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Abstract Biological Trait Analysis (BTA) has been used to examine the effect of high ocean productivity on the
ecological functioning and foraminiferal preservation at the PETM section of ODP site 1215A, Northeast Pacific
Ocean. The faunal composition of the studied section indicated a foraminiferal 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. Over 20 species of benthic foraminifera went into extinction during the PETM at ODP site
1215A. The results from the foraminifera trait analyses suggest that taxa with elongate and bi/triserial tests were the
most resilient to the acidification of the ocean as most these taxa increased in abundance during the CIE while taxa
with complex apertures and coarse-perforation tend to most vulnerable. Ocean acidification resulting from high
productivity also led to the loss of ornamentation in benthic foraminifera as shown by high prevalence of taxa with
no ornament. There was no order in the nmMDS ordination of both taxonomic and trait composition of the
recovered foraminifera suggesting continual environmental perturbation across the studied section. The scanning
electron microscope (SEM) image of some recovered foraminifera revealed evidence of dissolution/etching, extreme
recrystallization and secondary calcite cementation on the test. The amount of coccoliths incorporated on 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 agglutinating processes in the
later stage of their life history.
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1. Introduction

The equatorial Pacific Ocean is very crucial in the
global carbon budget as it is estimated to have the largest
export primary production of 20%-60% in the modern
oceans [1]. Productivity in the modern equatorial Pacific
is reportedly the highest compared to any other pelagic
biomes in the world [2]. 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 [1]. 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 CO, partial
pressure (pCO,). Although the physical and chemical
properties of the Pacific Ocean may have differed
somewhat from what they are now during the Palaeogene,
existence of high palaeoproductivity has also been

reported in the North equatorial tongue during the Eocene
[3,4,5] at which time the equatorial Pacific also accounted
for significant volume (60%) of the global ocean [1].
Foraminifera are unicellular marine protozoans with
calcareous shells usually subdivided into chambers. It first
appeared in the geologic record in the mid — Jurassic (70
million years ago; [6]). Foraminifera live in different parts
of the ocean, from the surface water to sediments in the
seabed [7,8,9]. They usually produce shells, 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 [10]. Ocean productivity is the main
driver of foraminifera turnover in the open ocean benthic
ecology as it controls the amount of oxygen available for
faunal utilisation while parameters like bathymetry/water
depth, temperature and salinity have less influence in the
foraminiferal ecology as previously thought [11]. The
response of foraminifera to the organic carbon flux to the
ocean floor is controlled by the quantity and quality of the
organic material arriving at the ocean floor though, the
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mechanism of biological carbon pump is not yet fully
understood [11,12,13].

Benthic foraminifera are a very useful tool for the
reconstruction of palaeonvironmental changes in the sea
floor because they constitute a major proportion of the
benthic biomass in the open ocean and records the
physico-chemical changes in the ocean in their test
[14,15,16]. 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 [16]

The Palaeocene — Eocene thermal maximum (PETM)
which took place ~55 Ma was a period of extreme climatic
event characterised by a rise in the global temperature to
the tune of 5-8'C. This hyperthermal was caused by the
injection of large amount of light carbon into the earth
system leading to negative carbon isotopic excursion (CIE)
of 3%.. The result of the large input of carbon in the
oceans was massive acidification of the surface and deep
ocean, carbonate dissolution, shoaling of the lysocline
and carbon compensation depth (CCD), increased
hydrological cycle, expansion of oxygen minimum zones
and widespread sea bottom anoxia [17,18,19,20,21,22].
The understanding of the impact of this climatic event in
the benthic ecosystem will give an insight on how
the current global warming will affect the deep-sea
bottom-dwelling fauna in the near future.

Increase in primary and export production has been
widely reported during the PETM [2,5]. [5] noted that the
combined counteracting feedback of the hyperthermal on
the physical, biological and chemical properties of
the ocean makes the evaluation of palaeoproductivity
difficult; however, the result from their study of barite
accumulation rate (BAR) indicated that high pCO, had a
fertilising effect on the primary producers which led to
increase in reproduction and coeval increase in export
production. Biogenic barium is a good indicator of
biological productivity because it is well preserved in
pelagic settings and has a burial efficiency of more than
30% [23,24]. The high rate of BARs during the PETM
correlates well with the increase in export production i.e.
carbon flux from the surface water to the intermediate and
deep waters [25], which is also a function of primary
production. The increase in atmospheric pCO, resulting
from high temperature will increase the production of
carbon rich particle and nitrogen fixation as well as other
high nutrient element thereby increasing the efficiency
of the biological carbon pump [5]. Increase in the
temperature of the ocean as observed during the PETM
can also lead to increase in bacterial activity and organic
matter regeneration [5] and higher export production.
More so, increase in nutrient in the ocean either by
continental runoff or upwelling from the deep-sea causes
blooms of phytoplankton and could lead to increased
export production to the ocean beds.

The lithologic composition and digital core photos
across the PETM in site 1215A (Figure 1) is a vivid
evidence of the existence of increased palaeoproductivity
and abundance of the organic matter even before the
PETM as the majority of the section is brown — dark
brown in colour.

Nevertheless, the onset of ocean acidification during
PETM (core 1215A- section H3) also contributed to the
brownness in the sediment (Figure 1).

This study examined the impact of extreme climatic on
the benthic foraminiferal communities and their ecological
functioning (here defined as the role performed by
organisms in the maintenance and regulation of ecosystem)
in the subtropic ecosystem. A technique known as
biological trait analysis (BTA) was used to understand the
impact of high palaeoproductivity (established in previous
studies) on the faunal assemblage and trait composition of
benthic foraminifera. Biological trait analysis is a
multivariate statistical approach used to describe species
distribution, their biological characteristics and how it is
related to the running of their ecosystem [26,27].
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Figure 1. Digital core photograph of Core 1215A H8. The
brown coloration is an indication of high organic matter content. The
PETM section is found in the darkest part of section 3
(http://web.iodp.tamu.edu/OVERVIEW)

The objectives of this study include;

1. Detailed analyses of the PETM benthic
foraminiferal assemblage from site 1215A and
study how increased productivity affected the
faunal assemblage and composition.

2. lInvestigation of trait changes in the identified
foraminiferal and interpret their ecological
functioning during the PETM.
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3. Evaluate the impact of ocean acidification on the
preservation of benthic foraminiferal test.

2. Materials and Method

2.1. Materials

Thirty-eight (38) core samples were selected from
ODP Leg 199, site 1215A, Hole 6 & 8 for this study.
Site 1215A is located at latitude 26.0296 and
longitude-147.9332 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 with continuous sediment cover. Molokai Fracture is
characterised by an extensional tectonic setting and with
hydrothermal vents around it. Hole A cored at site
1215 were drilled at 5396 metres below sea level (mbsl) at
26°01.77'N, 147°55.99'W [28]. The summarised stratigraphy
of site 1215 [28,29] indicated that the Hole composed of
~70m of pelagic clay and clayey nannofossil ooze. The
stratigraphy of the Hole A is subdivided into units I, 11 111
and IV based on the characteristic sedimentary facies.
The unit | is composed of red clay intercalated with
zeolites. Unit Il 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 Il is a metalliferous dark — brown ooze
with little clay and no ash nor fossil, it is unconformably
overlying the basaltic igneous rock of unit V. Site 1215 is
one of the numerous sites cored to study the Palaeogene
palaeogeography. The key objective of coring this site
was to understand the feedback mechanism from the
ocean carbon budget as a result of extreme (warm)
temperature and climatic condition. The understanding of
hyperthermal event like the PETM [17,18,30] provides an
important insight on how the earth and ocean ecosystems
response to the astronomical increase in the greenhouse
gas concentration caused by fossil carbon.

2.2. Methods

Prior to the statistical analysis, foraminiferal specimen
were extracted by soaking and washing of ~10cc sediment
with a 63um sieve and allowed to dry after getting rid of
all the muds. Benthic and planktonic foraminifera were
picked, identified and counted from the dry residue. Due
to the poor preservation of planktonic foraminifera, they
were excluded from this study to minimise taxonomic
errors as benthic foraminifera were better preserved
though with signs of dissolution and frosty appearance.
Foraminiferal preservation was studied using the Scanning
Electron microscopy.

After sorting and identification of the recovered fossil
foraminifera to the lowest possible taxonomic level,
thirteen (13) biological traits were selected based on their
functional role. The traits believe to reflect the ecosystem
services provided by the recovered foraminifera include;
A. Test Shape, B. Test Composition, C. Chamber arrangement,
D. Chamber shape, E. Test macro-ornamentation, F. Test
Micro-ornamentation, G. Aperture form, H. Aperture
accessory structures, 1. Primary aperture position, J. Test
perforation, K. Life habit, L. Feeding habit and M.

Mobility. These thirteen functional traits were further
subdivided into 64 nominal categorization referred to as
modalities as shown in Table 1.

A procedure developed by [31] known as fuzzy coding
techniques was used in describing the affinity of various
species to different modalities. This process expresses the
intraspecific variation in trait composition of all the
foraminiferal species recovered from the analysed cores.
The affinity of each trait to the associated modality is
expressed using a scale of 0.0 — 1.0 with 0 representing
absence / no affinity to the trait category and 1 illustrating
dominant / high affinity to the trait. Where a species does
not exhibit a particular trait, all the associated categories
are filled with 0 to avoid altering the result of further
analysis. For instance, Oridorsalis umbonatus has spiral
test and a semi-cicular shape. For instance, during the
fuzzy coding, O. umbonatus was classified as follows: Al.
Spiral (0.6) A2. Elongate (0) A3. Globose (0.4) A4.
Tubular (0) A5.Subquadrate (0) A6. Others (0). This
implies that using this method allows each trait that
exhibited more than one modality to scored according to a
particular trait “weight”, but the total score of all the
categories will sum to unity [32]. Data on biological traits
were obtained from the laboratory during the foraminiferal
identification / analyses as well as from the biological
datadase such as WORMS - World Register of marine
species: http://www.marinespecies.org, The Palaeobiology
database http://palaecodb.org and Fossilworks http://
http://fossilworks.org/. The frequency of each trait
modality in the dataset was calculated by multiplying the
category scores with the total abundance of each species
exhibiting those modalities. This was achieved by simple
matrix multiplication method [27,33]. The result of this
data treatment is a trait table that shows the relative
abundance of all the biological traits recorded in all the
species across the whole samples.

2.2.1. Statistical Analysis

Statistical analysis of both the species abundance and
biological trait datasets were performed with Primer ver.6
[34] and excel spreadsheet. All the counted foraminifera
were grouped into three factors (Pre-CIE, CIE and
Recovery) according to their position in the sample
relative to the PETM interval

The foraminiferal compositions and traits similarities
across the PETM was calculated using the Bray-Curtis
index resemblance matrix. The resemblance data was
transformed with Log (x+1). A Log (x+1) modifies the
species relative abundance to reduce the influence of the
dominant species on the data [35]. The taxa abundance
data were standardized prior to any transformation however,
trait data was not subjected to this procedure because it
had been standardized during the fussy coding process.
The transformed data was plotted for a non-metric
multidimensional scaling ordination (hnmMDS) based on
the Bray — Curtis similarity matrices. nmMDS is based
on the rank similarities of samples and produces an
ordination plot showing relative differences/ resemblance in
biological trait composition across the PETM (Pre-CIE,
CIE and Recovery) intervals. Analysis of similarity tests
(ANOSIM) were used to test for significant differences
between various traits and samples across the three PETM
sections.
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Table 1. Example of traits and associated modalities used in biological traits classification of foraminiferal communities

Traits Modalities
A. Test Shape ALl. Spiral A2. Elongate A3. Globose A4. Tubular A5. Others
B. Test Composition B1. Agglutinated B2. H){allne B3. Hya!lne B4. Secreted: B5. Others

calcite aragonite Porcellanous
C. Chamber arrangement C1. Unilocular C2. Uniserial C3. Bi/Tri-serial C4. Planispiral C5. Trochospiral  C6.0Other

. D3. Triangular or s
D. Chamber shape D1. Spherical/Oval D2. Tubular trapezoidal D4. Semi-circular D5. Others
E. Test macro-ornamentation E1. Depressed sutures Eiﬁﬁﬁlessed E3.Ponticuli E4. Keeled E5. Others
F. Test micro-ornamentation F1. No ornament F2. Spinose F3. Striate F4. Costae 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. Teeth H3. Neck H4. None
I. primary aperture position 11. Terminal - |2.' Basal_ 13. Umbilical 14 Extra-umbilical 15. Others
interiomarginal
J. Test perforation J1. Microperforation J2. que J3. Coal_’se J4. no perforation
perforation perforation
K. Life habit K1. Benthic epifaunal K2. Bgnthlc K3. B_enthlc K4. Others
shallow-infaunal ~ deep- infaunal

L. Feeding habit L1. Deposit feeder L2. Herbivore L3. Omnivore L5.0Others
M. Mobility ML1. Stationary M2. Mobile Ma3. Clinging M4, Others
3. Results The clustering together of the CIE samples is interpreted

3.1. 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 benthic
foraminiferal 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
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 Nuttallides, Anomalinoides,
Cibicidoides, Gyrodinoides and Valvalabamina (Figure 3;
Table 2).

The nmMDS of taxa composition showed that most of
the pre-CIE samples widely clustered at the base of the
plot except for a sample from 56.5 mbsf (Figure 2). 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
(Figure 2). 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.

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). 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 41.01lmbsf was an outlier. 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.

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 2). 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 increase in
the abundance of mostly heavily calcified taxa (Table 2).

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 foraminiferal
assemblage above were dominated by epifauna taxa with
few Buliminids (Table 2). Despite the high number of
species in this interval, their percentage contribution to the
total dissimilarity was very low.
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The CIE interval recorded the highest mean abundance
of Abyssamina quadrata, Nuttallides truempyi, Tappanina
selmensis, Paleopleurostomella pleurostomelloides and
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Coryphostoma crenulata and these taxa made the greatest
contribution to the dissimilarity (50% cut off) between the
pre-CIE and the recovery (Table 2).
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Figure 2. Non-metric Multidimensional Scaling ordination of benthic foraminiferal taxa composition (transformed with total resemblance) of Bray-
Curtis similarity from Site 1215A ODP Leg 199, Central equatorial Pacific Ocean

Table 2. 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 53
Nuttallides truempyi 2.08 2.77 1.38 5.12
Tappanina selmensis 1.78 181 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 34
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 0.04 041 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 0.84 171
Pullenia subcarinata 0.61 0.27 1.28 1.67
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Quadrimorphina profunda, Bulimina midwayensis,
Nonion havanese, Anomalinoides praeacuta, 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 [22,36].

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,
Rabdaminna sp., G. beccarriformis, Spiroluculina Spp.,
Neoflabellina  rugosa, Stilostomellia ~ plumerae,
Coryphostoma midwayensis, Falsoguttulina wolburgi,
Orthokarstonia clarki, Hemirobulina arcuta, Dorothia
retusa, Brotzonella monterelensis, Marsonella trochoides,
Oolina globosa, Ellipsoglandullina chilostoma and
Ellipsoidella cuneiformis (Figure 3).

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, valvalabamina praeacuta,
Buliminella beaumonti and Bulimina spp., Cibicidoides
Sp.3, Neoeponides hillebrandti and Paralabamina elevata
(Figure 3)

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 3) 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 3) 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 predominantly biogenic
carbonate which could easily be dissolved by acidification.
The taxa that survived or increased in abundance during
the PETM were mainly opportunistic epifauna and
triserial infaunal morphotypes (Figure 3 and Figure 4) 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
[37,38].

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 at this interval. 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.

3.2. Benthic Foraminiferal Traits
Composition in the Equatorial Pacific
Ocean

The trait composition of benthic foraminifera in site
1215A clustered together in two groups (Figure 5).
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



American Journal of Marine Science

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.

The result from the analysis of trait modalities with
SIMPER indicated 22 trait modalities contributed to the
similarities present in Site 1215A (Figure 6). Spiral test,

33

chamber shape, depressed sutures, and fine test
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

planispiral chamber arrangement, triangular/trapezoid  with lips, shallow infauna and deposit feeding.
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Al. Spiral

A2. Elongate

B3. Hyaline calcite
C3. Bi/Tri-serial

CA4. 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

HS5. None

I1. Terminal

J1. Microperforation
J2. Fine perforation
K2. Shallow-infaunal
K3. Deep- infaunal
L1. Deposit feeder

Figure 6. 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
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 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 be as a
result of a decrease in the survival rate of the organism as
ornamentation is associated with feeding and defence
mechanism of foraminifera [39]. Perforation also decreased
during the CIE while the mode of life shifted toward a
shallow infauna habit (Figure 6).
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3.3. 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
benthic foraminifera identified at Site 1215A. The SEM
imaging focused on the quality of preservation in selected

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 (Plate 1; Plate 2; Plate 3).
For example, plate 1 specimens 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.

foraminifera, and we have documented different stages of
foraminifera test alteration during the PETM at Site
1215A.

80pm 100pm |

A Cibicidoides dayi
B Unidentified foraminifera
C Bulimina sp

D Tappanina selmensis with coccolithophoreg
E Broken chamber of foraminifera
F Oridorsalis umbonatus

Plate 1. Foraminiferal 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. Plate 1 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.

A - D unidentified foraminifera with broken tests

E - F Foraminifera fragments

Plate 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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The process of foraminifera test alterations starts with
the roughening/etching of the initially smooth surface
(Plate 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 1A and Plate 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.

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 1 E and Plate 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 2 E- G, Plate 3 A- E). Also, the original
calcite crystal may have been replaced by neomorphism
and overgrowth (Plate 2 A — G). At this point, the test
may be destroyed beyond possible taxonomical
identification.

Discoaster sp

F. T selmensis coccolithophores
G. T. selmensis coccolithophores

90pm
|[Evidence of nannofossil incorporation in foraminifera test.
A. Foram fragment with coccolithophores
B. Magnified part of 7 selmensis test with many 7oweius sp and

c. Foram fragment with coccolithophores
D. Unidentified foraminifera with coccolithophores inside the test
E. Foraminfera fragment with coccolithophores

Plate 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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Many specimens of foraminiferal test recovered from
this study showed evidence of coccolith incorporation in
foraminiferal test (Plate 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 3 A, C and E
are foraminiferal fragments composed entirely of
calcareous nannofossil. One may argue if these fragments
are sediments recovered with the foraminifera, but
specimens B, D, G, and F in plate 3 showed part of
foraminiferal test composed of coccolith plates.

4. Discussion

4.1. 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 [27,40]. Similar foraminiferal
assemblages have been reported in many extreme climatic
events such as Cretaceous/Palaeogene boundary event
[41], Middle Eocene Climatic Optimum (MECO; [42]) as
well as the PETM [22,36,43,44,45,46,48]. 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 [45,46,49,50]. 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 3). 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 [11]. Also, the faunal composition in this interval
indicated a mesotrophic condition, with seasonally
fluctuating oxygen and transient high food environment
[22,41,43,47,51].

The composition of taxa at the CIE interval (Table 2;
Figure 3) are dominated by opportunists, characteristic of
low-productivity and possibly thriving in continuously
stressed dysoxic sea-bottom conditions [54]. These
species are reported to be common in the deep sea
especially around the BEE [22,36,46,52,54,55].

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
[56]. 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.

In terms of changes in benthic foraminiferal trait
composition, 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 known disaster taxa
[46]. These taxa have been reported to be tolerant to
increased phytodetritus rain to the sea floor, reduced
oxygen content and unstable ecological condition [22,54].
Spiral tests are found in a large number of heavily
calcified epifauna that are susceptible to changes in the
benthic ecosystem. The increase in taxa with bi/triserial
chamber (Figure 6) linked to the increase in the average
abundancebof elongate test during the CIE. This could be
used as a proxy for ecological stress in the seafloor.
Trochospiral test showed a relative increase in abundance
during the CIE and returned to the pre-CIE values at the
recovery interval (Figure 6). 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 seabed 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. [11]
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, this hypothesis
appears to be true in this study but more investigation is
recommended.

The ecological functioning of the benthic foraminifera
will, therefore, be complicated to interpret due to the loss
of some taxa that contributed to functioning due to
dissolution. Nevertheless, our BTA analysis shows that
ocean acidification caused by high export productivity had
a significant impact on the traits and by extension
functioning of benthic foraminifera. The high abundance
of highly calcified taxa indicated by the predominance of
hyaline calcite, spiral, trochospiral, elongate, bi/triserial
(Figure 3; Figure 6) 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 [57,58]. This is
because, despite the high degree of dissolution observed in
the foraminiferal assemblage, taxa with calcareous test
still dominate.

We think that foraminifera that survived during the CIE
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
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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 foraminifera that occurred during the
CIE in the study area as the result from this study
indicated a prevalence of the no ornament trait (Figure 6).
Loss of ornamentation in benthic foraminifera is linked to
extreme ecological conditions and has been previously
reported by [59] in the modern ecosystem. Ornamentation
in foraminifera is important in feeding, protection,
movement, and prey -predation relationship [59,60]. 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 [59]. The outer
ornamentation of foraminifera would likely be the first
point of attack by the corrosive bottom water and this
could lead to loss of ornamentation. 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 apertural modality of the foraminifera assemblage
was dominated by simple slit-like and arcuate form.
Because the majority of the foraminifera were shallow
infauna and deposit feeders, these forms of apertures are
suitable for absorbing dissolved nutrient rather than
ingesting food 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 [59].

4.2. Coccolith Plates Incorporation in
Foraminifera - A Dual Process of Test
Building or Artifact of Diagenesis

The incorporation of some nannofossils in the test of
foraminifera may be a result of post-depositional
diagenetic processes, however, It is believed that 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 sea water as
well as incorporating some coccolith plate into their test
later in life by agglutinating process. Previous studies
have reported benthic foraminifera building their test
with coccolithophores by agglutinating processes and
some planktonic foraminifera has been also reported to
incorporate nannofossils into their wall structure too ([61];
[62] and [63]). Some agglutinating foraminifera has been
reported to use coccolithophores for feeding and
plastering their test with coccolith plates [63]. A close
look at the SEM images of T. selmensis (Plate 1; Plate 2;
Plate 3) shows the nannofossil incorporation on its test
confirming that these nannofossils are actually part of the
test and not a diagenetic artifact. Most of the nannofossils

found on the test of foraminifera in plates 1,2,3 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 may have varied. A similar scenario was
reported by [64] where Gaudryina cribrosphaerellifera
constructed their test entirely with Cribrosphaerella
ehrenbergii. T. selmensis (Plate 1 specimen D) for
instance was described by [65] as being entirely composed
of hyaline calcite only but our result has shown that the
species and other deep infauna Buliminids may have
calcified through secreted hyaline and agglutinated
processes.

5. Conclusions

This study has further improved on the existing
knowledge of benthic foraminiferal composition and
palaeoecology in the equatorial Pacific Ocean during the
PETM. 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
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.

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 2) as drivers
of ecological functioning before the onset of the CIE. 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 also 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 2) included: Anomalinoides
praeacutus, Quadrimorphina profunda, Nonion havanese,
Bulimina midwayensis, Cibicidoides eoceanus, Gyroidinoides
subangulatus and Bulimina tuxpamensis. The faunal
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composition indicates a return of heavily calcified taxa
and a combination of epifaunal and infaunal morphotypes.
The presence of cosmopolitan taxa still existing during the
recovery suggest that 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 indicate 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. Taxa with 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 as
mentioned in section 4.1. 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 6) 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 6), 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
better understand the calcification in this taxa.

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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