise of which Site 1265A was one of the holes developed by Zachos et al., (2005). 

The age model was based on high resolution astronomically turned time frame correlated with 

δ13C isotope records from ODP Site 690 (the Weddell Sea, Rohl et al., 2000).  As mentioned 

in Chapter 1, the PETM interval coincided with eccentricity maxima, and Rohl et al. (2000) 

used spectral analysis to ordinate orbital cyclicity and high-resolution geochemical records and 

developed absolute age for each major shift in carbon isotope δ13C record across the PETM. 

The datum for the time scale was placed at the first negative shift of δ13C, and this point was 

regarded as 0ky ±P/E boundary relative to the strata above (Figure 5.2; Zachos et al., 2005; 

Littler et al., 2014). In the original age model from Site 690 (Rohl et al., 2000) the duration of 

PETM was categorised from A – H (0 ky, A=0.75 ky, B=21.90 ky, C=42.38 ky, D=71.25 ky, 

E=81.17 ky, F=94.23 ky , G=200 ky, H=240 ky; Figure 2.4; Alegret et al., 2009) corresponding 

to key inflection points  in the carbon isotope record.  Based on these estimation, it took 50 ky 

from the base of the clay enrichment (reference datum) to the point of minimum carbon isotope 

excursion (CIE) value  and another 50 ky from the lowest value of δ13C to the ‘ankle’ of the 

curve where the isotope record  levelled off and showed initial sign of recovery. The details of 

the chronology are shown in figure 5.2. Cautiously, we have to state that the chronology is only 

relative and has been linearly extrapolated to the rest of the core bearing in mind the 

uncertainties that may be associated with this method. Age estimate across the PETM is highly 

complicated because the boundary is based on the basal part of the clay layer which has been 

affected by the extreme dissolution of previously deposited CaCO3 and a period of non-

deposition due to the shoaling of the CCD. It is more problematic for Site 1265A where the 

lowermost section of the clay layer was not recovered (Zachos et al., 2004; 2005). The age 

estimate for the upper section of the core was more robust due to the uniform carbonate 

deposition and clearer signal in the δ13C record.   
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Figure 5.2: Chronostratigraphy of the studied section of Site 1265A. Carbon isotope, paleomag, and 

Calcareous nannofossil zones were modified from (Zachos et al., 2004; 2005) while foraminifera 

zonation is from this study.  

Sedimentation rates in subunit IIC was moderate, and carbonate content of the sediment was 

high in accordance with the equatorial location of the site and its relatively shallow depth. The 

average linear sedimentation rate is approx. 18 m/m.y (Figure 5.3) and the mass accumulation 

rate ranges from 0.55 – 3.1 g/cm2/k.y (Zachos et al., 2004) 

 

Figure 5.3. Linear sedimentation rate and Age – depth curve of Site 1265A (taken from Zachos et al., 

2004) 

 



163 | P a g e  

 

5.2.3 Planktonic foraminiferal distribution 

5.2.3.1 Taxa composition and changes through time 

From the 35 core samples analysed for planktonic foraminifera across the PETM section in 

Site 1265A, a total of 79,706 foraminiferal specimens were counted. These represented 59 

species with Acarininidae, Morozovellidae, Subbotinidae, Chiloguembellinidae and 

Globanomalinidae being the dominant taxa. Base on ANOSIM result, planktonic foraminiferal 

composition at Site 1265A significantly differed between the pre-CIE, CIE and recovery 

(global R = 0.673, p<0.01), and pairwise tests showed that all three intervals significantly 

differed from each other (p<0.01). The result also show that each interval insignificantly 

differed from each other as follows; recovery and CIE, R= 0.632 (p< 0.01); recovery and pre-

CIE, R= 0.918,  (p< 0.02); CIE and pre-CIE (R= 0.335)  (p< 0.01). The sample ordination 

during the pre-CIE was distinct and the recovery samples were tightly grouped. However, the 

CIE was clearly different because the grouping was more or less longitudinal, forming a 

transect between the pre-CIE and the recovery groups (Figure 5.4). The high dissimilarity (R= 

0.335; p< 0.01) of planktonic foraminifera composition during the CIE suggests evidence of 

environmental disturbance (Figure 5.4). While the greater similarity (R= 0.918,  (p< 0.01) pre-

CIE and during the recovery imply a more stable ecosystem (Figure 5.4). 
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Figure 5.4: Non-Metric Multidimensional Scaling ordination of planktonic foraminiferal taxonomic 

composition (transformed with log x+1) of Bray-Curtis similarity from Site 1265A.   

Similarity percentage routine (SIMPER) results showed that six taxa contributed to 50% of the 

dissimilarity between the CIE and the recovery intervals, and notably Morozovella spp 

contributed 17.78% of the dissimilarity being 5 fold more abundant during the CIE. The high 

abundance of this taxa during the CIE was attributed to their increase during the PETM 

(Petrizzo, 2007; Aze et al. 2014b). Nevertheless, Chiloguembelina trinitatensis, Subbotina 

patagonica, Morozovella subbotinae and Globoturborotalia brassriverensis were more (Table 

5.1) during the recovery than in the CIE interval.  

Subbotina spp., Acarinina spp., Morozovella spp were more in abundance at the CIE than 

during the recovery. The high abundance of Subbotina spp and Acarinina spp during the CIE 

period (Tables 5.1 and 5.3) was due to the high level of dissolution witnessed within the interval 

that made the identification to species level difficult. Chiloguembelina trinitatensis, C. crinita 

S. patagonica, M. subbotinae, G. brassriverensis and A. interposita maintained higher 

abundance during the recovery compared with during the CIE. G. brassriverensis originated 

during the CIE and the absence of M. aqua at the same interval showed that the species went 

extinct before the recovery period.  



165 | P a g e  

 

Table 5.1: Mean abundance of species contributing to the most dissimilarity between the recovery and 

the CIE intervals at site 1265A (data cut off 50%) 

 

Species 

Mean 

abundance 

Contribution to 

dissimilarity (%) 

REC CIE 

Morozovella spp. 5.15 26.02 17.78 

Acarinina spp. 1.28 12.27 8.5 

Chiloguembelina trinitatensis 11.98 2.78 7.48 

Subbotina patagonica 10.95 3.89 6.17 

Morozovella subbotinae 10.58 5.09 6.1 

Globoturborotalia brassriverensis 9.75 2.14 6.03 

 

Table 5.2: Mean abundance of species contributing to the most dissimilarity between the recovery and 

the pre-CIE intervals at Site 1265A. Data cut off at 50% cumulative similarity.  

Species Mean abundance Contribution to 

dissimilarity (%) REC Pre CIE 

Chiloguembelina trinitatensis     11.98        2.93     7.72 

Globoturborotalia brassriverensis      9.75        0.00     7.36 

Morozovella subbotinae     10.58        2.78     6.18 

Subbotina spp      1.70        8.51     5.76 

Subbotina patagonica     10.95        6.11     5.38 

Acarinina spp      1.28        7.71     5.13 

Acarinina interposita      7.33        3.37     5.02 

Morozovella aequa      0.00        6.25     4.72 

Chiloguembelina crinita      6.10        3.73     3.97 

 

The dissimilarity between the CIE and pre-CIE indicated that Morozovella spp., Acarinina 

spp., Acarinina Soldadoensis, Acarinina nitida were higher in abundances during the CIE than 

during the pre-CIE. However, Subbotina spp., Subbotina patagonica, Acarinina coalingensis 

abundance were more before the CIE than in the main CIE. The abundance of Subbotina spp 

at the pre-CIE interval indicated that the taxa test dissolution started before the CIE making the 

identification of the specimen to species level very difficult. 
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Table 5.3: Mean abundance of species contributing to the most dissimilarity between the CIE and pre-

CIE intervals at Site 1265A. Data cut off at 50% cumulative similarity. 

Species Mean abundance Contribution to 

dissimilarity (%) CIE Pre-CIE 

Morozovella spp.     26.02        5.76    17.79 

Acarinina spp     12.27        7.71     7.27 

Acarinina Soldadoensis     14.58        6.71     6.46 

Subbotina spp      1.50        8.51     5.48 

Subbotina patagonica      3.89        6.11     4.61 

Acarinina coalingensis      2.86        6.84     4.34 

Acarinina nitida      5.25        5.03     4.30 

 

In general, the preservation of the recovered foraminiferal specimen range from moderate to 

very poor. In most cases, it was difficult to see distinguishing features like muricae, spines, or 

perforations under the light microscope, and in such cases identification was made based on 

the shape, number of chambers and other visible ornamentation (see Chapter 4 for more 

discussion on test preservation) 

The result from raw faunal composition showed that the pre-CIE interval (276.66 - 275.19 

mbsf; latest Palaeocene) was marked by the restricted occurrences of Acarinina nitida, 

Acarinina strabocella, Chiloguembellina morsi, C. wilcoxensis, Globanomalia australiformis, 

G. compressa, G. pseudomenardi, G. planoceanica, Morozovella pasionensis, M. valescoensis, 

M. angulata, Parasubbotina pseudobulloides, Parasubbotina variata, Subbotina cancellata, 

Subbotina triagularis, S. triloculinoides, and S. trivalis (Figure 5.5A). The pre-CIE interval 

was characterised by high abundances of all the major taxa with relatively good preservation, 

however, fragmentation and dissolution significantly increased just prior to the benthic 

foraminiferal extinction event at 275.68 mbsf. Acarinina was the most abundant taxa in this 

interval; it was followed by Subbotina and Globanomalia while Morozovella was least 

abundant (Figure 5.5). Globanomalia were abundant only in the fine fraction.   

The CIE interval was marked by a significant reduction in the abundance and preservational 

quality of all the species present.  The Subbotinidae family (which included taxa like 

Parasubbotina and Globoturborotalia) decreased from 500,000 at the pre-CIE to >100 at the 

main CIE interval (Appendix 5.2 for census data).  Nineteen (19) planktonic foraminifera 

species including: A. nitida, M. aquea, S. trivalis, G. chapmani, G. pseudomenardi, S. 
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triagularis, S. cancellata, P. pseudobulloides, G. planoceanica, M. occulosa, C. morsi, W. 

claytonensis, S. valescoensis, M. passionensis, S. triloculinoides, M. acuta, M. acutispira and 

A. strobocella became locally extinct at Site 1265A (Figure 5.5A) and the first appearance of 

eight taxa (Figure 5.5B) was recorded within the CIE interval.   The interval was characterised 

by high abundances of Morozovella acutispira, Morozovella aqua, Morozovella gracilis, 

Morozovella spp., Acarinina spp., and Subbotina spp. No excursion taxa were recorded in the 

interval of main carbon isotopic excursion as reported in the Pacific, Tethys and continental 

seas (Petrizzo 2006; Giusberti et al., 2007; Aze et al., 2014b).  However, Globoturborotalia 

brassriverensis which has been reported as an excursion taxa in the PETM section of Bass 

River (Pearson et al., 2006) made its first appearance at 275.19 mbsf coinciding with the BEE. 

Acarinina sibaiyaensis widely reported as excursion taxon was found in the later part of the 

recovery interval (Figure 5.5B)  

The recovery interval occurred between 274.5–266.6 mbsf and was characterised by a 

remarkable increase in abundance of most species that survived the local extinction such as 

Acarinina soldadoensis, A. coalingensis, A. interposita, Chiloguembelina crinta, 

Chiloguembelina trinitatensis, Subbotina patagonica, Subbotina hornibrooki, 

Globoturborotalia brassriverensis and Zeauvigerina spp (Figure 5.5C). There was a significant 

increase in the abundance of Morozovella during the recovery, making it the most abundant 

taxa. The abundance of Subbotina and Acarinina species were relatively similar, while the 

genus Chiloguembelina replaced the Globanomalia as the fourth most abundant taxa.   
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Figure 5.5: The distribution of planktonic foraminiferal species from the PETM section of Site 1265A. A -species that went extinct during or shortly after the 

CIE. B Species that originated during or after the CIE. C-Cosmopolitan species.  The abundance and diversity of all the species were significantly affected by 

carbonate dissolution with the CIE interval.  The bulk carbon isotope record and lithology were plotted with supplementary data from Zachos et al. (2005). 
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5.2.3.2 Trait composition and changes through time 

The result from our statistical analysis indicated that only taxa with smooth, trochospiral test 

and semi-circular chamber shape were more at the pre-CIE interval than at the main CIE and 

recovery intervals (Figure 5.7). Taxa with muricae structures, triangular/ trapezoidal chambers, 

micro and macro perforations, extra-umbilical apertures, surface dwelling and grazing habits 

were more during the CIE than at the pre-CIE and recovery. While taxa with fine perforation, 

depressed sutures, elongate test, bi/triserial chambers, terminal aperture, no apertural 

accessories, deep dwelling and suspension feeding habit were more during the recovery than 

at the CIE and pre-CIE intervals (Figure 5.7). The high abundance of the trochospiral chamber 

arrangement during the pre-CIE indicate that taxa such as Acarinina, Morozovella, Subbotina 

and Globanomalia which are trochospiral in shape were more during this period. The high 

proportion of traits such as muricae, surface dwellers and triangular/trapezoid chamber and 

macro-perforation at the CIE interval is linked to the increase in the abundance of Acarinina 

and Morozovella taxa during the hyperthermal. While the high values of elongate, bi/triserial, 

terminal apertures, deep dwellers and suspension feeding traits during the recovery indicate the 

preponderance of Chiloguembelina species after the CIE.  

The similarity analysis (ANOSIM) of trait composition indicated that all the three intervals 

slightly differ in terms of their trait composition at R=0.45 and p<0.01. The comparison of each 

interval with the other indicated that the recovery interval significantly differs from the CIE at 

R=0.564; p<0.01; also the recovery interval significantly differs from the pre-CIE at global 

R=04; p<0.02 signifying that the PETM significantly impacted on the traits composition of 

planktonic foraminifera across the studied intervals. However, there was a slight difference 

between the trait composition at the CIE and pre-CIE with the R-value =0.206 and p>0.05 

(Figure 5.7).  

The nmMDS ordination of planktonic foraminiferal traits composition is entirely different from 

that of the taxonomic composition. Three groupings A, B and C could be identified from the 

trait ordination (Figure 5.6). Group A contain samples from the core of the CIE, though not all 

the the samples at the core of the CIE is contained in group A, the ordination of other samples 

(274.63mbsf, 274.68 mbsf and 274.88 mbsf) from the CIE section towards the pre-CIE samples 

(Figure 5.6) could represent a period after the initial perturbation when the traits tried to 

readjust to buffer the effect of the extreme condition. Hence statistics think they are different 

and more similar to the pre-CIE.  
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Figure 5.6: Non-metric Multidimensional Scaling ordination of planktonic foraminiferal traits 

composition from Site 1265A (transformed with total resemblance) of Bray-Curtis similarity indicating 

sample ordination across the CIE events.  

Sample 274.58 classified as CIE based on the carbon (δ13C) isotope ordinated close to the 

recovery and this suggests that at this point the trait has not been affected by the change in the 

chemical condition of the sea water. Or because the δ13C was measured on the bulk carbonate, 

the record may have been affected by reworking or diagenesis. The same applies to sample 

275.13 mbsf.   Group B represents the samples that are relatively less perturbed. Even though 

the samples came from different sections, statistics found them to be more similar than groups 

A and C. In general, the mixture of samples from different intervals is believed to be a reflection 

of ecological perturbation that occurred during the PETM. This suggests that the extreme 

climate condition during the CIE has a significant impact on the trait composition of planktonic 

foraminifera. Group C contains the samples from the upper part of the recovery interval. The 

grouping of these samples may suggest the onset of other warming event in the early Eocene 

such as ETM 2 (Zachos et al., 2008), nevertheless, we do not have sufficient evidence to verify 

this assertion.  



171 | P a g e  

 

 

Figure 5.7: Mean abundance of planktonic foraminiferal traits driving the main differences in 

distribution across the PETM interval at Site 1265A (Data cut off 50%) 
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Qualitatively, 38 trait modalities were identified in planktonic foraminifera from Site 1265A.  

The trait composition as shown in figure 5.8 indicated high variability from the pre-CIE to the 

recovery. The trait distributions can be described as serrated (Figure 5.8) signifying the changes 

in palaeoecological parameters across the studied interval. The intermittent nature of the trait 

distribution indicated alternation in the period of rich supply of the needed ecological resources 

and conducive environment for the foraminifera to thrive as well as a period of ecological stress 

and resource scarcity.  The overview of the trait composition showed the trait richness at the 

pre-CIE as relatively high in diversity and stable for except spinose wall structure and 

circular/reniform apertures (Figure 5.8). The trait richness began to decrease in the later part of 

the pre-CIE and early part of the CIE. The fewest traits were represented during the CIE, while 

the highest trait diversity was recorded during the recovery. Most of the planktonic 

foraminifera (Figure 5.8) dropped to the minimum at the base of the CIE but later increase 

within the same interval. This suggests that planktonic foraminifera traits started to recover 

before the carbonate composition of the sea water.  

In terms of individual traits, the most abundant modality in test shape was spiral, probably 

because all the three major planktonic taxa identified in Site 1265A were spirally coiled in the 

penultimate shells. Subquadrate and globose test shape were equally high in abundance, while 

elongate test shape was relatively low from the pre-CIE till 271.0 mbsf after which it increased 

remarkably.  

All the identified planktic foraminifera from the study site were composed of entirely hyaline 

calcite base on the classification adopted for trait coding in this study. The collapse in trait 

richness in the planktonic at the beginning of the CIE was due to the carbonate dissolution that 

significantly reduced the faunal richness of the planktonics during the period.  

Chamber arrangement in planktonic traits recorded only two modalities with trochospiral 

constituting ~70% and bi/triserial (30%). The chamber shapes were predominantly semi-

circular, triangular/trapezoid, spherical/oval and few tubular in the order of decreasing 

abundance (Figure 5.8).  

Wall texture in planktonic foraminifera was highly diverse. Depressed sutures were the most 

abundant, closely followed by muricate and much fewer cancellate structures. Taxa with 

smooth wall texture were common during the pre-CIE interval but disappeared after the CIE 

and occurred later at few depths within the recovery intervals. Only infinitesimal number of 

taxa with spinose wall texture was recorded across the studied section.  
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Figure 5.8: Planktonic foraminiferal traits distribution across the three intervals of PETM at ODP Site 

1265A-South Atlantic Ocean shown with core depths (mbsf) on the left, bulk δ13C record (extracted 

from Zachos et al., 2005) and age (Ma) on the far right.  
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Aperture form in the planktonic trait recorded approx. 70% arcuate and 28% slit-like apertures, 

while circular/reniform apertures occurred in a very insignificant number. The most abundant 

aperture accessories recorded in planktonic foraminifera was lip, umbilical teeth occurred 

sparingly across the studied section while the rest of the taxa lacked apertural accessories.   

Umbilical – extra umbilical apertures recorded the highest abundance in terms of primary 

aperture position in planktonic foraminifera from this site. The abundance of terminal apertures 

was relatively moderate while basal interiomarginal aperture was the rarest and it only occurred 

consistently before the CIE.  

 All the planktonic foraminifera identified in Site 1265A were perforated. Macro and micro 

perforation showed a similar trend across the studied section and fine perforation indicated low 

abundance from pre-CIE through the CIE interval but increased during the recovery.  

Surface dwellers were the most abundant life habit in planktonic foraminifera recovered from 

this study area. This was followed by deep and intermediate water dwellers in decreasing order 

of abundance. The highest abundance of surface dwellers reflected the preponderance of 

Acarinina and Morozovella across the studied sections, deep dwellers represent the Subottinids 

while the population of Chiloguembelinids was reflected by the intermediate dwellers 

abundance. Traits indicated in the planktonic foraminiferal mode of feeding were grazing, 

suspension feeding, symbiosis and denitrification. 

5.2.4  Benthic Foraminifera 

5.2.4.1 Taxa composition and changes through time 

A total of 6128 specimens of benthic foraminifera were counted in 33 samples analysed from 

Site 1265A. The assemblage was composed of one hundred and thirty-four (134) species 

comprising of 38 epifauna and 96 infauna morphological groups. The fauna were dominated 

by cosmopolitan/ opportunistic taxa and other late Palaeocene – early Eocene foraminifera 

assemblage. Faunal abundance and diversity were fairly high before the CIE and during the 

recovery period but slightly decreased at the CIE interval.  

The ANOSIM test on the benthic foraminifera taxa composition indicated that the three groups: 

pre-CIE, CIE and recovery differed significantly at R= 0.659 and p<0.01. The pairwise test for 

the three groups also showed that the recovery and the CIE significantly differed by R=0.585, 

recovery and pre-CIE at 0.896 while the CIE and pre-CIE at 0.516  and p>0.05.  
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The nmMDS ordination of benthic foraminifera composition showed tight grouping during the 

recovery while those of the CIE and pre-CIE were more spread (Figure 5.9). The compact 

grouping of the recovery samples could be interpreted as environmental stability after the 

extremely warm conditions and ocean acidification. The CIE samples loosely grouped in the 

NW axis of the plot but samples from 275.08 mbsf and 275.13 mbsf classified as  CIE lay far 

from the rest of the axis. More so, samples from 274.98 mbsf and 275.04 mbsf also classified 

as CIE grouped together with the recovery. We may not have an elucidating explanation for 

the scattered nature of the CIE interval, but it may not unrelated to the benthic ecological 

disorganisation associated with the CIE. The first two samples (274.98 mbsf and 275.04mbsf) 

outcropping as outliers may indicate the initial fauna turnover at the beginning when the 

methane oxidation reached the seafloor and after that period the microbenthos tried to readjust 

by enhancing their reproduction and that created the two samples (274.98 mbsf and 

275.04mbsf)  with high abundance similar to the recovery.  

In addition, the nmMDS also showed that all the samples during the pre-CIE including the first 

four samples from the CIE interval were scattered across the whole NE – SE axis of the plot. 

The scattered nature of these pre-CIE samples could be related to the inception of the release 

of exogenous greenhouse gases that caused the hyperthermal during the CIE.  

 

Figure 5.9: nmMDS ordination of  Benthic foraminifera abundance in Site 1265A. Pre-CIE samples 

were clustered around the eastern axis, CIE at the NE and recovery on the SW axis of the plot. 
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The result from SIMPER analysis for pre-CIE and recovery indicated that the two intervals 

were 71.55% dissimilar. The result also highlighted taxa that existed at the pre-CIE but went 

into extinction during the recovery. The extinct taxa include Gavelinella beccarriformis, 

Aragonina valescoensis, Praebulimina sp., Coryphostoma midwayensis, Osangularia sp. 

(Table 5.4). The result also showed that taxa like Cibicidoides spp., Nonion havanense, 

Marsonella oxycona, and Bolivina Spp. were more than five times higher at the pre-CIE than 

during the CIE. The reduction in the mean abundance of Gavelinella beccarriformis, 

Osangularia spp., Cibicidoides spp., Nonion havanense and Lenticulina spp. could be related 

to the susceptibility of heavily calcified taxa like them to the ocean acidification during the 

PETM (Kennett and Stott, 1991; Pak and Miller, 1992; Luciani et al., 2007; Thomas 2007).  

Other taxa that decreased in abundance during the CIE include; Marsonella oxycona, 

Aragonina valescoensis Coryphostoma midwayensis and Bolivina spp.  

SIMPER also indicated a significant increase in the mean abundance of all the Buliminaceae 

and opportunistic taxa such as Abyssammina quadrata, Quadrimorphina profunda, Nuttallides 

truempyi, Oridorsalis Paleopleurostomella pleurostomelloides umbonatus, Stillostomella 

plumaerae and Anomalinoides praeacuta during the recovery, rather than in the CIE (Table 

5.4). This supported the hypothesis that opportunistic (aka disaster) taxa began to increase 

during the CIE to take over the niche vacated by dissolution susceptible taxa during the PETM 

(Takeda and Kaiho, 2007; Alegret et al., 2009; D'haenens et al., 2012 and this study). These 

disaster taxa were believed to have supported and sustained the ecological functioning in the 

benthic zone during the PETM.  

Table 5.4: Site 1265A SIMPER results of the average abundance of benthic foraminiferal taxa and their 

respective percentage contribution within the recovery and pre-CIE intervals. (Data cut off 50%) 

Species Mean abundance Contribution to 

dissimilarity (%) REC pre-CIE 

Stillostomella plumaerae      2.70        0.34     3.44 
Gavelinella beccarriformis      0.00        2.41     3.40 
Aragonina aragonensis      2.35        0.30     3.02 
Cibicidoides spp.      0.51        2.49     2.67 
P.pleurostomelloides      2.50        0.85     2.65 
Bulimina sp      1.92        0.68     2.14 
Anomalinoides praeacuta      2.09        0.90     2.11 
Nuttallides sp.1      1.81        0.73     2.05 
Tappanina selmensis      2.46        1.26     1.97 
Bulimina tuxpamensis      2.58        1.66     1.97 
Q.pyramidalis      1.43        0.10     1.86 
Nonion havenense      0.43        1.62     1.86 
Abyssammina quadrata      1.72        1.53     1.79 
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Bulimina trihedra      1.21        1.02     1.78 
Bulimina midwayensis      1.77        0.73     1.76 
Praebulimina sp.      0.00        1.36     1.74 
Aragonina valescoensis      0.00        1.28     1.72 
Marsonella oxycona      0.24        1.37     1.71 
Quadrimorphina profunda      1.64        0.63     1.71 
Bolivina sp.      0.11        1.44     1.70 
Coryphostoma midwayensis      0.00        1.13     1.53 
Lenticulina sp      1.06        1.38     1.52 
Oridorsalis umbonatus      1.45        0.81     1.49 
Nuttallides truempyi      3.07        2.03     1.44 
Osangularia sp      0.00        1.02     1.40 

 

Table 5.5: Site 1265A SIMPER results of the average abundance of benthic foraminiferal taxa and their 

respective percentage contribution within the CIE and pre CIE intervals. (Data cut off 50%) 

Species Mean abundance Contribution to 

dissimilarity (%) CIE pre-CIE 

Gavelinella beccarriformis      0.45        2.41     3.22 
Cibicidoides spp.      0.73        2.49     2.69 
Nonion havenense      0.23        1.62     2.10 
Aragonina aragonensis      1.28        0.30     2.03 
Tappanina selmensis      1.69        1.26     1.93 
Marsonella oxycona      0.27        1.37     1.90 
Bulimina tuxpamensis      2.23        1.66     1.90 
Nuttallides truempyi      2.87        2.03     1.89 
Aragonina valescoensis      0.00        1.28     1.89 
Bolivina sp.      0.50        1.44     1.85 
Quadrimorphina profunda      1.36        0.63     1.83 
Praebulimina sp.      0.19        1.36     1.81 
Lenticulina sp      0.23        1.38     1.78 
P. pleurostomelloides      1.02        0.85     1.77 
Praebulimina reuss      0.95        0.71     1.71 
Abyssammina quadrata      1.85        1.53     1.69 
Oridorsalis umbonatus      1.27        0.81     1.63 
Coryphostoma midwayensis      0.55        1.13     1.63 
Bulimina trihedra      1.19        1.02     1.62 
Bulimina midwayensis      1.30        0.73     1.57 
Osangularia sp      0.35        1.02     1.54 
Pleurostomella paleoceanica      1.08        0.20     1.51 
Gyroidinoides globosa      0.00        1.03     1.49 
Oridorsalis plummerae      0.16        1.06     1.49 
Spiroplectammina spp      0.00        1.06     1.47 
Anomalinoides praeacuta      0.33        0.90     1.46 
Gavelinella sp      0.20        1.06     1.44 
Gyroidinoides subangulatus      0.64        0.45     1.33 

 

The average dissimilarity between the CIE and the pre-CIE was 71.46%, and the results 

indicated that Gyroidinoides subglobosa, Spiroplectammina spp. and Aragonina aragonensis 
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disappeared after the pre-CIE and did not record any occurrence during the CIE (Table 5.5). 

There were also more Tappanina selmensis, Bulimina tuxpamensis, Praebulimina reuss, 

Oridorsalis umbonatus, Bulimina midwayensis, Bulimina trihedral, Paleopleurostomella 

pleurostomelloides, Abyssammina quadrata and Gyroidinoides subangulatus during the CIE 

than the pre CIE.  In the same vein, Abyssammina quadrata, Quadrimorphina profunda and 

Pleurostomella paleoceanica increased more than 5 fold during the CIE than the pre-CIE 

(Table 5.5). The pre-CIE was characterised by an increase in the mean abundance of heavily 

calcified taxa such as Gavelinella beccarriformis, Cibicidoides spp, Nonion havanense, 

Osangularia sp., Gyroidinoides globose, Gavelinella spp., Anomalinoides praeacuta, 

Oridorsalis plumaerae and Lenticulina spp. The mean abundance of most of these taxa dropped 

drastically during the CIE or became extinct (Figure 5.10) due to the effect of dissolution 

resulting from the ocean acidification and probably decrease in oxygen concentration.  

Table 5.6: Site 1265A SIMPER results of the average abundance of benthic foraminiferal taxa and their 

respective percentage contribution within the recovery and CIE intervals. (Data cut off 50%) 

Species Mean abundance Contribution to 

dissimilarity (%) REC CIE 

Stillostomella plumaerae      2.70      0.00     5.38 
Paleopleurostomella pleurostomelloides      2.50      1.02     4.11 
Bulimina sp      1.92      0.16     3.59 
Nuttallides sp.1      1.81      0.00     3.59 
Anomalinoides praeacuta      2.09      0.33     3.58 
Aragonina aragonensis      2.35      1.28     3.32 
Abyssammina quadrata      1.72      1.85     2.81 
Quadratobuliminella pyramidalis      1.43      0.00     2.69 
Bulimina trihedra      1.21      1.19     2.62 
Tappanina selmensis      2.46      1.69     2.49 
Bulimina tuxpamensis      2.58      2.23     2.27 
Nodosaria spp.      1.10      0.43     2.09 
Quadrimorphina profunda      1.64      1.36     2.06 
Lenticulina sp      1.06      0.23     2.01 
Pleurostomella paleoceanica      0.05      1.08     1.92 
Nuttallides truempyi      3.07      2.87     1.87 
Praebulimina reuss      0.00      0.95     1.86 
Oridorsalis umbonatus      1.45      1.27     1.85 

 

The SIMPER result comparing the CIE and recovery indicated that the two intervals were 

63.35%  different. It highlighted the origination of Stillostomella plumaerae, Nuttallides sp.1, 

Quadratobuliminella pyramidalis after the CIE as well the extinction of Praebulimina reuss 

before the recovery (Figure 5.11; Table 5.6). The most remarkable event highlighted by 

SIMPER result for CIE and recovery was the replacement of the heavily calcified taxa that 
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dominated the pre-CIE by the more opportunistic ones during the recovery (Figures 5.10 and 

5.11). The heavily calcified taxa were hugely affected by carbonate dissolution during the 

ocean acidification, and the niche they vacated was recolonised by the opportunistic taxa. In 

addition, P. pleurostomelloides, Bulimina sp., A. praeacuta, A. aragonensis, B. trihedral, T. 

selmensis, B. tuxpamensis, Nodosaria spp., Q. profunda, Lenticulina sp., N. truempyi, 

O.umbonatus  were more during recovery than the CIE (Table 5.6). Nevertheless,  A. quadrata, 

P. paleoceanica, P.reuss maintained a high relative abundance during the CIE. 

In the raw data, the foraminiferal assemblage during the pre-CIE at Walvis Ridge was 

characterised by high abundance and diversity, with a combination of calcareous and 

agglutinated taxa.  The pre-CIE foraminifera assemblage was dominated by late Palaeocene 

taxa comprising of 38 infauna and 10 epifauna taxa (Figure 5.10). The exact depth of BEE was 

difficult to pin point due to the incomplete recovery of the PETM section in the site and low 

sampling resolution, however, G. beccariiformis, C. midwayensis, A. valescoensis, 

Praebulimina sp., Globorotalites mecheliniani, Gavellinella sp., G. conicus, Osangulina sp., 

Anomalinoides sp., Ellisoidella attenuate, Glandulina sp., Gyroidinoides globosa, Nodosaria 

limbeta and Gauddryina pyramidata (Figure 5.10) went extinct at the beginning of CIE.  

The CIE (274.5-275.19 mbsf) was characterised by the extinction of many foraminiferal taxa 

that existed at the latest Palaeocene. Over 30 species (Figure 5.10) became locally extinct 

within the CIE interval. The occurrence of Arenobulimina sp., Lenticulina howelli, Osangulina 

mexicana, Polymorphina cylindrical, Spiroplectinella dentata, Gaudryina nitida and 

Siphogerinoides sp. (Figure 5.11) that were mainly infauna morphogroups locally originated 

and went into extinction within the CIE interval. Some taxa like Cibicidoides dayi, Lenticulina 

sp., Fursekoina sp., Gyroidinoides beisseli, Laevidentallina gracilis, Linaresia semicrbrata, 

Marsonella oxycona, Nonion havenense and Pullenia coryelli disappeared within the CIE 

interval and reappeared again during the recovery (Figure 5.12). 

The recovery interval recorded the highest abundance and diversity of benthic foraminifera. It 

was characterised by increased abundance of Anomalinoides praeacuta, A. quadrata, B. 

midwayensis, A. aragonensis, Bulimina sp., B. triletra, B tuxpamensis, Lenticulina sp., 

Nodosaria sp., P. pleurostomelloides, Quadratobuliminella pyramidalis, T. selmensis, S. 

plumerae and C. subcarinatus (Figure 5.11). Most of the taxa were elongate – cylindrical 

infauna of Buliminidae and Stilostomellidae. There are couple of epifauna taxa but their 

abundance was not as rich as the infauna taxa.  Nonion spp., Bulimina elaganstissima, 
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Spiroplectammina subglabra and Valvalabamina depressa only occurred within the recovery 

section. The increase in the abundance of the Buliminacae actually started at the CIE interval 

but attained their highest abundance during the recovery. 

 

  

Figure 5.10: Benthic foraminiferal taxa present before and during the CIE at ODP Site 1265A. A -

species that disappeared within the CIE interval. B – species whose occurrence were restricted to the  

Pre-CIE. C- species restricted to the main CIE interval. The bulk carbon isotope record and lithology 

were plotted with supplementary data from Zachos et al. (2005). The revenant nature of these species 

suggest that their reproduction during the PETM was extremely affected and only a few survived to 

continue their existence after the event.  The benthic foraminiferal extinction (BEE) event in this study 

was placed at 275.08 mbsf with the last occurrence Gavellinella becarriformis.  
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Figure 5.11: Faunal distribution of benthic foraminifera taxa that remarkably increased and/ or 

originated after the PETM at ODP Site 1265A.  A - species that existed throughout the studied section 

but significantly increased after the CIE. B - species that originated after the CIE and increased in 

abundance during the recovery. The bulk carbon isotope record and lithology were plotted with 

supplementary data from Zachos et al. (2005).
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Figure 5.12:  Other cosmopolitan benthic foraminifera recovered from ODP Site 1265A, most of which were present before the CIE but disappeared during 

the CIE and reappeared  at the recovery interval
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5.2.4.2 Trait composition and changes through time 

More than 57 trait modalities were recorded in benthic foraminiferal trait composition from 

Site 1265A (Figure 5.14). The changes in trait composition across the PETM intervals as 

determined by ANOSIM test showed that the three intervals were different at global R = 0.117 

but at a low level of p>0.05.  

The similarities between the CIE and pre-CIE the showed that there were more porcellanous 

tests, arcuate and spherical/oval apertures, apertures with teeth, taxa with no apertural 

accessories as well as taxa without any recognisable apertures, elongate, tubular, spiral, 

trochospiral and bi/triserial test, deposit feeders and deep benthic infauna, basal interiomarginal 

and no ornamentation during the CIE than at the pre-CIE (Figure 5.13). However, more hyaline 

calcite tests, macro perforation, slit-like apertures, apertures with lips, triangular/trapezoidal 

chambers, fine test perforation, shallow benthic infauna and sessile habit occurred during the 

pre-CIE than during the CIE. From this result, we can see that porcellanous test composition, 

elongate test, deposit feeders, deep benthic infauna, an aperture with teeth, terminal apertures 

and bi/triserial began to increase in abundance from the CIE and continued through the 

recovery (Figures 5.13 and 5.14). Basal interiomarginal aperture, non-perforated test, 

unornamented, no apertural accessories were highest in abundance during the CIE while slit-

like aperture, sessile lifestyle and apertures with lip decreased from the pre-CIE to the recovery. 

This shows that perforation, apertural complexity, ornamentation on the test decreased but 

sessile lifestyle increased. The mean abundance of hyaline calcite was highest during the pre-

CIE and lowest during the CIE.  

The average dissimilarities between the CIE and recovery interval indicated that basal interior 

marginal apertures, slit-like apertures, taxa with no apertural accessories, trochospiral, spiral 

and bi/triserial tests, triangular/trapezoidal chambers, non-perforated tests, taxa without any 

ornamentation, deposit feeders and deep benthic infauna traits were more during the CIE than 

the recovery. This result shows that apertural complexities and perforation, as well as 

ornamentation became reduced during the CIE similar to what was observed in the planktonic 

trait and taxa composition, living mode also shifted to deeper habitat and deposit feeding mode 

of life (Figure 5.13). Basal interiomarginal apertures must have been boasted by the 

opportunistic taxa that increased in abundance during the warming (Figure 5.13).  However, 

porcellanous and elongate test, terminal, arcuate and spherical/oval apertures, hyaline calcite 

and micro perforation, as well as sessile traits, were more abundant during the recovery than 
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the CIE. The increase in hyaline test indicated improved carbonate deposition during the 

recovery, nevertheless, elongate taxa such as Buliminacae also increased and this could be 

linked to increase in the food supply to the benthic zone. 

The dissimilarity between the recovery and the pre-CIE also showed that all the traits listed to 

have increased during the recovery interval (Figure 5.13)  as well as bifid teeth and shallow 

benthic infauna were also more when compared with the pre-CIE interval but 

triangular/trapezoidal chambers, slit-like apertures, aperture with lips, macro perforation, no 

ornamentation and no apertural accessory traits were more at the pre-CIE than during the 

recovery. This shows that test perforation decreased from the pre-CIE towards the recovery 

and could be linked to the disappearance of macro perforated taxa such as Gavelinellids (Figure 

5.10). There was also a shift from epifaunal lifestyle to infaunal from pre-CIE to recovery as 

well as from spiral to bi/triserial chamber arrangement which are related to taxa with terminal 

apertures.  
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Figure 5.13: SIMPER result of the most significant trait (at 50% cut off) that contributed to the 

differences in benthic foraminiferal trait composition across the CIE events at Site 1265A. Grey bars = 

pre-CIE; sky blue bars = CIE core; deep blue bars= Recovery; green bars = % contribution of each 

trait.  
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Figure 5.14: Changes in the traits of benthic foraminifera across the PETM at ODP Site 1265A shown 

with core depths (mbsf) on the left, δ13C record (extracted from Zachos et al., 2005) and age (Ma) on 

the far right. A. Shows traits for test composition and morphology. B. Test ornamentation and aperture 

traits. C. Traits associated with life habit. 
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The nmMDS for trait composition was similar to the fauna ordination. Most of the samples 

from the recovery interval ordinated together, however with four other samples from the CIE 

and one sample from the pre-CIE (Figure 5.15). Only five samples at the core of the CIE with 

one sample from (266.81 mbsf) the lower most interval of the pre-CIE ordinated together. Two 

samples (275.08mbsf & 275.13mbsf) clustered closer to the pre-CIE while the other four 

samples (275.04mbsf, 274.98mbsf, 274.63mbsf & 274.58mbsf) from the earliest part of the 

CIE samples grouped with the recovery. From the whole ordination, we could observe that the 

trait re-organisation started at the pre-CIE and continued throughout the CIE. The spread in the 

ordination of the pre-CIE and the CIE samples suggested ecological disturbance with the input 

of the excessive greenhouse prior and coeval to the PETM.  

Figure 5.15: nmMDS ordination of benthic foraminiferal traits composition (transformed with log 

x+1) of Bray-Curtis similarity from ODP Site 1265A. CIE samples clustered at the SE axis, recovery 

around the SW axis while the pre-CIE samples clustered mostly on the top most part of the plot. 
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5. 3 Discussion 

5.3.1 Changes in pelagic ecology as indicated by planktonic foraminifera 

The benthic and planktonic foraminiferal assemblage at ODP Site 1265A at Walvis Ridge was 

characterised by the typical late Palaeocene to early Eocene fauna (Pearson et al., 2006). The 

planktonic assemblage represented taxa from the full range of pelagic depth zones and life 

strategies according to Luciani et al. (2007; 2009) (Figure 5.16), e.g. the dominant taxa across 

the studied interval were Morozovella and Acarinina taxa (Figure 5.5; Tables 5.1-5.3) which 

are symbiont-bearing taxa that inhabit the upper water column and are warm water / 

oligotrophic indicators (Luciani et al., 2007); Chiloguembelina, Zeauvigerina and 

Pseudohastigerina that dwell at intermediate depths and are tolerant of reduced oxygen 

(Berggren and Norris, 1997; Quillévéré and Norris, 2003; Zachos et al., 2003; Dutton et al., 

2005; Wade et al. 2006; Petrizzo, 2007; Luciani et al., 2010) as well as deep-water dwellers 

and colder-water indicators such as Subbotina, Parasubbotina, Globanomalina and 

Planorotalites.  

 

Figure 5.16: Summarised depth profile and life strategies of major Palaeocene – Eocene planktonic 

foraminifera (modified from Luciani et al. 2007; 2009). Oligotrophy and ecological specialisation 

increases from bottom to the top while eutrophy and opportunism increases with decrease in depth 
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Prior to the CIE interval, the planktonic assemblage contained high abundances of Subbotina, 

a moderate abundance of Acarinina and, relatively lower abundances of Morozovella and 

Globanomalia (Figure 5.5). This assemblage was indicative of eutrophic condition and 

relatively mild temperatures (Luciani et al. 2010). Similar increases in Subbotina were found 

before the CIE at the PETM section in Forada, Italy. In another study, Petrizzo (2007) reported 

a decrease in the abundance of the Subbotina at the Shatsky Rise during the PETM, however, 

the core analysed was relatively thin compared to this study and Forada section, and also closer 

to the onset of CIE.  Also, low abundances of biserial forms were indicative of a weakly 

developed oxygen minimum zone (Luciani et al., 2010).The co-occurrence of warm and cold 

water planktonic taxa was an indication that the ocean was beginning to warm in the late 

Palaeocene.    

Increasing global temperatures during the CIE coincided with decreases in the abundance of 

the cold water indicators (Subbotina and Globanomalina), and corresponding increases in the 

warm water and nutrient depleted indicators (Acarinina and Morozovella; Table 5.3). A similar 

scenario was reported at the Forada section in Tethys Sea (Luciani et al. 2010), and in the 

equatorial Pacific Ocean and Weddell Sea (Kelly et al., 1998; Petrizzo, 2007). The main 

excursion (CIE) interval was also marked by considerable dissolution of the tests of all three 

dominant taxa. Subbotina seemed to be most affected as shown by its low abundance and 

diversity among the major taxa. As also recorded in this study, the high abundance of Acarinina 

during the CIE has been widely reported for the equatorial Pacific, Southern Ocean and the 

Tethys Sea and could be related to the temperature increases and nutrient-depletion (Figure 

5.16).  

The high relative abundance of photosymbiotic taxa (Acarinina and Morozovella) at Site 

1265A during the CIE and the decrease in Subbotina could be linked to the laters’ susceptibility 

to carbonate dissolution as Acarinina and Morozovella are more heavily calcified. The 

depressed cancellate nature of Subbotina ornamentation makes them more susceptible to 

dissolution. Many studies (Pearson et al., 1993; Berggren and Norris, 1997; Olsson et al., 1999) 

of modern low – latitude tropical planktonic foraminifera showed that the spinose Globigerina 

a descendant of Subbotina are more susceptible to dissolution than the non-spinose taxa. Also, 

the size of the test also determines the sinking speed (Schiebel and Hemleben, 2017) with larger 

tests sinking faster. Subbotina being relatively smaller than the other taxa spends longer travel 

time in the water column and so are more likely to be destroyed by predation and dissolution. 
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High proportions of unidentified Subbotina species in the samples during the CIE interval 

corresponded with high levels of dissolution among the specimens.  

During the recovery high abundance and diversity of Acarinina, Morozovella, Subbotina and 

Chiloguembelina occurred. When all the Globigerinidae (Subbotina, Parasubbotina and 

Globoturborotalia) were combined, they constituted the greatest proportion of the samples 

from this section. The pelagic environment must have cooled and been less stratified in order 

for the cold-water indicator Subbotina to proliferate. The abundance of smaller taxa such as 

Globoturborotalia and Parasubbotina were boosted by counting > 63-micron fraction. In 

previous studies, this fraction has been neglected; however in this study all fractions were 

included so as not to miss important taxa like Globoturborotalia brassriverensis. The high 

abundance of all major taxa (Acarinina, Morozovella, and Subbotina, Figure 5.5; Tables 5.1 – 

5.3) during the recovery indicates that the pelagic zone experienced high seasonal variation, 

well stratified and highly productive surface water.  

5.3.2 Benthic foraminiferal markers indicating ecological changes in the seafloor during 

the PETM at Walvis Ridge.  

The benthic foraminiferal composition at Walvis Ridge had high heterogeneity in species 

richness, abundance and morphotypes. Calcareous taxa dominated the overall foraminiferal 

assemblage. The predominance of calcareous taxa in the identified fauna suggest that Site 

1265A was deposited above the CCD but close to the lysocline during the PETM (Zachos et 

al., 2005). The preservation of foraminifera was moderately good for the larger tests, however, 

there was also evidence of frosty calcite overgrowth, etching of test walls, thinning of test walls 

for some large specimens and many foraminifera from the fine (>63µm) fraction. SEM imaging 

further showed that even the specimens that appeared to be well preserved have been affected 

by dissolution and encrustation with secondary calcite and calcareous nannofossil (Plates 4.1-

4.3). Dissolution seems to have occurred from highly corrosive carbonate under-saturated sea 

water rather than non-deposition within or below the CCD because dissolution was incomplete 

and some smooth, thin-walled Praebulimina spp and Nonion spp with glassy tests occurred.  

The faunal assemblage was composed of 67% infauna and 33% epifauna, the dominance of 

infaunal Buliminids and uniserial taxa are associated with high organic flux and decrease in 

oxygen concentration (Guisberti et al., 2016). Similar benthic foraminifera have been used as 

an index for trophic conditions at the seafloor (Jorissen et al. 2007) and in this model infaunal 

Buliminids and other biserial/cylindrical taxa such as Pleurostomella, Stillostomella and 
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Siphonodosaria occurred in high abundance in eutrophic regions with sustained or highly 

seasonal phytoplankton productivity. These taxa are believed to have tolerated warm, locally 

oxygen-depleted and carbonate-corrosive bottom waters. Similarly, high abundances of these 

taxa have been reported from other PETM section as well as the black shale facies of 

Cretaceous ocean anoxic event II (Alegret and Thomas, 2009) and the middle Eocene climatic 

optimum (MECO; Boscolo Galazzo et al., 2015). They are reported to be adapted to low-

oxygen conditions or can rapidly recolonise the seafloor during brief intervals of 

reoxygenation. In this study, the Buliminids had the most consistent species richness and 

abundance across the PETM. During the CIE all the species of Buliminidacea were abundant 

except for Bulimina bradburyi and high abundance of this species was recorded throughout the 

recovery. The statistical results from SIMPER also confirm higher abundance of Bulimina 

species at the CIE and recovery intervals than at the pre-CIE section (Table 5.3 – 5.6). Bulimina 

taxa are tolerant to low oxygen and high organic flux meaning they may occupy niches vacated 

by vulnerable taxa, and may dominate the foraminiferal assemblage. The prevalent occurrence 

of Bulimina in this study suggests that the taxa occurrence is more closely linked with nutrient 

and organic matter influx rather than oxygen depletion (Murray 1991; Gooday 1994; Schmiedl 

et al., 2000).  

Nevertheless, interpreting palaeo-oxygen concentrations based on foraminiferal composition 

should be done with caution, because foraminifera can utilise alternative metabolic pathways 

during low oxygen conditions. For example species of Globubulimina and Bolivina store 

intracellular nitrate which they use in denitrification in the absence of oxygen (Keating-

Bontonti and Payne, 2017). Oxygen minimum zones have been reported to be dominated by 

small thin-walled specimen of Bulimina (Boltovskoy et al., 1991; Kaiho 1994). The faunal 

assemblage from Site 1265A indicated high diversity of Bulimininidacea that were well-

preserved as well as the co-occurrence of taxa that usually inhabit oxygenated environments. 

Irrespective of the high abundances of Bulimina, oxygen concentration is interpreted to be 

moderate. There was also a moderate abundance of oxic indicators such as Oridorsalis 

umbonatus. O. umbonatus was described as cosmopolitan and an indicator of well-oxygenated 

pore water but the sustained low flux of highly degraded organic matter (D’haenens et al., 

2012) and persistent strong bottom water current. The relatively moderate occurrence of this 

species across the studied interval suggests the oxygen concentration was moderate during the 

PETM.  
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The significant increase of the opportunistic taxa (Nuttallides truempyi) at the main CIE 

interval in this study has been previously associated with sluggish water circulation (Boscolo 

Galazzo et al., 2015). N. truempyi was consistently high in abundance during the CIE and 

throughout the recovery interval. This suggests that the thermohaline circulation may have 

slowed down during the PETM. In the present day ocean, the abundance of the extant analogue 

N. umbonifera usually coincides with blooms of phytoplankton linked with the formation of 

deep water mixing and upwelling that redistribute nutrients (Boscolo Galazzo et al., 2015). 

Therefore, the high abundance of N. truempyi at the CIE interval may be related to a relative 

increase in productivity during the PETM.  

The high abundances of epifaunal foraminifera such as Osangularia mexicana during the CIE 

indicate that there was a period of seasonal increase in oxygen during the PETM. Osangularia 

spp. typically live opportunistically and repopulated the seafloor during short-term re-

oxygenation phases of Cretaceous OAEs (Alegret and Thomas, 2009). They also have a high 

tolerance for organic enrichment and intermittent deoxygenation. Increase in the abundance of 

Osangularia spp. are reported across the PETM section in Alamedilla (Alegret et al. 2009; 

Friedrich, 2005;2009) and have made the species a PETM benthic foraminifera marker. 

Tappanina selmensis, Siphogenerinoides Spp., Aragonina spp. are opportunistic species and 

indicators of high-productivity, continually stressed and dysoxic sea bottom conditions. 

(Thomas 2003, 2007; Giusberti et al., 2009; Alegret et al., 2009; D’haenens et al., 2012). They 

are characteristic of hyperthermal sections in the open ocean sites and are capable of colonizing 

the sediment when productivity increases during environmental instability. In this study, these 

species relatively increased at the main CIE section and also showed rich abundance during the 

recovery.  

The parameters used in the above interpretation must be applied with caution as many taxa 

described are already extinct and the relation between the morphology and the microhabitat is 

still under investigation. Buzas et al. (1993) estimated the current interpretation to be 75% 

correct and this work has also shown that there is no straightforward interpretation based on 

faunal assemblages with the mixture of divergent ecological conditions markers. According to 

Jorissen et al. (2007), paleoceanographic reconstructions in geologic records are not always 

uniform but time averaged. Fauna accumulation in sediment will contain a mixture of all 

different fauna that lived in the location over several decennia assuming there was no addition 

or loss of test due to basinal processes and lateral transport when these sediments are sampled 
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sediment cores may contain fauna from the period of seasonal blooms and period of severe 

ecological stress.  A similar scenario occurs in terms of oxygen concentration, if ecological 

conditions were stable during the period under consideration, the composition of the fauna 

might accurately record the concentration of oxygen in the bottom water. Nevertheless, bottom 

water oxygen concentration (and oxygen penetration depth into the sediment) may in real 

situation experience significant seasonal variability, for instance when strong water column 

stratification, or pulsed phytodetritus deposits, cause seasonal hypoxia/anoxia (Jorissen et al., 

2007). Such events may be annual, but can also be highly episodic, occurring once every 10 

years, or even less often. In such cases, it will be extremely difficult (if not impossible) to 

extract the precise oxygenation history from the time-averaged faunas. More so, in cases when 

anoxic conditions persisted with low fauna occurrence if this was to be interrupted by short 

periods with oxic bottom waters characterised by rich and high oxygen content faunas. 

Using benthic foraminifera as oxygen index may mix up the average long-term oxygen 

concentration in the environment. In other settings the duration and severity of the periodical 

hypoxia/anoxia may easily be overestimated, for instance during oligotrophic, well-oxygenated 

ecosystems are affected by short-term anoxia leading to the explosive development of a few 

low-oxygen tolerant taxa. The minor events recorded in our fauna distribution could be linked 

to the seasonal variation in phytodetrital input and oxygen concentration. 

5.3.3 Trait indices in ecological function and community interaction in the Surface Ocean 

and Seafloor  

Functional diversity (i.e. a representation of a range of biological traits and so functions) is a 

crucial attribute of a community as it measures the role that each organism contributes to 

ecosystem functioning. For both planktonic and benthic foraminifera identified from Site 

1265A, the biological trait composition significantly differed between all three CIE (pre-CIE, 

CIE and Recovery) intervals. The benthic foraminifera was richer in trait composition 

compared with the planktonic assemblage and this reflects the differences in taxonomic 

richness of both.  

The highest abundance of hyaline calcite tests in benthic foraminiferal trait during the pre-CIE 

when compared to the CIE and recovery (Figure 5.13) suggest that the carbonate ion 

concentration in seawater and carbonate deposition in ocean floor did not recover after the 

PETM at the Walvis Ridge. A similar circumstance has been documented in other PETM 

section such as the Shatsky Rise, Alamedilla and Bass River (Alegret et al., 2009; Petrizzo, 
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2007; Aze et al., 2014b; Takeda and Kaiho, 2007; Stassen et al., 2015). The increase in a 

porcelaneous trait in the benthic ecosystem during the CIE and the recovery raises the question 

of the solubility high magnesium calcite tests during ocean acidification. Previous studies 

argued that it goes into solution before the low Mg-Ca hyaline calcite but the increase in 

Lenticulina spp and Praebuilima spp (presumed to be porcelaneous) during the CIE suggest 

that foraminifera calcification during ocean acidification may be different from what is 

currently known. 

Also, in benthic foraminiferal traits, there were increase in spiral and trochospiral test during 

the CIE. These traits are linked to cosmopolitan taxa such A. quadrata, N. trumpyi, and Q. 

profunda, O. umbonatus and Cibicidoides spp. They occur in wide range of environments and 

may be floaters, epifaunal to deep infaunal. The relative increases in these traits during the CIE 

could be interpreted as the increase in opportunist taxa during the PETM (Figures 5.10; 5.13). 

In the modern ocean, there have been wide reports of an increase in opportunistic taxa during 

environmental disturbances (Culver and Lipps, 2003; Bremner, 2006; Caswell and Frid, 2016). 

Trochospiral coiling is also argued to be advantageous for floating and attachment at the 

sediment-water interface during the times of disturbance in the bottom water (Boltovskoy et 

al., 1991; D’haenens et al., 2012).  

Significant reduction in the benthic foraminiferal wall structure was noticed during the CIE 

with increase in taxa with no ornament, no perforation and no apertural accessory. Reduction 

in ornamentation in foraminifera have been reported previously in modern ocean experiencing 

extreme ecological condition (Dubicka et al., 2015) and we believe that either it is the adaptive 

strategy adopted by benthic foraminifera or that taxa with complex wall structure are more 

vulnerable during extreme environmental events than those with no ornamentation in the test. 

No perforation recorded the highest occurrence during the CIE suggesting that ocean 

acidification and ecological disturbance may lead to loss of perforation in foraminifera. More 

so, benthic foraminifera tends to reduce perforation during the period of decrease oxygen 

concentration to conserve gas exchange during metabolism and reduce the amount of oxygen 

required by the cells.  

Our data also show that the infauna habitat, sessile and omnivorous feeding were the preferred 

way of living among the benthic foraminifera during the PETM (Figure 5.13). Shallow 

epifauna recorded the lowest occurrence during the CIE while the abundance of deep infauna 

increased after the warming. The decrease in the occurrence of the shallow infauna trait could 
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be linked to the ecological stress created by the corrosive water in the upper sediment layer. 

While the increase in the abundance of the deep infauna during the recovery could be 

interpreted as a reflection of more oxygen reaching the deeper layer of the bottom sediment.  

The trait composition of planktonic foraminifera in Site 1265A indicate that the pre-CIE section 

was relatively cooler than the CIE and the recovery as taxa with smooth, trochospiral and semi-

circular chamber arrangement were higher in abundance before the CIE (Figure 5.7). Only 

Globanomalia have a combination of these traits and the species is regarded as cool water 

indicator (Luciani et al., 2009). The traits that increased during the CIE are common in warm 

water indicators such as Acarinina and Morozovella.  This supports that theory that temperature 

increased during the period. Taxa with perforations also increased during the CIE (Figure 5.7), 

the function of perforation in planktonic foraminifera tend to contrast that of the benthics. 

Because planktonic foraminifera were used to well-oxygenated surface water, the increase in 

perforation during the CIE may be an adaptation to enhance gaseous exchange during the 

hyperthermal when the oxygen concentration in the seawater was believed to be low. Increase 

in traits such as lips and umbilical-extra umbilical apertures (Figure 5.7) is a good adaption for 

the feeding mode (grazing) that thrived during the CIE in planktonic foraminifera community. 

Since foraminifera are passive predators (Grigoratou et al., 2018), with wide aperture such as 

umbilical-extra umbilical planktonic foraminifera would be able to capture food while drifting 

on the surface of water and protect the food with their lips.  

The planktonic foraminiferal traits that increased in relative abundance during the recovery 

suggest that the ocean have relatively cooled with increase in traits such as elongate tests, 

bi/triserial chamber arrangement, terminal apertures and deep dwellers that are associated with 

intermediate and cold waters taxa like Subbotina, Chiloguembelina, Zeauvigerina, Jenkinsina 

and Woodringina. These traits composition during the recovery also suggest that oxygen 

concentration was still low at the Walvis Ridge after the CIE (Figures 5.7; 5.8). In general, 

surface water dwellers and grazing taxa showed more resilience to extreme climate (by 

increasing significantly during CIE) than the deep water dwellers and suspension feeders 

whose abundance dropped during the CIE and increase during the recovery.  

Despite the difference in the composition of planktonic and benthic foraminifera taxa with 

terminal apertures, SIMPER results showed some similarities in the trait of the two 

communities. In the planktonic community, taxa with terminal trait recorded the lowest average 

abundance at the CIE interval, because only Chiloguembelina, Zeauvigerina, Jenkinsina and 



196 | P a g e  

 

Woodringina have terminal apertures. The relatively low abundance of taxa with terminal 

aperture is interpreted as evidence of nutrient scarcity in the mesopelagic zone during the 

PETM. The increased temperature during the period must have encouraged thorough 

consumption of all the nutrients in the upper water column allowing very poor nutrient supply 

to the intermediate zone where most taxa with terminal apertures reside. As the temperature 

dropped and surface productivity increased resulting in a more efficient biological pump and 

increase of nutrient supply to the mesopelagic zone. This lead to the climax of terminal trait 

abundance in planktonic foraminifera during the recovery period. The trait occurrence in the 

benthic assemblage also indicates relatively low abundance before and during the CIE but 

significant increase during the recovery. In the benthic community, the terminal trait is also an 

indication of productivity changes. The moderate abundance of the trait during the pre-CIE and 

CIE period suggest that not much change occurs in seafloor productivity during those periods. 

But the increase in the abundance of terminal apertures at the recovery suggests an increase in 

export production and remineralisation after the PETM.  This is because benthic species such 

as Bulimina, Stilostomellids and Siphonodosaria are characterised by terminal apertures and 

the increase in their abundance reflect an increase in the rain of particulate organic matter to 

the ocean (Thomas et al., 2018).  

There is a noticeable similarity in the occurrence of umbilical – extra umbilical apertures in the 

planktonic traits and basal interiormarginal apertures in benthic trait composition. Both 

apertures increased in relative abundance during the CIE. Linking traits with ecological change 

is not a straightforward task and more work is recommended. Nevertheless, because extra 

umbilical aperture cut across both sides of the trochospiral test it may be a good adaptation for 

increased metabolism as a result enhanced food consumption and excretion. Taxa with these 

apertures are mostly opportunistic group such as Acarinina, Abssamina, Oridosalis and their 

abundance was reduced during the recovery (Figures 5.5; 5.10). 

The results from our biological trait analysis have shown some evidence of ecological stability 

or turbulence through the way each sample ordinates within and across the CIE interval. The 

closeness or disparity between each sample in the nmMDS plot demonstrates how each trait 

could work together to provide ecological functioning. The tightly clustered samples indicate 

trait working in harmony to provide the need and stability required for the optimal function of 

the ecosystem while sparsely diverse sample point to the magnitude of perturbation and 

hostility experienced by the fauna. Planktonic trait ordination (Figure 5.6) demonstrated a high 
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level of disorderliness, especially during the CIE. The CIE ordination is interpreted to portray 

the efforts made by species to counteract the ecological crisis during the PETM by occasionally 

utilising episodic seasonal bloom of opportunistic taxa to make up for the disappeared taxa. 

The samples before the CIE were tightly clustered indicating ecological stability. Some part of 

the recovery interval clustered together while a couple of samples disperse around the group. 

The grouping still indicated some harmony however, and we interpret the dispersed samples 

as a trigger to smaller hyperthermal that occurred during the early Eocene climatic optimum 

(EECO). Benthic trait nmMDS showed that seafloor experienced ecological disturbance even 

before onset carbon isotopic excursion and that the ecological turbulence persisted till the early 

part of the CaCO3 recovery. Only the uppermost part of the recovery interval showed some 

level of coherence. We think that the release of methane clathrate which triggered the PETM 

started in the late Palaeocene and initiated benthic ecological disturbance which did not recover 

till the mid-early Eocene. The release of methane hydrate was hypothesised to have originated 

from the Atlantic Ocean before spreading to the other regions (Zachos et al., 2005) and the 

disorderliness in benthic trait composition seems to support the idea.  

5.4 Conclusions 

During the PETM at the Walvis Ridge, considerable faunal turnover of the foraminiferal 

assemblage occurred that resulted in the mortality and extinction of both planktonic and benthic 

forms. In general, cosmopolitan taxa dominated during the CIE indicating extreme ecological 

perturbation. The benthic assemblage was more perturbed than the planktonic assemblage. 

Multivariate analyses of the assemblage composition demonstrated that the planktonic 

community was relatively stable before and after PETM, but experienced considerable 

ecological perturbation during the CIE resulting from increased CO2 concentration and 

temperature. However, the taxonomic composition of the benthic assemblage was highly 

perturbed prior to the start of the CIE suggesting that there were environmental changes that 

impacted the benthos before the PETM sensu stricto. The greater disturbance of assemblages 

inhabiting the bottom waters suggests that the source of the isotopically light carbon may have 

originated beneath sea floor causing benthic ecological disturbance and progressively reaching 

the surface of the ocean. Thus, supporting the methane hydrate dissociation and or subsea 

volcanism as the main cause of the PETM. 

The planktonic trait distribution also indicated a relatively calm pre-CIE and recovery but sign 

of ecological disturbance during the CIE. The clustering of the two samples classified as the 



198 | P a g e  

 

upper part of the CIE with the recovery group suggests that traits started to recover earlier than 

the carbon isotope records in the surface ocean. Planktonic fauna may have adjusted in such a 

way to favour taxa with traits that could enhance the recovery of the ecosystem. Nevertheless, 

benthic traits indicated evidence of ecological instability throughout the studied sections and 

we think that the location of the study site around the active seamount as well as the emission 

of methane from the seafloor is reflected on the ecological distress in the benthic ecosystem 

throughout the studied interval.  

The fauna present in the planktonic community before the CIE were mesotrophic temperate 

taxa including Subbotina spp., Acarinina spp., Subbotina patagonica, Acarinina coalingensis 

and Morozovella aequa.  During the CIE, the faunal composition shifted towards more 

typically warm-water and oligotrophic taxa comprising Morozovella spp., Acarinina spp., 

Acarinina soldadoensis and Acarinina nitida. The recovery fauna was typically eutrophic and 

cold water indicators such as Chiloguembelina trinitatensis, Subbotina patagonica, 

Morozovella subbotinae, Globoturborotalia brassriverensis and Chiloguembelina crinita 

(Figure 5.16 and Luciani et al., 2010).  

The high prevalence of heavily calcified benthic foraminifera during the late Palaeocene (e.g. 

Gavelinella beccarriformis, Cibicidoides spp., Nonion havenense, Praebulimina Spp., 

Marsonella oxycona, Bolivina sp., Coryphostoma midwayensis, Lenticulina Spp, 

Pleurostomella paleoceanica, Gyroidinoides globosa, Oridorsalis plummerae and 

Anomalinoides praeacuta) indicated conditions were eutrophic before the PETM. However, 

the presence of crisis taxa such as Aragonina valescoensis, Osangularia spp. and 

Spiroplectammina spp. indicates environmental instability at the seafloor even before the 

PETM. There was a proliferation of opportunistic and ecological stressed fauna during the main 

CIE; these include Aragonina aragonensis, Tappanina selmensis, Bulimina tuxpamensis, 

Nuttallides truempyi, Quadrimorphina profunda, Praebulimina reuss, Abyssammina quadrata, 

Oridorsalis umbonatus, Bulimina trihedral, Bulimina midwayensis, Abyssammina quadrata, 

and Praebulimina reuss.  

During the recovery, the assemblage was comprised of high proportions of heavily calcified 

epifauna and infaunal taxa (Table 5.4 – 5.6). This suggests that near the seafloor conditions 

were oxic and relatively stable with sufficient nutrient supply for epifaunal taxa with high 

oxygen and food requirements to thrive.  The critical foraminifera traits that controled the 

ecological function in this site include test composition, chamber arrangement/ shape 
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ornamentation, primary aperture position, perforations and living/feeding habit (Figures 5.7; 

5.13).  

The biotic and trait records from our study suggest massive carbonate dissolution and relatively 

moderate oceanic productivity at the Walvis Ridge during the PETM. However, it is hard to 

interpret the amount of oxygen concentration probably because of the ridge topography with 

enhanced current activities including eddies and circular currents that prevail around the 

seamount and transport nutrient and oxygen from the surface to the seafloor (Arreguín-

Rodríguez et al., 2016 ). This is also made more complicated by the behaviour of some 

foraminifera in the low oxygen environment as it believed that they have an alternative method 

of respiring nitrate in the absence of oxygen.  

In general, the BTA produced a quantitative and integrated picture of palaeoecological change 

at the Walvis Ridge during the PETM when compared to the conventional foraminiferal 

assemblage analysis and have clearly detected environmental disturbance from sample 

ordinations.  
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CHAPTER SIX 

General Discussion 

This thesis has presented a detailed benthic and planktonic foraminiferal analyses of ODP Sites 

1265A (Southern Atlantic) and 1215A (North-eastern Pacific). The foraminifera census data 

from these sites and previously published foraminifera census data from ODP Sites 1209B, 

1212B (Central Pacific) and Alamedilla (Spain) were used to investigate changes in the 

ecological functioning of foraminifera using faunal assemblage and Biological Trait Analysis 

(BTA) techniques.  

6.1 The similarities in foraminiferal composition across the PETM intervals in all the 

studied sites 

The composition of benthic foraminiferal assemblages across all the studied sites shows a close 

resemblance to the Velasco-type fauna (Bolli et al. 1994) of the late Palaeocene – early Eocene 

biostratigraphy. The faunal assemblage is characterised by high abundance of cosmopolitan 

taxa and very few marker species. All the study sites share a huge similarity in the overall 

foraminiferal composition, but each site is unique in its own taxa abundance, species richness 

and stratigraphic ranges/event. Site 1265A recorded the highest taxa abundance and diversity 

in the species of benthic foraminifera with over hundred taxa identified to the species level. 

Planktonic foraminifera were also analysed for this site, and the abundance was higher than the 

benthic composition with more than 79706 planktonic specimen and 59 species of Acarinina, 

Morozovella, Subbotina, Chiloguembellina and Globanomalia counted.  Site 1215A and 

Alamedilla also recorded high benthic foraminiferal population, while sites 1209B and 1212B 

have the lowest. The species richness and faunal abundance are partly related to the analysers’ 

interest and priorities, for instance, Takeda and Kaiho (2007) merged all the agglutinated 

species into one group without identifying them to the taxa or species level; Stilostomellids 

with many species were only identified at the genus level. Nevertheless, the advantage noticed 

with this method of taxonomy is the reduction in the number of species counted especially 

those with very few abundances which makes the biostratigraphic event more coherent and 

clearer. However, the disadvantage is that it could lead to the loss of essential species necessary 

to characterise the biostratigraphic event.  

The palaeoecological interpretation of the foraminiferal assemblage from all the sites has been 

discussed in chapters 3, 4 and 5. In this chapter, sites will be compared, and an explanation of 
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how the assemblages reflected the overall changes across the PETM will be presented. 

Palaeoecological interpretation in the open ocean during this period is subjective because: 1) 

the ocean habitat is enormous; 2) benthic foraminifera reproduce through the sexual and 

asexual method and can rapidly recolonise their habitat during extreme ecological conditions 

(Foster et al. 2013). Nevertheless, some of the important taxa recognised across all the sites 

have been used to characterise the paleoecology of the studied sections in terms of pre-CIE, 

CIE and post CIE (recovery) relating to the release of exogenous carbon that caused the PETM.  

6.1.1 Pre-CIE fauna 

In all the sites, the interval before the CIE was characterised by the late Palaeocene – earliest 

Eocene foraminiferal assemblage and a restricted occurrence of taxa listed in table 6.1. The 

composition of benthic foraminifera in this interval is made of highly diverse and 

heterogeneous taxa comprising of heavily calcified, agglutinated, infauna and epifauna taxa. 

There was a low abundance of opportunistic taxa associated with the disturbance in the 

ecosystem at this interval while the high abundance of taxa associated with increased 

productivity and food availability was recorded.  

At the Central Pacific Sites (1209B &1212B), there was an increase in Siphogenerinoides 

brevispinosa, Bulimina thanentensis, Bolivina kugleri and Cibicidoides species with a 

corresponding decrease in the abundance of O. umbonatus, Praebulimina sp., 

Globocassidulina globosa and T. selemensis. During the same period in Site 1215A, increase 

in the species of Cibicidoides, Valvalabamina, Anomalinoides, Globorotalites,  Paralabamina 

clavata, Gyrodinoides globosa, Coryphostoma crenulata, Nonion havanese,  Gaudryina 

pyramidata and Neoeponides hillebrandti and a concomitant decrease in Bulimina 

tuxpamensis, Aragonina spp., Osangulina, Pleurostomellids, T. selmensis and Q. profunda 

were recorded 

At the South Atlantic (Site 1265A), the foraminiferal composition during the pre-CIE was 

highly diverse and rich in both calcareous and agglutinated taxa. The abundance of very robust 

calcareous taxa such as Cibicidoides, Gavelinella, Nonion havanese, Anomalinoides, 

Gyrodinoides, Neoeponides, Paralabamina, as well as deep infauna taxa like Marsonella 

oxycona, Aragonina valescoensis, Bolivina sp., Clavulinoides triletera, Coryphostoma 

midwayensis, and Praebulimina sp. increased at the same time when there was a decrease 

abundance of opportunistic taxa like A. qudrata, B. tuxpamensis, N. truempyi, 
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Paleopleurostomella pleurostomelloides, Stillostomellids, Q. profunda, T. selmensis, O. 

umbonatus, and Quadratobuliminella pyramidalis.  

In Alamedilla, there was an increase in the abundance of Anomalinoides species, Bolivina 

delicatus, Coryphostoma midwayensis, Nonion sp., and Stilostomellids and a decrease in the 

species of Aragonina, Abyssamina, B. tuxpamensis, B. valescoensis, G. subglobosa, O. 

umbonatus, Q. profunda and T. selmensis. From the fauna composition above and in table 6.1, 

there was a preponderance of heavily calcified epifauna and infauna as well as the co-

occurrence of taxa indicating oxic condition and reduced carbon saturation during the pre-CIE. 

The composition demonstrates that the biological carbon pump was effective before the PETM 

in most sites and there was enough nutrient for both the epifauna and the infauna morphotypes. 

It also indicates mesotrophic condition in the benthic ecosystem and a healthy ocean.  

Previous studies have shown that species heterogeneity and diversity are controlled by the 

stability of an ecosystem (Schmiedl et al., 2003).  Stable ecosystems reportedly favour the 

development of complex and highly diverse fauna such as recorded in the pre –CIE section of 

all the studied sites. The stability in the ecosystem is reflected in the high abundance of 

Anomalinoides, Valvabamina and Nonion taxa which are very robust and have a coarsely 

perforated test that requires high oxygen concentration and nutrient supply to thrive. More so, 

the relatively less abundant opportunistic taxa that decreased in abundance during this period 

supported this hypothesis. A similar scenario has been reported by Schmiedl et al. (2003) where 

the repopulation of these taxa occurred during the period of increased oxygenation in the 

eastern Mediterranean Sea. This assemblage also suggests high productivity and relatively 

stable benthic ecology ecosystem. 

 The planktonic foraminiferal composition at Site 1265A during the pre-CIE as discussed in 

Chapter five is characterised by taxa indicating mild temperature and high surface productivity. 

This suggests effective benthopelagic coupling at Site 1265A before the PETM. The highest 

abundance of Subbotina occurred in this section while Chiloguembellina recorded the lowest 

abundance. This taxa assemblage signifies a relatively mild temperature and a weakly 

developed oxygen minimum zone (Luciani et al., 2007). There were also high abundances of 

Acarinina and Morozovella, but the number was relatively lower than that of the Subbotina.  

The high surface ocean productivity interpreted for this section is based on the amount of 
planktonic fauna recovered. 
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Table 6.1: Benthic foraminiferal assemblage that dominated the pre-CIE interval but became 

extinct after the CIE. 

Alamedilla, Spain Sites 1209/1212BB Site 1215A Site 1265A 
Allomorphina sp Agglutinated forms Abyssamina spp Anomalinoides spp. 
Anomalinoides affinis Anomalinoides sp Alabamina sp.1 Anomalinoides 

umbonatus 
Arenobulimina truncata B.inconspicua Allomorphina minuta Aragonina sp. 
Bolivinoides delicatulus, Bulimina kugleri Bolivina sp Aragonina valescoensis 
Bulimina valescoensis Fursenkoina sp. B. monterelensis Brazilina sp 
Buliminella grata Gavelinella spp. Bulimina impendens Cibicidoides succeedens 
Cibicidoides dayi Gyroidinoides spp. Bulimina trihedra Clavuloides triletera 
Cibicidoides eaceanus Lenticulina spp. C. midwayensis Coryphostoma 

midwayensis 
Cibicidoides hyphalus Paralabamina spp. Dorothia retusa Ellipsoidella attenuata 
Clavulinoides amorpha S. brevispinosa E. chilostoma Ellipsoidella kugleri 
C. midwayensis Stilostomellids  Ellipsoglandulina spp Ellipsopolymorphina 

valescoensis 
Dorothia pupa  E.cuneformis Eouvigerina subscultura 
Gaudryina pyramidata  Falsugutulina wolburgi Falsoplanulina acuta 
Gaudryina sp. Juvenile  G.beccarriformis Falsugutulina wolburgi 
Gaudryina spp., indet  Gyroidinoides globosus G. micheliniana  
Globorotalites sp  Hemirobulina arcuatula Gaudryina pyramidata 
Globulina spp.  Hormosina ovulum Gavelinella 

beccarriformis 
Gyroidinoides beiseeli  Lenticulina insulsus Gavelinella sp 
Gyroidinoides globosus  Marsonella trochoides Glandulina sp. 
Hemirobulina spp.  Marssonella oxycona Glorobotalites conicus 
Nuttallinella florealis  Neoflabellina rugosa Gyroidinoides globosa 
Osangulina valescoensis  Oolina globosa Gyroidinoides sp 
Praebulimina sp  Orthokarstonia clarki Hermirobulina arcuata 
Pullenia coryelli  Paralabamina elevata Heronallenia spp 
Pullenia cretacea  Pleurostomella 

paleocenica 
Laevidentalina gracilis 

Quadratobul. pyramidalis  Pleurostomella subnosa Neoeponides infrequens 
Recurvoides spp.  Ribdammina spp Neoflabellina 

paleoocenica 
Spiroplectammina  

spectabilis 
 Stilostomella plummerae Neoflabellina sp 

G. beccarriformis  Oolina globosa Nodosaria  limbeta 
  Tritaxia paleocenica Osangulina spp 
  Valvalabamina sp.2 P.hillbrandti 
   Praebulimina sp. 
   Reussolina apiculata 
   Siphonodosaria 

hispidula 
   Spiroplectammina 

spectabilis 
   Stillomella spinae 

 

6.1.2 CIE fauna 

Many of the benthic foraminiferal species present at the pre-CIE section became extinct during 

the PETM (Table 6.1). The extinction rate at sites 1209B and 1212B, 1215A and 1265A is 
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approximately 27% respectively and 24% at Alamedilla. Site 1209B and 1212B recorded the 

lowest number of (eleven) taxa that disappeared after the CIE, followed by Alamedilla (29 

taxa), Site 1215A (30 taxa) while the highest number of benthic foraminiferal extinction in this 

study occurred at Site 1265A with the disappearance of thirty-six (36 taxa). There is no 

common extinction pattern among the taxa across the sites except that the majority of the 

extinct taxa are infauna morphotypes and a reasonable number of epifauna (see Table 6.1). The 

overall composition of extinct taxa indicated the infauna morphotype to be the most affected, 

e.g. 20 out of the 29 taxa that disappeared from Alamedilla are infauna, 6/11 at 1209B and 

1212B; 23/30 at 1215A and 22/36 at 1265A. The proportion of extinctions from each site 

reflects the general composition of the entire faunal assemblage and the extinct taxa represented 

a change from the late Cretaceous fauna to a more “Eocene” fauna.  

The extinction of both infauna and epifauna in all the studied sites is a substantial evidence of 

environmental disturbance in the Open Ocean and continental seas during the PETM. 

Nevertheless, among all the taxa listed in table 6.1, only Gavelinella spp. and Gavelinella 

beccariiformis are known to have disappeared across all the studied sites. Coryphostoma 

midwayensis disappeared at Alamedilla, Sites 1215 and 1265A but occurred from the pre-CIE 

to recovery in the Site 1209B and 1212B. The differences in the taxa that went extinct after the 

PETM highlight the difficulty in characterising the event with specific taxa assemblage.  The 

number of taxa affected at each site depends on the size fraction counted and the picking 

techniques. In as much as there are differences in the taxa that disappeared after the PETM, it 

is difficult to agree that the agglutinated taxa entirely went into extinction as indicated by data 

from Takeda and Kaiho (2007), as they occurred at other open ocean sites and Alamedilla from 

pre-CIE to recovery.  

Other taxa that recorded the highest occurrence during the CIE were dominated by mostly 

opportunistic calcareous and deep infaunal taxa. At most of the sites, Tappanina selemensis, 

Abyssamina quadrata, Nuttallides truempyi, Q. profunda, Anomalinoides species and 

Laevidentalina sp. significantly increased in abundance during the CIE. Bulimina kugleri and 

Bolivina gracilis high occurrence during the PETM was restricted to central Pacific Sites 

(1209B and 1212B), while Globocassidulina subglobosa, Lenticulina sp., Orisodalis 

umbonatus, Osangulina sp., Repmanina charoides, Stillostomella species and Trochaminids 

occurred only at the Alamedilla section. At the Walvis Ridge (Site 1265A) in the South 
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Atlantic, Coryphostoma crenulata, Aragonina aragonensis, Praebulimina reuss and 

Gyrodinoides subangulatus were restricted to the CIE interval.   

The high occurrence of these species during the PETM has been previously reported in other 

locations (Speijer, 1994; D’haenens et al., 2012; Giusberti et al., 2016) and the ecological 

implication of these taxa has been explained in the previous chapters. In general, Buliminds are 

the most abundant taxa in all the studied sites, their occurrence usually peaks after the PETM 

in the deep sea site, but at Alamedilla their highest proportion occurred at the pre-CIE and 

began to drop during the CIE. The high occurrence of Bulimina taxa is an indication of increase 

productivity and low oxygen concentration. Their increase in this study (at the open ocean 

sites) began at the CIE interval and peak at the recovery.  This suggests that ocean productivity 

did collapse during the CIE in the studied sites, corroborating the finding of Thomas (1998). 

More so, the co-occurrence of taxa indicating ecological stress and some taxa like 

Pleurostomellids, Stillostomellids that indicate high productivity could be evidence of vigorous 

water mixing and upwelling caused by intense hurricane (Handley et al., 2012) that 

accompanied the extreme water condition during the PETM (see also the changes in hydrology 

during the PETM in Chapter 1). 

The co-occurrence of oxic and mesotrophic taxa like Globocassidulina subglobosa, 

Lenticulina sp., Orisodalis umbonatus, Osangulina sp. and Gyrodinoides subangulatus during 

the CIE is an indication that the benthic ecosystem was relatively ventilated and have not been 

totally devoid of oxygen (Schmiedl et al., 2003). A robust and heavily calcified taxa Oridosalis 

umbonatus started to increase at the CIE interval and reached maximum abundance during the 

recovery at Site 1209B, 1266A and Alamedilla. At Site 1215A, it showed high abundance in 

the early part of the CIE, significantly increased during the CIE and decreased afterwards till 

the end of the recovery. O. umbonatus has been reported to increase in calcification and 

abundance after the PETM in the nearby Site 1263 (Foster et al., 2013). The species has an 

opportunistic lifestyle and was reported to thrive in both oligotrophic and eutrophic 

environments (Giusberti et al., 2016) as well as in high carbonate-corrosive pore water 

conditions. The increase in the abundance of O. umbonatus during the CIE could be attributed 

to their resistance to corrosive pore water and the ability to reproduce rapidly during 

environmental perturbation (Giusberti et al., 2016).   

The planktonic foraminiferal composition at the CIE section from Site 1265A is characterised 

by the highest occurrence of Acarinina, moderate abundance of Morozovella and a significant 
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reduction in the abundance of Subbotina. The high abundance of Acarinina and Morozovella 

are interpreted as evidence of a rise in temperature and reduction in the available nutrient. 

However, the overall population of planktonic foraminifera in this interval after a massive 

dissolution effect indicates that nutrient availability in the surface water must have been high 

to produce the volume of the biomass recovered. The increase in temperature enhances the 

metabolic activities in foraminifera (Schiebel and Hemleben, 2017) and this may have 

increased reproduction in planktonic foraminifera that reflected in the high export production 

recorded in the benthic zone during the PETM in this study. The decrease in the abundance of 

Subbotina is partly related to increase in temperature, increased utilisation of nutrient in the 

upper water column by Acarinina and Morozovella when their abundance increased as well as 

due to their susceptibility to dissolution in the highly corrosive sea water.   

Also significant during the CIE was the extinction of Acarinina nitida, Acarinina strabocella, 

Chiloguembellina morsi, G. chapmani, G. pseudomenardi, G. planoceanica, Morozovella 

pasionensis, M. valescoensis, M. occulossa, M. acuta, Parasubbotina pseudobulloides, 

Parasubbotina variata, Subbotina cancellata, Subbotina triagularis, S. triloculinoides, S. 

varianata, S. valescoensis, S. trivalis and Woodringina claytonensis. The extinction of these 

taxa may be a local event as none of them has been reported in other PETM sections. More so, 

Globoturborotalia brassriverensis made its first appearance during the PETM (CIE interval) 

at Site 1265A, this foraminifera species was recently described and has been reported in the 

PETM section of Bass River as an excursion taxa (Pearson et al., 2006). Other excursion taxa 

previously reported in other locations during the PETM were not identified at Site 1265A.  

6.1.3 Post CIE (Recovery) fauna 

The section after the CIE was characterised by the first appearance of the benthic foraminiferal 

taxa listed in table 6.2 and a significant increase in most of the species that survived the ocean 

anoxic event (see chapters 3, 4 and 5). The origination of these taxa may not be related to the 

hyperthermal event because some taxa that made their first appearance in one location were 

also recorded as extinct in another site. Examples are Cibicidoides dayi and C. eoceanus whose 

occurrences at Alamedilla ended before the CIE, but both species made their first appearance 

after the CIE at the South Atlantic Site 1265A. Nevertheless, the reverse was the case for 

Abyssammina sp. and Fursenkoina spp.  

It is difficult to compare both the pre- and post-extinction taxa in all the sites because of the 

sampling differences and resolution. This difficulty was also noticed by Thomas (1998) when 
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comparing post-extinction fauna at different ODP drilling sites and outcrop locations. She cited 

factors like the rapidity of the extinction, unconformity straddling the PETM intervals (as 

recorded in Alamedilla), differences in taxonomic concepts used by different authors and 

differences in the size fraction studied as the major cause of the cause of this difficulty 

(Thomas, 1998). 

These factors also play a huge role in all the sites we studied; there is no uniformity on the 

sampling resolution, the foraminiferal census was done by different authors with different 

taxonomic biases, there are cases of unconformity, drilling disturbance and incomplete 

recovery core sections across the PETM. This led to the cause of the differences and difficulty 

in comparing the faunal composition across all the sites.  

Despite these differences and difficulties in comparing the PETM fauna at various sites in this 

study, there are significant similarities in the faunal composition, though each location is 

composed of unique assemblages of foraminifera. The dominance of opportunistic taxa and re-

coloniser such as T. selmensis, Aragonina species, Abyssamina quadrata, N. truempyi and Q. 

profunda in all the studied sites indicate ecological disturbance.  

Table 6.2: Benthic foraminiferal assemblages that originated after the CIE in all the studied 

sites 

Alamedilla Sites 1209/1212BB Site1215A Site1265A 
A. aragonensis Eponides elevata Cibicidoides subspiratus Aragonina ouozzanensis 
A. praeacuta  Coryphostoma 

incrassata 
Astacolus nutalli 

Abyssammina Sp  Ellipsoglandulina Spp. Bathysiphon eoceanica 
Brizalina Spp.  Gyroidinoides globosus Bathysiphon Sp. 
Dorothia Sp.  Legenoglandulina ovata Buliminella grata 
Ellipsopolymorphina Sp.  Nodosaria monile C. eoceanus 
Eouvigerina Sp.  Pleurostomella nita Chrysalogonium 

elongata 
Fursenkoina Spp.  Pleurostomella rimosa Cibicidoides dayi 
 G. subglobosa  Pseudomarsonella Spp. Hermirobulimina arcuta 
Glandulina Spp.  Rotaliida 

pleurostomellidae 
Legena Sp. 

Nuttallinella Sp.  Spiroplectinulla 

esiraensis 
Linaresia semicribrata 

Quadrimorphina 

allomorphinoides 
 Cibicidoides subspiratus Spiroplectammina 

subglabra 
Spiroplectammina Sp.    

 

The rate at which these taxa increased during the CIE in all the studied sites indicate that they 

have less competition for nutrient and space by the disappearance of some extinct taxa.  
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Just as with the benthic foraminiferal composition, the planktonic foraminifera recorded an 

increase in the abundance of all the species that survived the hyperthermal event. There was a 

proliferation of Subbotina which suggests less stratified surface water, an increase in nutrient 

availability and high surface ocean productivity.  

6.2 Mapping foraminiferal traits to their ecological functioning  

Previous studies have shown that a literal reading of faunal composition could lead to a 

significant error in the understanding of palaeoecological changes especially during biotic 

crisis (Twitchett, 2006). The BTA has enabled us to quantitatively analyse both the faunal and 

trait compositions to pick out major drivers of ecological changes across the studied sites. The 

first impression from the BTA results is its strength in making biotic event coherent and more 

explicit (Figures 3. 17; 4.12; 5.8 and 5.14). One of the key objectives of this study is to 

understand the trait changes in foraminifera in relation to the ecological functioning during 

extreme climatic events. Previous studies have shown that the survival of organisms and 

ecological functions are entirely based on their trait composition. Though few studies have 

been done on the relationship between foraminiferal traits and ecology, this study has identified 

some preferential selectivity of traits over another during extreme climate and linked some 

traits to the functional ecology of foraminifera.  In this study, traits whose proportion was not 

affected or those that increased in abundance during the CIE are considered resilient while 

those that significantly decreased in abundance or disappeared during the  PETM are regarded 

as susceptible. The BTA has identified chamber arrangement/ shape, test composition, 

ornamentation, primary aperture position, perforations and living/feeding habit as traits crucial 

to the ecosystem functioning and survival of foraminifera in the marine environment. The 

occurrence of these traits in all the studied sites has been discussed in chapters 3, 4 and 5 and 

the general overview is given below.  

6.2.1 Test shape 

The BTA identified traits such as spiral and elongate shape as very important in the 

foraminifera test shape modalities (Figures 3.5; 3.10; 3.15; 4.11; 5.7 and 5.13). They are the 

most prevalent test shape across the sections in all the studied sites. Even though there are few 

occurrences of the tubular, globose and other test, they did not seem to have any significant 

impact on the test shape modality. The shape of foraminifera test is important for their feeding 

mode, reproduction and movement. The elongate shape is well adapted to living inside the 

sediment (Nagy et al., 1995; Corliss and Chen, 1998) while the spiral is more cosmopolitan 
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and capable of living in both sediment surface and inside the sediments as well as attaching on 

the hard or soft substrate. The spiral test is usually perforated which enhances the utilisation of 

oxygen as well as secretion of adhesive substances for attaching on a hard substrate. This trait 

enables foraminifera to thrive in a high oxygen environment and to escape from the predators. 

The consistent occurrence of a spiral and elongate traits in all the SIMPER results indicates 

that they are resilient and crucial in ecological function while globose, tubular, subquadrate 

and others are of less value. 

6.2.2 Test composition 

Hyaline calcite, hyaline aragonite, porcelaneous and agglutinated tests are the major test 

composition identified by BTA as being crucial to the ecological functioning of foraminifera 

in all the studied sites. However, only hyaline calcite and the agglutinated test can be 

distinguished using a light microscope. Porcellaneous and aragonite tests were classified based 

on the test lustre or the description by previous authors. Hyaline calcite showed the highest 

occurrence among all the tests across the studied sites. The high abundance of calcareous taxa 

in all the studied interval indicates that they lived above the lysocline. Some calcareous taxa 

such as Gyroidinoides, Oridosalis and Lenticulina have been found to increase during the CIE 

despite the extreme dissolution. These taxa would have been expected to dissolve or reduce in 

population during the CIE, but their increase shows that we are yet to fully understand how 

ocean acidification affects the dissolution of foraminifera test. Also, some laboratory 

experiment by Nguyen et al. (2009) observed that bigger and smooth foraminifera specimens 

are more resistant to carbonate dissolution during the OAE than their smaller and rough 

counterparts. Even though our result may partly conform to this observation, this experiment 

was conducted in a controlled environment, and the concentration of corrosive pore water fluid 

varies between the sediment surface (epifauna environment) and deep sediment (infauna 

environment). In addition, there are other marine ecological parameters that cannot be 

simulated in the laboratory, hence the results from Nguyen et al. (2009) should be interpreted 

with caution.  

6.2.3. Chamber arrangement 

The chamber arrangement was highlighted to be crucial to the functioning of foraminifera in 

the benthic ecosystem. Both the raw data and the multivariate statistical analyses indicated 

uniserial, bi/triesrial, trochospiral and planispiral as the critical traits in the running of the 

ecosystem while bi/triesrial, trochospiral and planispiral were the most resilient during the 
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acidification of the ocean. Bi/triserial arrangement showed the highest proportion in sites 

1209B 1212B and 1265A while trochospiral proportion was highest at 1215A and Alamedilla 

during the CIE. It is difficult to link the impact of the OAE to the foraminifera chamber 

arrangement, however, Boltovskoy et al., (1991) associated change in coiling direction and 

reduction of surface ornamentation in foraminifera with a change in temperature or pH in the 

environment.  Planispiral and porcelaneous tests tend to increase in proportion during the CIE, 

and this may be related to the ability of foraminifera to secret CaCO3 during ocean acidification.  

No significant variation in chamber shape could be satisfactorily confirmed as it followed a 

similar trend in all the studied sites from the pre-CIE to the recovery and we believe that the 

trait is not sensitive to the ecological change.  

6.2.4 Ornamentation  

Ornamentation in the identified foraminifera is dominated by depressed sutures and no 

ornamentation. Raised sutures are fewer in proportion than the former but increased during the 

CIE in almost all the sites except at 1212B and 1215A. Depressed sutures are very common in 

most foraminifera, and we regard this trait as being redundant. However, the high proportion 

of taxa without ornamentation during the CIE may be a feedback from the ocean acidification. 

Previous studies (Boltovskoy et al., 1991; Dubicka et al., 2015) reported a reduction in the 

ornamentation and apertural complexity with an increase in acidification of the ocean. The 

increase in the number of taxa with no ornament is interpreted as a functional response to 

reduce the structural complexity of foraminifera and conserve energy during the period of 

ecological stress. The reduction in structural complexity will make taxa more efficient and 

increase survival rates in the face of the extreme ecological conditions. Taxa such as 

Lenticulina have smooth surfaces, and they recorded an increase in abundance during the 

PETM due to their high resistance to dissolution. The increase in raised sutures trait seems to 

counter the reduction in structural complexity during the CIE as taxa with raised sutures such 

as T.selemensis occurred together with other taxa. However, there are other traits which could 

be responsible for the increase. 

6.2.5 Apertures 

There was a consistent increase in oval/reniform and slit-like apertures during the CIE in all 

the studied sites. Oval/reniform apertures are common with elongate taxa such as Buliminids, 

Nodosaria and Stilostomella. The increase in the proportion of this trait during the CIE may be 
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linked to increase in taxa listed above, hence the trait is regarded as a crucial functional trait. 

The decrease in arcuate trait during the CIE indicates that it is susceptible to ocean acidification.  

Environmental change does not seem to have any significant impact on the apertural 

accessories of foraminifera as no identifiable pattern could be recognised from the studied sites 

except for a decrease in the aperture with neck during the CIE.  Nevertheless, the most resilient 

trait in primary aperture position is the umbilical positions. Umbilical apertures increased in 

proportion during the CIE in most of the studied sites. We cannot convincingly explain how 

this is related to environmental change, but it is likely related to the ease at which gaseous 

exchange and dissolved nutrients can be assimilated through this form of apertures. Terminal 

apertures appeared to be prone to dissolution during the OAE, as it recorded the lowest 

abundance in all the studied core sites during the CIE interval except for Site 1215A. This could 

be that most of the taxa with terminal apertures are small in size or have a thin test which could 

easily dissolve during the ocean acidification. 

6.2.6 Perforation  

There is a significant decrease in the abundance of macro- perforation trait during the CIE in 

all the sites, making it the most susceptible test perforation in foraminifera. As discussed in 

previous chapters, macro perforation enhances dissolution by creating pathways for fluid 

penetration and reaction with the test. As taxa with micro-perforation require higher oxygen 

concentration to survive in an ecosystem, the decrease in the proportion of this trait during the 

CIE may be linked to the decrease in the oxygen concentration in the benthic environment 

during the PETM and the highly corrosive water associated with the ocean acidification. This 

same reason has been cited as the major cause of benthic foraminiferal extinction recorded 

during the PETM (Tekeda and Kaiho, 2007). No perforation, micro and fine perforation 

relatively increased in proportion during the CIE in all the studied sites indicating that these 

traits are very resilient.  

6.2.7 Life habit 

In terms of life habit, epifauna taxa decrease during the CIE while shallow infauna significantly 

increased in all the studied sites. Our data show that epifauna taxa were most affected by 

dissolution and suggest that most foraminifera vacated the epifauna habitat which was high in 

the corrosive water for the shallow infauna environment which was diluted with sediment and 

organic matter but still contained some oxygen, potentially just enough to survive. Also, 
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epifaunal taxa are composed of traits that make them susceptible to the impact of ocean 

acidification. Our result also showed that some species of foraminifera may have lived a dual 

lifestyle (fuzzy coding data), spending part of their life on the sediment surface to acquire 

oxygen and feed but move back through the soft sediment to the spend the rest of their life in 

the deep infauna habitat. In the deep infauna, they may be inactive for a long period of time in 

order to save energy. Past studies of traits that enhance the survivability of benthic fossils 

during extreme ecological events indicated infauna life habit as a crucial survival trait 

(Twitchett, 2006). The feeding habit and mobility traits closely mirrored each other in all the 

sites, there were high proportion of deposit feeders indicating that most of the foraminifera may 

have lived infaunally. Suspension feeding and grazing traits are less in proportion, with grazing 

increasing slightly in abundance during the CIE. Most of the foraminifera are indicated to be 

sessile, only a few clinging and swimming species were recorded.  

6.2.8 Foraminiferal trait sensitivity/selectivity during the PETM across the studied sites  

In general, our analyses show that functioning in foraminifera  is driven by traits such as spiral 

test shape, elongate test shape, agglutinated test, hyaline calcite test, hyaline aragonite test, 

porcellanous test, bi/tri-serial chamber arrangement, uniserial chamber arrangement, 

planispiral chamber arrangement, trochospiral chamber arrangement, spherical/oval chamber 

shape, triangular chamber shape, semi-circular chamber shape, depressed sutures, raised 

sutures, no ornament, costae ornament, muricae ornament, oval/reniform aperture shape, 

arcuate aperture shape, slit-like aperture shape, terminal aperture, basal interiomarginal 

aperture, umbilical aperture, aperture with lips, aperture with bifid teeth, aperture with neck; 

micro-perforation, fine perforation, macro-perforation, no perforation, deep- infaunal, shallow-

infaunal, deposit feeding, and grazing. In a real sense, the composition of these traits varies 

from site to site, but the list represents the overall observation. There are some evidence of 

functional redundancy in foraminifera as indicated by trait and faunal distribution and this 

could be the reason for their continual provision of ecological functioning even in a period of 

extreme perturbation.  

In the planktonic category, traits such as hyaline calcite, triangular/trapezoid, muriae, lips, 

umbilical – extra umbilical apertures, perforations surface dwelling and grazing (Figure 5.7) 

were highlighted as resilient and traits that sustained function during the hyperthermal. These 

traits are associated with taxa that are tolerant to warm temperatures. Traits such as elongate, 

bi/triserial, terminal, deep dwellers and suspension feeding that increased during the recovery 
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suggest that more and quality food material got to the deeper water after the CIE and that the 

ocean has relatively cooled down but not as much as in the pre-CIE which were dominated by 

traits such as trochospiral, semicircular and smooth which is linked to a more cooler 

environment. Hyaline calcite is the only modality in test composition (Figure 5.8). There is no 

doubt that trait played a significant role in the ocean carbon cycle during the PETM, hence 

should be regarded as a crucial functional trait of the organism.  

This study has contributed to the understanding of the impact of extreme conditions on the 

ecological functioning of the foraminiferal community using the BTA. Initial research by 

Caswell and Frid (2013); Frid and Caswell (2015, 2016) has documented the impact of the 

ocean anoxia on the macrobenthos through the change in their biological attributes and reported 

that changes in the biodiversity of the fauna are closely related to the ecological function they 

perform. In this study, we demonstrated a direct relationship between the fauna assemblage as 

well as trait composition and the degree of ecological disturbance associated with the PETM 

by linking traits to taxa and how both changed across the PETM event. The results from this 

study show that the more stable the ecosystem is,  the more similarity in the faunal and 

functional composition is observed, but if the ecosystem is unstable, the faunal assemblage and 

the function they provide will reflect the dynamics of the changes taking place in the ecosystem 

and become much disorganised.  

The non-Metric Dimensional Scaling (nmMDS) ordination of faunal assemblages at Site 

1209B (Figure 3.3) indicates a stable pre-CIE and recovery communities because the samples 

in both communities grouped tightly together, however, the faunal community within the CIE 

(PETM) interval are more widely separated. The disconnected nature of the CIE community 

(samples), especially at the earlier part of the PETM, is interpreted as an evidence of ecological 

disturbance during the hyperthermal. Stability returned to the benthic ecosystem in the later 

part of the event as the upper part of the CIE sample ordinated with the recovery community. 

The similarity of the upper part of the sequence recovery may be related to the resolution and 

length of the interval analysed. The provision of the ecological function was shown to be stable 

before and after the PETM based on the ordination of trait composition (Figure 3.3), the traits 

at pre-CIE and recovery grouped nicely together indicating harmony and collaboration in the 

provision of ecological function while the traits of the CIE section are widely distributed which 

is a sign of constant change in the trait and functioning of the ecosystem and an indication of 

instability (see Figures 3.3 and 3.4).  
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Site 1212B faunal and trait composition ordinations (Figures 3.8 and 3.9) are very similar to 

the Site 1209B records. The pre-CIE and recovery clustered together in their respective groups 

suggesting stability in seafloor as well as services provided by benthic foraminifera during 

these periods. However, the CIE samples are widely scattered and in a sub-group of three which 

is interpreted as a sign of ecological extremis coeval to the stages in the release of greenhouse 

gases during the PETM. It also suggests that the provision of ecological services by 

foraminifera was disorganised by the hyperthermal but not completely terminated.  

The ecological disturbance in Site 1215A is more difficult to understand as no definite pattern 

could be recognised from the nmMDS ordination of both faunal assemblages and trait 

composition (Figures 4.7 and 4.10). This could be as a result of the core location and high 

export productivity associated with the Northeastern Pacific Ocean (Ma et al., 2014). The 

evidence from sedimentological and geochemical analyses indicate that high productivity and 

ocean anoxia in the area around Site 1215A (Ma et al., 2014) existed prior to the PETM and 

persisted even after the hyperthermal. The clustering together of CIE samples within the entire 

sample is an indication of a change in ecology during the PETM (Figure 4.7), but the pattern 

of ordination is not clear enough to estimate the degree of ecological disturbance during the 

period. The clustering of all the communities (pre-CIE, CIE and recovery) together suggest 

that only the foraminiferal specimens resistant to ocean acidification were preserved, and all 

the evidence of the ecological change in the faunal composition, as well as ecological 

functioning, may have been lost due to high rate of test dissolution recorded at Site 1215A (see 

Chapter 4). 

The nmMDS ordination of the benthic foraminifera assemblage at Site 1265A recorded the 

impact of the ecological disturbance on the composition of foraminifera before, during and 

after the PETM. The pre-CIE community shows wide separation in figure 5.9 indicating that 

the earlier release of methane hydrate that caused the PETM started perturbation in the benthic 

foraminiferal community even before the (CIE) peak of the warming. The CIE community 

(Figure 5.9) was scattered around the entire plot indicating extreme benthic ecological 

perturbation. Only the recovery community was grouped together suggesting that the benthic 

ecology at that time was stable. The disorganisation of the pre-CIE community supports the 

hypothesis of Zachos et al. (2005) that the methane hydrate that caused the PETM may have 

originated from the Atlantic Ocean. This may be the reason for the benthic ecological 

disturbance before the CIE in the Atlantic Basin. The trait ordination separated the samples 
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into three groups, with the most disturbed samples in group A, less perturbed samples in group 

B and an event which we could not interpret in group C.   

The faunal community in Alamedilla also showed some evidence of ecological disturbance 

during the CIE but the samples before the PETM (pre-CIE) tightly grouped together to indicate 

stability in the benthic ecosystem. The early part of the CIE was the most affected as the 

samples are separated apart, and we interpret this as evidence of severe benthic ecological 

perturbation. The foraminiferal analysis recorded the lowest abundance of species at this 

interval (Alegret et al., 2009) and the benthic foraminiferal extinction was the severest at 

Alamedilla when compared to the other sites studied. The nmMDS ordination indicates benthic 

ecological stability in the later part of PETM with nicely clustered samples. There were only a 

few (three) samples analysed in the recovery interval and it is not enough to speculate on the 

stability of the ecosystem during the recovery phase based on the number of samples studied. 

Just as for the faunal assemblage ordination, the trait composition indicates ecological stability 

in the section before the PETM and instability during the early part of the CIE. The recovery 

sample ordinated differently from the rest of the group by aligning on a straight transect and 

we cannot speculate the stability of ecology based on the ordination.  

6.3 The past as the key to the future.  

If the law of uniformitarianism, which states that the present is the key to the past, is an 

established geologic principle, it can also be right to say that the past is the key to the future. 

A lot of effort is being invested in understanding how the current change in climate will affect 

the marine environment and biodiversity in the future because it has been forecasted that 2000 

to 4000 Gt of carbon will be released into the Earth system in the next few centuries. The 

impact of this large volume of CO2 in the ocean has been forecast to be more severe than any 

ecological crisis experienced on Earth in the past 65 million years. Some authors have 

suggested that the sixth mass extinction has already started (Barnosky et al., 2011). One of the 

objectives of this study is to understand the feedback of calcareous marine micro-zooplankton 

to extreme climate in the future.  Forecasting what will happen in the future is a herculean task 

because not only that all the parameters controlling the Earth system are not fully understood 

but also the Earth history is not entirely documented in the stratigraphic records due to hiatuses 

and poor preservation resulting from continual earth processes. Despite the incompleteness of 

the sedimentary record, the fossil data still have the potential to show us how ecosystems 

change over a longer timeframe. Predicting how the marine environment will look in the future 
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is particularly difficult because it involves an infinite number of complex systems and highly 

interconnected variables comprising of physical, chemical and biological processes. Though 

the exact prediction of the outlook of the future ocean may not be attainable, a clue from the 

past and contemporary events could help in making educated guesses.  

For the fact that the CO2 emission is increasing at an exponential rate (IPCC,2013) since the 

industrial revolution and that the future ocean will be warmer than they now are, means that 

acidification of the ocean will increase. The increase in ocean acidification will result in a wider 

spread of oxygen minimum zones and hypoxia (Aze et al., 2014a; Secretariat of the Convention 

on Biological Diversity) across the globe. The global anoxia that will result from the 

environmental change will be more severe and unprecedented because of the domestic and 

industrial wastes including the plastics already residing in the present day ocean (Frid and 

Caswell, 2017). In addition, a rise in temperature will lead to an increase in rainfall and land 

runoff, eroding and transporting minerals from the continents to the ocean as reported during 

the PETM. 

Another impact of the future environmental change in the ocean that also occurred during the 

PETM (Nunes and Norris 2006) will be a change in deep water circulation. The thermohaline 

circulation will become sluggish leading to less oxygen and nutrients reaching the benthic 

realm in the abyssal zone and a significant reduction in upwelling. In the present day ocean, 

the temperature differences between the tropics and poles ensure that high oxygen, cold and 

nutrient-rich deep water sinks at high latitudes and upwells at the equator and promoting high 

surface productivity, but this may be slowed entirely or reversed due to increase in temperature 

hence, resulting to productivity collapse in the future ocean (Birch et al., 2016).  

The primary feedback of these changes in the ocean on the marine fauna will be migration; 

surface dwellers will move deeper into the water column and distorting the marine trophic 

arrangement. The result from this study showed a significant decrease in epifauna taxa and 

increase in infauna taxa during the CIE. Also, a recent study on the changes in δ13C and δ18O 

of planktonic foraminifera showed that some surface dwelling species of Acarinina descended 

to the thermocline at the onset of the CIE (Si and Aubry, 2018) thereby invading other species 

habitat and resulting to competition with their indigenous species. Migration of Apectodiunium 

augustum from the tropics to the poles has also been reported during the PETM (Sluijs et al., 

2007) and with an increase in current global temperature; migration of species in search of a 

more comfortable ecosystem is inevitable. Already marine zooplankton are migrating towards 
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the poles at 23 km y-1 (Frid and Caswell, 2017). Also predicted is the reduction in species 

abundance at the equator to the tune of 50% in half a century from now.  Lower temperature 

taxa will have no place to move to and may eventually disappear due to extreme environmental 

conditions. Nevertheless, a harsh environmental condition will result to increase in 

opportunistic and disaster taxa as well as an evolution of new species with complex 

morphology just as the excursion taxa recorded during the PETM. Our observation from this 

study and other studies across the PETM show a significant increase of opportunistic taxa 

during the event.   

The decrease in ocean pH due to acidification will result to a significant reduction in 

calcification of foraminifera, and other calcareous marine organisms, taxa with high perforation 

such as Haynesina germanica will drastically reduce in abundance or evolve to a less 

perforated species. In general, the impact of the current environmental change will result to 

habitat loss, ecological stress and eventual mass extinction of taxa that cannot adapt to the 

environmental changes.   
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CHAPTER 7 

General Conclusions 

Foraminiferal census data from four ODP sites in the Pacific Ocean (1209B, 1212B, and 

1215A), South Atlantic (1265A) and an outcrop of pelagic sediment at Alamedilla (Spain) have 

been studied to understand the changes in foraminiferal ecology during the Palaeocene-Eocene 

Thermal Maximum. The foraminiferal census data from ODP Sites 1215A and 1265A were 

processed, counted and analysed during this study while data from ODP Sites 1209B, 1212B 

and Alamedilla has been previously published by Takeda and Kaiho (2007) and Alegret et al. 

(2009) respectively. All the foraminifera taxa identified from this site were subjected to 

qualitative and quantitative analyses and used to study the fauna and trait changes in 

foraminifera during the PETM. 

The main aim of this thesis as stated in chapter one was to explore the usefulness of biological 

trait analyses (BTA) in investigating the impact of extreme climate on the ecology of fossil 

foraminifera in the marine environment. The results from this study have shown that ecological 

changes could be characterised with the trait composition of foraminifera (Chapters three, four 

and five). BTA technique produced a more quantitative and integrated picture of 

palaeoecological change in all the studied sites when compared to results from the conventional 

faunal assemblage analysis. The results from this study also showed that changes in 

foraminiferal traits did not occur at the same time as the faunal turn-over in foraminiferal taxa, 

implying that traits of foraminifera are conserved. Although the faunal assemblage differed in 

composition at each of the studied sites, their trait composition was relatively similar, 

suggesting that BTA reduces the effect of synonymy from the taxonomic assemblage. The 

approach has proved to be useful in understanding the ecological functioning of foraminifera 

during an extreme ecological disturbance in the marine ecosystem, however, for this tool to be 

effectively deployed in foraminiferal studies, there is a need to update the trait composition of 

described foraminiferal taxa in the existing palaeobiological database.  

The primary ecological functions provided by foraminifera are carbon sequestration and food 

source for a higher trophic organism such as marine snail, jellyfish, sea anemones and coral. 

To quantify the exact link between the traits and functioning is not a straightforward task but 

the calcification of foraminifera from the seawater carbonates serves as a carbon sink, and 

when they are fed on by the larger organism, they contribute to the sustenance of the marine 

food chain and the health of the oceans. The high occurrence of hyaline calcite test in all the 
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trait compositions indicates that carbon sequestration during the PETM was only reduced but 

did not collapse entirely. However, the feedback mechanism from the increased temperature 

leads to increased faunal abundance as well as functional diversity immediately after the 

hyperthermal. The increase in the abundance of foraminifera will also lead to increase in the 

organism feeding on them, the calcareous predator such as snails and other non-calcifiers will 

increase the drawdown of both organic and inorganic carbon from the ocean. This may have 

contributed to the recovery of the marine ecosystem after the PETM. 

This study also indicated that changes in the trait composition of foraminifera are related to 

ecological parameters such as carbon fluxes, productivity, ocean acidification, nutrient/food 

supply oxygen concentration, and competition. The link between each trait and the ecological 

parameter is summarised in table 7.1 below. 

Table 7.1: Foraminiferal traits and related ecological parameter 

Traits Related ecological parameters 

Test composition  Carbon sequestration, ocean acidification, 
Test shape 
and chamber 
arrangement 

Productivity, ecological disturbance, oxygen concentration 

Ornamentation Ecological disturbance, ocean acidification 

Apertures Ocean acidification, productivity, nutrient/food utilisation 

Perforation Oxygen concentration, ocean acidification 

Life habit Ocean acidification, productivity, oxygen concentration, competition, 
nutrient/food utilisation 

 

In general, findings from this study has improved the overall knowledge of the wide range of 

investigations that BTA can be used for and the technique has proved to be very useful in 

grouping taxa that share similar traits to understand how they are impacted during extreme 

climatic events. In this study, the results from the biological trait analysis did better than the 

conventional faunal assemblage interpretations techniques in the understanding the impact of 

ocean acidification on the palaeoecology of foraminifera. Because, the trait analysis provided 

a quantifiable synthesis for a better understanding of biostratigraphic events in all the studied 

sites. This was due to the synonomy and differences in taxonomic composition recorded across 

the studied sites. The results from this study have also shown that information on the 

morphological and physical characteristics of foraminifera can be used to characterised 

climatic events and changes in sedimentary facies across different basins. 
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Another interesting result from this study is that instability in faunal composition leads to the 

instability of functional ecology (nmMDS results). When ecological conditions change, the 

ecological function was often maintained for a substantial period by trait manoeuvring. This 

was different from what was observed at Alamedilla where there was a sudden extinction of 

most of the taxa leading to a total collapse of functioning (Chapter three). We cannot say how 

possible this scenario could be because there was a bloom of fauna immediately after the 

extinction; hence we think that the section recorded as dead zone may have been an 

unconformity layer and most of the taxa that existed at that time coeval to the BEE must have 

been eroded. This highlights the challenge of reconstructing ecological function in deep time, 

as the reconstructions similar to this study may have been constrained by the degree of 

preservation of fauna that existed in the community (Chapter 3). Because most foraminifera 

are reported to be calcareous, an enormous number of taxa must have been lost to dissolution 

considering the location of the cores and period studied.  The lost taxa may have hugely 

affected the faunal composition and the understanding of foraminiferal ecology. Nevertheless, 

results from the BTA indicated that redundancy in trait composition compensated for the lost 

taxa. In most cases, foraminifera communities respond by increasing the abundance of 

opportunistic or crisis taxa to make up for the lost species. 

This study also investigated the tenacity of foraminiferal traits in the face of the extreme 

ecological condition. Our data show that traits such as spiral and elongate test, bi/triserial and 

trochospiral chamber arrangement, triangular/trapezoid and spherical/ oval chamber shape, 

umbilical aperture, slit-like aperture, terminal aperture, basal interiomarginal aperture position, 

no aperture accessory, no perforation, fine perforation, no ornament, shallow infauna, deposit 

feeding and sessile lifestyle increased during the CIE in most of our study sites hence are 

regarded as resilient. Spiral and elongate test, bi/triserial, deposit feeding, terminal apertures 

are believed to be resilient to high organic matter influx (Chapter three, this study), and taxa 

with fine/ no perforations are resilient to low oxygen concentration while shallow infauna, 

deposit feeding slit-like aperture, umbilical aperture, basal interiomarginal aperture position 

are resilient to most ecological stress. The traits described as resilient in this study are related 

to the crisis taxa that predominate during the CIE. For instance, if the prevailing crisis taxa in 

a location is N. truempyi and Q. profunda, traits such as spiral, trochospiral and umbilical 

apertures will be highlighted as the resilient traits (Figure 3.5) but if taxa such Buliminids 

dominate during the period of ecological stress, trait such as elongate, bi/triserial, deposit 

feeding, terminal apertures, triangular/trapezoid would be highlighted as the most resistant trait 
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(Figure 4.11). This means that foraminiferal traits should not be interpreted independently of 

the taxonomic composition.  

The results from nmMDS ordination in this study have also shown that the degree of ecological 

disturbance in the ecosystem can be interpreted based on the similarity in the faunal and 

functional (trait) composition of foraminiferal communities. The results indicated a disturbance 

in the benthic and pelagic ecology in all the studied sites during the CIE. Only Site 1265A 

recorded the onset of instability in the benthic ecosystem at the pre-CIE interval, probably 

because of the site proximity to the source of the exogenous carbon pool that caused the PETM. 

Other evidence of ecological disturbance is the arrival of new (invasive) species or the 

disappearance of the pre-existing taxa during the CIE which was recorded in all the studied 

sites.    

The results from the faunal composition showed that foraminiferal assemblages identified from 

all the studied sites were poorly preserved due to the ocean acidification associated with the 

PETM. Benthic foraminiferal extinction was recorded in all the studied sites, but the extinction 

pattern differed in all of them, only the extinction of G. beccariiformis was common in all the 

sections studied. The benthic foraminiferal extinction did not wipe out all the Valesco –type 

fauna from our studied sites and no established excursion taxa were present in the planktonic 

foraminiferal composition of Site 1265A.  The primary cause of the biotic turnover and 

extinctions during the PETM is probably the increase in temperature resulting from climate 

change and natural cycles. 

The bigger picture from this study suggests that the current environmental change will result 

in the migration of foraminiferal species from their original habitat and create an extreme 

ecological crisis and eventual mass extinction. The mass extinction that will result from this 

current climate change may be more severe than that of the PETM because of the rate of change 

as well as the domestic and industrial wastes including the plastics residing in the present-day 

ocean. The thermohaline circulation may be revised or become sluggish, and this will lead to 

less oxygen and nutrient reaching the benthic ecosystem, a significant reduction in upwelling 

and possible productivity collapse in the ocean.  
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Future work 

This thesis has assisted in developing the application Biological Trait Analysis (BTA) to 

understand the ecological functioning of foraminifera in the marine environment and 

investigating the impact of extreme climate on the foraminiferal assemblages as well as its 

functions. The findings from the study are significant as they will enable us to understand the 

impact of current climate change on the functioning of these organisms in the future. However, 

the study has also raised some exciting avenues for consideration and for future research such 

as why there is still an abundance of foraminifera during the OAE with some low oxygen taxa 

co-occurring with oxic indicators and coccolith incorporation in foraminifera. There is a need 

to investigate this further and to track size changes in foraminiferal species across the PETM 

as well as harmonise the traits classification. 

 In the future, we hope to follow up this work by investigating the nitrate respiration in 

foraminifera to understand which foraminifera respire nitrate in the absence of oxygen as 

reported by Ren et al. (2015) and Keating-Bitonti and Payne (2017). Results from previous 

studies recognised that some species of foraminifera could denitrify and can incorporate 15N in 

their test during calcification (Straub et al., 2013; Ren et al., 2012 and 2015). To understand 

how foraminifera survived during the period of extremely low oxygen concentration, there is 

a need to study in detail the composition of 15N on the test of foraminifera before, during and 

after the CIE. Even though the ecology may have changed over the years, significant 

similarities still exist between the palaeorecords and the present. To constrain the variability of 
15N isotope during the PETM, the values from the foraminiferal isotopes will be compared to 

those of the bulk sediment, living foraminifera and water samples from the present oxygen 

minimum zone as a control for the palaeo-records.  

Nitrogen isotopes incorporated in foraminifera test can be used as good proxy for changes in 

nutrient condition and cycling of fixed nitrogen in recent and deep time ocean sediment 

(Galbrait, et al., 2008; Granger, et al., 2008; Sigman et al., 2009; Meckler, et al., 2011). 

Studying the nitrogen isotope composition during the PETM will provide a better 

understanding of the nutrient conditions in the ocean at that time and provide some insight into 

nitrate respiration by foraminifera. 

There are conflicting classifications of some foraminiferal traits especially living and feeding 

habits in the existing publications and future work should consider harmonising/updating the 
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traits classification existing in online databases and other publications to reduce the problem 

of synonymy in foraminifera taxonomy. 

The data on the diagenesis of foraminifera in Chapter 4 has raised the need to investigate more 

on the coccolith incorporation in the foraminiferal test to understand if it is a diagenetic artefact 

or process of calcification by foraminifera. Even though some studies in the past (Henrikson et 

al., 1998) reported that some agglutinated foraminifera taxa use coccoliths to build their shells, 

some species previously described as entirely hyaline calcite (Holbourn et al., 2013) are found 

in this study to be composed of huge amount of coccoliths in their test and this needs more 

investigation to ensure that foraminifera test composition is appropriately classified in future 

biological trait analysis.   
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