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Abstract

Globigerinoidesella fistulosa is an extinct planktonic foraminifera species occurred around 3.3-
1.7 million years ago (Ma) in global tropical ocean. Its extinction event coincided and may be
triggered by the formation and expansion of the modern Western Pacific Warm Pool (WPWP).
Understanding its paleoecology would help testing the climate-induced hypothesis and further our
knowledge to the climate-ecology interaction. So far, much uncertainty still exists about its
ecological niche, such as biomass and photosymbiotic ecology. In this study, we performed 3D
morphometric method to reconstruct the species’ ecological niche, including volumetric and
surface analysis using u-CT reconstructions. Based on the previous studies on the ecology of
modern Trilobatus sacculifer, a comparison between G. fistulosa and its relative T. sacculifer can
be made here to better understand the former. The results of 3D analysis indicate larger biomass
and surface area of G. fistulosa compared to 7. sacculifer, which could be attributed to relatively
abundant nutrient supply and enhanced symbiotic photosynthesis in the deeper part of the water
column. Moreover, the surface area to total volume (S-V) ratio provides chance to inspect the
variation of surface area through ontogeny of the two species. Compared to 7. sacculifer, G.
fistulosa generally registers higher S-V ratio under similar body size, as well as higher variation.
For G. fistulosa, the higher surface area per total volume (might resulted from the flat, irregular
gross morphology and protuberance. More theoretical studies would be required to confirm the
hypothesis) might bring about a larger potential for spines across the surface space. The
morphological traits would likely counteract the settling force provided by the hypothesized
increase in shell test and overall density. Our interpretations toward the ecology of G. fistulosa is
based on the previous study of shell geochemistry, as it implies the calcification depth of G.
fistulosa might been deeper in depth than its ancestor 7. sacculifer based on the Mg/Ca ratio and
3180 data.

Key words: Planktonic foraminifera, early Pleistocene, ecology, morphometrics, pu-CT, the

Western Pacific Warm Pool
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Chapter 1: Introduction

The extinct planktonic foraminifera species Globigerinodesella fistulosa (Schubert,
1910), as the descendent of Trilobatus sacculifer plexus, occurred in global tropical ocean
around 3.3-1.7 million years ago (Ma). Its last appearance datum (LAD) is widely used as an
age index for defining the biozone PTla (~the boundary of Gelasian and Calabrian) for
tropical marine core (Wade et al., 2011). Interestingly, the extinct timing of G. fistulosa is
somehow coincided with the formation and initial expansion of the Western Pacific Warm
Pool (WPWP) (Wara et al., 2005), implying the environmental change as a possible
evolutionary driver for the organism. Therefore, the ecological niche and the associated
functional morphology of G. fistulosa would be the first priority to be pinpointed. However,
apart from the systematic paleontology (Poole and Wade, 2019; Spezzaferri et al., 2015) and
the datum event (Chuang et al., 2018; Wade et al., 2011), our current knowledge upon the
species including morphological variation, functional morphology and paleoecology is quite
limited. As the descendent of 7. sacculifer plexus, G. fistulosa often compared and studied
with its ancestor. The previous studies of 7. sacculifer covering morphology, laboratory
culture, ecology and biostratigraphy (Brummer et al., 1987; Hemleben et al., 1987) (B¢, 1980;
Bijma et al., 1990; Chuang et al., 2018; Poole and Wade, 2019; Wade et al., 2011) provide
possibility to further our knowledges toward G. fistulosa through morphometric and
geochemical comparison. Under morphology-based systematic framework, four
morphospecies are covered for 7. sacculifer plexus based on coiling and the morphology of
the ultimate chamber: T. trilobus, T. immaturus, T. quadrilobatus and T. sacculifer sensu
stricto (Brady, 1877; d'Orbigny, 1846; LeRoy, 1939; Reuss, 1850). Nonetheless, these

morphospecies are revealed as the same biological species (B¢, 1980) under laboratory
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culturing (except 7. immaturus, which was not observed in the culturing result). Alternatively,
another morphological framework related to ontogeny and laboratory ecological treatments
was introduced based on the morphology of the last chamber (NOR/Normal and SAC forms
with globular or sac-like ultimate chamber) and the smaller or equal size of ultimate chamber
in comparison with the penultimate chamber (KUM/Kummer form, first proposed by Berger
(1969)) (Brummer et al., 1987; Hemleben et al., 1987). The NOR/Normal form usually refers
to the pre-gametogenic phases, while the SAC form represents the individuals with
impending gametogenesis, along with spine-shedding (B¢, 1980). The kummer form is found
not only on T. sacculifer, but also other species (Bijma et al., 1990; Olsson, 1972). The reason
causes the reach of growth limit is still unknown, but more likely attributed to genetic control
rather than environmental stress (Olsson, 1973). In laboratory culturing experiments, no
tendency of any environmental stresstor were observed (Bijma et al., 1990; Bijma and

Hemleben, 1994; Brummer et al., 1987).

Chen (2006) studied the size distribution of G. fistulosa (or Fis form in her study) and
T. sacculifer plexus under the sieving size framework and Normal/Kummer/Sac-like
framework. The result shows G. fistulosa is generally larger than 7. sacculifer plexus in size.
However, the size fraction method only records the width of the organisms as the size index
and without includes the information of length and chamber morphology. With insufficiency
of critical information, the misestimation of the size difference and biomass of the two
species would be inevitable. Chen (2008) examined the shell chemistry of G. fistulosa by
comparing it with its ancestor stock, 7. sacculifer plexus. The result shows strong trophic

dependency (symbiotic '3C fractionation) and deeper habitats for the species (heavier 5'%0
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values and lower Mg/Ca ratio) for G. fistulosa. However, the use of gross shell, nevertheless,
brings about the observational bias as the result of geochemical analysis is highly susceptible
to the size and calcification process of the last chamber (which supposed to be larger in size
and formed in deeper water depth). More advanced understanding towards ecology would be
critical for interpreting the shell geochemistry in details, especially cross-sectional
geochemical mapping (Hori et al., 2018). Exponential relationship between maximum test
size and test surface area based on 2D photography is found for G. fistulosa and T. sacculifer
plexus (Poole and Wade, 2019). The 2D photography could be linked to some differences
found between the two species, as the right-shift characteristic is found upon the data.
Therefore, in order to further our understanding toward the morphological variation and
ecology of G. fistulosa, a more comprehensive morphological analysis throughout the body

of foraminifera would be requisite.

The study of foraminifera against its morphology has been highly rely on 2D
photography and sieving size for decades (Depuydt et al., 2023; Olsson, 1972; Spezzaferri et
al., 2015; Wei, 1987). The 2D photography remains limited under the restrictions of optical
microscopes and related image processing procedures, as the 3D geometric information
behind the complicated test morphology is often ignored, leading to biases into systematic
and analytical studies. Some morphological characteristics that critical for ecological studies,
such as total volume, chamber cumulative volume, would never be feasible under 2D aspects.
The sieving techniques provide first ordered size measurement to the studied materials.
Nevertheless, estimation of biomass and ontogenetic growth would meet difficulties and can
never be accurate. Furthermore, to explore the complicated 3D test geometry and internal

structures of foraminifera, invasive protocols such as serial dissection are widely applied

3
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under time-consuming problem and predominantly rely on the expertise of the researchers
(Gorog et al., 2012). Despite the non-invasive scanning electron microscope (SEM) was
introduced in 1960s (Hay and Sandberg, 1967), its disadvantage attributed to sample
preparation procedures such as Au/C coating and holder fixation would stop the reuse of

samples for further studies (Gorog et al., 2012).

The recent innovation of CT technology and 3D analysis software offers new insight
into the morphological study of foraminifera, allowing measurements such as chamber
volume, surface area (Belanger, 2022; Burke et al., 2020; Caromel et al., 2016; Vanadzina
and Schmidt, 2022) and geometric chamber growth (Brombacher et al., 2022) become more
feasible and reliable. The internal structure of the test can easily be observed and measured,
e.g., the of early developed chamber (such as proloculus and the subsequent 10 chambers)
(Duan et al., 2021), Moreover, the measurement of shell density through calculation of CT
numbers (Iwasaki et al., 2019) or the total surface area per unit (Signes et al., 1993) of volume
provide efficient and accurate solutions. Critically, the non-invasive and therefore non-
destructive features of CT scan allowing the scanned sample can still be available for further
reassessment, as duplication, archiving and long-term storage of digital 3D CT image provide

perpetual accessibility to the data.

Here we present a study regarding the 3D analysis of morphological variation and
ecological assessment toward the planktonic foraminifera species G. fistulosa by comparing
with its ancestor stock Trilobatus sacculifer plexus. Three morphological forms are assigned
to the studied materials: Fis form (G. fistulosa), the Normal and the Sac-like form (7rilobatus

sacculifer plexus, prior and in gametogenic phase). Through the reconstruction of total
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volume (including calcareous skeleton and chamber cavity), surface area and surface area to
total volume ratio (S-V ratio) with the CT analysis software ORS Dragonfly and a combined
discussion with the previous researches, the knowledges toward biomass, symbiotic
photosynthesis, adaptive functional morphology and trophic mode of G. fistulosa (Fis form)
are improved. To assess the ENSO-like environment before the extinction of G. fistulosa (Fis
form) (around 1.7 Ma), the bathymetric profiles of nutrients and salinity are produced for
modern ocean condition (Normal condition in the Solomon sea) with the software Ocean
Data View (Schlitzer, 2023). The presented data is then discussed combined with the vertical

structure reconstructed in Chen (2008) for the Solomon sea (1.767-1.713.).
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Chapter 2: Materials and Methods

2.1 Studied materials

A total of 166 fossil planktonic foraminifera individuals of G. fistulosa (Fis form) and
its ancestor stock 7. sacculifer plexus (which divided into Normal and Sac-like forms in this
study) specimens across 9 horizons (1.765, 1.764, 1.763, 1.758, 1.748, 1.745, 1.742, 1.729,
1.720 Ma) from ODP Hole 1115B (Solomon Sea, the South Pacific Ocean) prior to and after
the extinction event of G. fistulosa (Fis form) are examined, with size fractions in between
250-300, 300-355, 355-425, 425-500, 500-600 and larger than 600 um. For G. fistulosa, the
specimens from all size fractions are included. While for Normal and Sac-like forms of 7.
sacculifer plexus, samples in between 250-300, 300-355, 355-425, 425-500, 500-600, larger

than 600 um and 250-300, 355-425, 425-500, 500-600 and larger than 600 pm are included.

As for horizons, the G. fistulosa (Fis form) specimens cover 6 horizons (1.765, 1.764,
1.763, 1.758, 1.748, 1.745 Ma). As Normal and Sac-like forms, 5 horizons (1.763, 1.758,
1.748, 1.742, 1.720 Ma) and 6 horizons (1.763, 1.758, 1.748, 1.742, 1.729, 1.720 Ma) are
covered, respectively. All the specimens were obtained through processes such as hand-

washing, sieving and hand-picking under optical microscope.

Some intermediate forms of G. fistulosa and T. sacculifer with incipient protuberance
(s) are found in the samples. According to the previous perspectives, in order to keep the
biostratigraphic significance of G. fistulosa, the intermediate forms are rather viewed as
extreme phenotypes of 7. sacculifer (Poole and Wade, 2019). These samples are not included

in this study as the aim is to include only the standard morphology of every firm.
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Besides, another rule is applied on 7. sacculifer plxus samples to differentiate

different morphologies. Two forms, Normal form (e.g., 7. trilobus, T. quadrilobatus and T.

immaturus) and Sac-like form (7. sacculifer sensu stricto) are defined here for the individuals
with and without sac-like last chamber. The Kummer form which included in the previous
researches is not covered in this study due to unclear reason that cause the growth limits

(Olsson, 1973).

To avoid inadequacy of available G. fistulosa (Fis form) specimens, all the samples

with one broken protuberance are included in this study.

doi:10.6342/NTU202404142



Table 2.1 List of the foraminifera samples used for 3D morphological analysis.

Morphotypes

Species

Hole

Age

horizons

Size fractions

Numbers

Normal form

T. sacculifer

ODP

1115B

1.763 Ma,
1.758 Ma
1.748 Ma,
1.742 Ma,

1.720 Ma

250-300 pm
300-355 pum,
355-425 um,
425-500 pm,
500-600 pm,

>600 pm

61

Sac-like form

T. sacculifer

ODP

1115B

1.763 Ma,
1.758 Ma,
1.748 Ma,
1.742 Ma,
1.729 Ma

1.720 Ma

250-300 pm
355-425 um
425-500 pm,
500-600 pm,

>600 pm

41

Fis form

G. fistulosa

ODP

1115B

1.765 Ma,
1.764 Ma,
1.758 Ma,
1.748 Ma,

1.745 Ma

250-300 pm,
300-355 pum,
355-425 pm,
425-500 pm,
500-600 pm,

>600 pm

53
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Intermediate forms
scale = 100 ym

T. sacculifer
(“Sac-like” form)

G. fistulosa
scale = 250 ym

T. sacculifer
(“Nor” form)
scale = 100 ym

Modified from Poole and Wade (2019)

Figure 2.1 Morphological framework of this study. The studied materials are divided into
three forms: the Fis (G. fistulosa), Normal (7. sacculifer with rounded last chamber) and Sac-
like form (7. sacculifer with sac-last chamber). To be noted, the intermediate forms with

protuberance-bearing chamber (s) are considered as Fis form in this study.

2.2 ODP Hole 1115B

ODP Hole 1115B is located in the Woodlark rise, the Solomon Sea, southwestern
Pacific Ocean (9°11'S, 151°34'E, 1149 m water depth) (Figure 2.2), which is one of the three
holes drilled in ODP Site 1115. The hole is 293.1 m in total length, with 286.84 m recovered
(98%). In the lithostratigraphic unit II (35.7-149.7 meter below sea floor, mbsf) within the
core, the lithologies are mainly composed of ooze and clay. For volcanic ash, numerous
layers of epiclastic origin are present (Chuang et al., 2018; Taylor et al., 1999). All the
samples used in this study are from the lithostratigraphic unit II and preserved in perfect
condition (with no seawater corrosion and diagenesis-free), with the stratigraphic interval in

between 10H5SW (1.764 Ma) to 10H2W (1.720 Ma).
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Figure 2.2 Bathymetric map of ODP Hole 1115B. The map shows the location of the
drilling site in the Solomon Sea, the Western Pacific Ocean. The map is produced by the

software Ocean Data View (Schlitzer, 2023).

2.3 Age model

The age model of ODP Hole 1115B applied here is based on Chuang et. al. (2018).
The age model was established based on biostratigraphy (calcareous nannofossils event and

planktonic foraminiferal datum event) and magnetic reversals with a correlation of the

Trilobatus sacculifer 8130 record (300-355 pm) to a global LR04 stack (Lisiecki and Raymo,
2005). The average sedimentation rate is ~7 cm/kyr (Takahashi et al., 2001). Figure 2.3

10

doi:10.6342/NTU202404142



shows the age-depth relationship of ODP Hole 1115B based on paleomagnetism,

biostratigraphy and radioactive dating methods.

Age (Ma)
0 1 2 3
o 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1
G E
a
~4.5 cm/kyr
A
8
50 1.765-1.720 Ma J:
CcM
]
~6.Jjlcm/kyr §
.
£ 100 n
x a
=
B
8' é R pr—
()
150 ~9.3 cm/kyr -
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¢ Planktonic
2050 foraminifera R
x 1“C dates OA
& YAr3Ar dates )

Figure 2.3 Age-depth plot of ODP Hole 1115B. It is based on paleomagnetism (black

triangle), calcareous nannofossil events (green square), planktonic foraminiferal datum
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events (purple diamond), planktonic foraminiferal AMS !4C (yellow cross), and volcanic
glass 40Ar-39Ar dates (gray cross). The Paleomagnetic epochs are combined at the right
side. The age interval where the samples used is remarked on it (1.765-1.720 Ma). The figure
is revised from Chuang et. al. (2018).
2.4 p-CT reconstruction and protocols of projection X-ray microscopy
Three-dimensional p-CT reconstructions for the fossil samples were generated with
projection X-ray microscopy (PXM) system at beamline TPS31A of the Taiwan Photon
Source at National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan.
Each scan was carried on one sample only. The X-ray energy adopted for scanning is ranging

from 22-30 keV ° The field of view of image is 8 x 2 mm?. Tomography was implemented

by performing azimuthal rotations at intervals of 0.25 degrees over the full range of +90
degrees, resulting in a total of 721 projection images. With filtered-back-projection
reconstruction algorithm, the CT reconstruction were eventually produced. With 10x
objective lens and bin 2 algorithm, the spatial resolution of the preliminary 2D image is 2.6
um and the pixel size is 1.3 pm. The standard deviation (%) of width, height, thickness, and
absorption of one sample in 20 analysis is 0.09%, 0.18%, 0.01%, and 2.9%, respectively. The

advanced details can be found in Chen et al. (2023).

Before the scanning process, each sample was placed on a wax or plastic holder. One
tray can hold 40 samples. The x-y-z coordinate of each sample with holder on tray was
manually measured by an image measurement instrument and recorded. Then, the tray was
put in the end-station and the projection images were processed automatically by using a

robot for putting each sample to the sample holder of the experimental stage. The temporal
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resolution of one tomography is about 1-2 minutes according to the exposure time of the

image. After the projection image scanning procedure, the computed reconstruction process
was followed behind to convert the 2D image set of each foraminifer into 3D reconstruction.
The reconstruction is always conducted with bin 2 algorithm, while bin 1 algorithm is also
available for higher resolution. Finally, a 3D raw file is produced for each foraminifer sample

(Figure 2.4).

2.5 3D morphometrics
The 3D morphometric analysis is carried out on the 3D reconstruction images using
ORS Dragonfly (Version 2022.2) software and Bone analysis plugin. The raw files were first

input into the software, with the length of x, y, z axes being set manually.

A watertight model is first generated for each 3D image for total volume and surface
calculation in Bone analysis plugin. To create the watertight model, the calcific skeleton of
foraminifera was first segregated from the raw file as an ROI (region of interest) using Otsu
binary segmentation. To make the ROI clean with no noise spots and tiny fossil fragments
left, cleaning process is taken manually with brush tool to erase those unwanted by putting a
low value in the hole-filling step (it can be either 0 or1-3 pm). After it, an ROI with only the
skeleton left is created. The cavity of the skeleton ROI was then filled in the plugin with the
bone filling step (by inputting a value that is larger than the aperture, usually 60-80 um). For
G. fistulosa (Fis form), the space in betweenthe protuberances is usually filled by the program

and required further removing the ROI manually. Afterall, a mesh is created for both total

13
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volume and surface calculation, with the value of surface area-total volume ratio can then be
computed on the software Excel. The idea of watertight model generation is inspired by

Burke et al. (2020)

Workflows for total volume & surface area calculation

Specimen mount “Watertight” model

8 Volume reconstruction by creating ROI

CT scan

Surface & total volume calculation 4— .@ 1

in the software
Surface mesh
Figure 2.4 Workflows for 3D total volume and surface area calculation in this study. The
steps including mounting samples on the standing for CT scan, 3D volume reconstruction,
creating watertight ROI in the plugin Bone analysis in the software Dragonfly, converting

the ROI into surface mesh file and the data calculation in ORS Dragonfly.

2.6 Descriptive statistics, Box plot and histogram

A table of descriptive statistics of total volume, surface and surface-total volume ratio
for each foraminifera form are generated by using data analysis function in software Excel.
The statistical parameters covered are: Mean, Standard Error, Median, Standard Deviation,
Sample Variation, Kurtosis, Skewness, Range, Minimum, Maximum, Sum and Sample
numbers. Besides, boxplot and histogram are drawn using software OriginPro 2021

(OriginLab Corporation, Version 2021).
14
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2.7 Two-sample student t-test

The two-sample t-test is carried with the software PAST 4.03 (Hammer and Harper,
2001) to see if the samples are significantly different to each other. The three forms are
compared one to one as Fis vs. Normal, Fis vs. Sac-like, Normal vs. Sac-like forms,
respectively. To see if there’s a difference in between each two forms, the p-values of the

forms are calculated and compared in both equivalent/inequivalent variance.

2.8 Bathymetric profile of nutrients and salinity

The bathymetric profile of nutrients (nitrate and phosphorate) and salinity of the Solomon
Sea are generated by using dataset WOA 2005 (World Ocean Atlas 2005) released by
National Centers for Environmental Information, National Oceanic and Atmospheric
administration (NOAA). WOA 2005) is a dataset of objectively analyzed (1° grid)
climatological fields of in situ globally scaled marine envieonmental factors such as
temperature, salinity, and nutrients at standard depth levels for certain period of time scale
such as annual, seasonal, and monthly. In addition, observed oceanographic profile data is
also included in the dataset. The raw data includes data from 1995 to 2005 is averaged and
imported into the software Ocean Data View for the depth profile visualization of modern
ocean condition in the Solomon Sea (an area approximately in between 6°S-14°S and 150°E-
160°E is applied). The scale from 0-500 m is applied on the figures of the three environmental

stressors. The figures of the bathymetric profile can be found in Appendix 3.1-3.3.
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Chapter 3: Results
3.1 Total volume
3.1.1 Distribution of G. fistulosa (Fis form)

Totally 53 G. fistulosa (Fis form) specimens are included. The data are plotted along
with 7. sacculifer (Normal and Sac-like forms) in the boxplot (Figure 3.1) and the histogram
(Figure 3.2) to show the total volume distribution, with the partial result of descriptive

statistics summarized in table 3-1. The value of total volume data is ranging from 3.04x107

um? to 1.96x10% um?, with mean at 9.95x10” um? and standard deviation at 4.18x107 pm?.

3.1.2 Distribution of 7. sacculifer (Normal form)
Totally 64 T. sacculifer (Normal form) specimens are included. The data are plotted
in the boxplot (Figure 3.1) and the histogram (Figure 3.2) to show the total volume

distribution, with the descriptive statistics summarized in table 3-1. The value of total volume

data is ranging from 1.16x107 pm? to 8.16x107 um?, with mean at 4.29x10” um? and standard
ging W W W

deviation at 2.19x107 pm?.

3.1.3 Distribution of 7. sacculifer (Sac-like form)

Totally 41 T. sacculifer (Sac-like form) specimens are included. The data are plotted
in the boxplot (Figure 3.1) and the histogram (Figure 3.2) to show the total volume
distribution, with the descriptive statistics summarized in table 3-1. The value of total volume

data is ranging from 1.42x107 pm? to 1.12x10® um?, with mean at 4.73x10” um? and standard
ging W W W

deviation at 2.63x107 pm?.
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3.1.4 Comparison between G. fistulosa (Fis form) and 7. sacculifer (Normal and Sac-
like forms)

The total volume comparison in between Fis vs. Normal, Fis vs. Sac-like and Normal
vs. Sac-like forms are made with mean value and Two-sample student t-test. By the
comparing the mean value, in the Fis vs. Normal group, the mean value in Fis is higher than
Normal, about 121.3%. In the Fis vs. Sac-like group, the mean value in Fis is higher than
Sac-like, about 100.7%. In the Normal vs. Sac-like group, Sac-like form is 10.3% larger than
Normal form. As for the result of the Two-sample student t-test, Fis form shows significant
difference to both Normal and Sac-like forms. As for the comparison of Normal vs. Sac-like
forms, the result shows no significant difference in between the two. The detailed step-by-
step result of the t-test is attached in Appendix 1.1-1.3 and the complete descriptive statistics

is attached in Appendix 2.1.

Table 3.1 Descriptive statistical comparison of the total volume of Fis, Normal and

Sac-like forms.

G. fistulosa T. sacculifer T. sacculifer

(Fis form) (Normal form) | (Sac-like form)

Mean

9.95x107 pm?

4.29x107 pm?

4.73x107 pm?

Standard deviation

4.04x107 pm®

2.19x107 pm?

2.63x107 pm?

Minimum 3.04x107 pm? 1.16x107 pm? 1.42x107 pm?

Maximum 1.96x108 pm? 8.16x107 um? 1.12x108 pm?

Sample numbers 53 61 41
17
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Figure 3.1 Boxplot for the total volume distribution of Fis (the orange box in the left),
Normal (the green box in the middle) and Sac-like (the blue box in the right) forms. Each
form is presents with the box of 25"-75% percentile, median line, range within 1.5IQR (range
in between maximum and minimum values), mean point (filled diamond) and data point
(filled circle). Based on the result of student t-test, Fis form is showing predominantly
different distribution compare to the others, while Normal and Sac-like forms are showing

no significant difference from each other.
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Figure 3.2 Histogram and line graph for the total volume distribution of Fis (orange
histogram in the top), Normal (green histogram in the middle) and Sac-like (blue histogram
in the bottom) forms. It shows the variation of sample distribution across Fis, Normal and

Sac-like forms.

3.2 Surface area
3.2.1 Distribution of G. fistulosa (Fis form)

Totally 53 G. fistulosa (Fis form) specimens are included. The data are plotted in the
boxplot (Figure 3.3) and the histogram (Figure 3.4) to show the surface area distribution,
with the descriptive statistics summarized in table 3.2. The value of surface area data is
ranging from 6.12x10° um? to 2.85x10° pm?, with mean at 1.45x10° um? and standard

deviation at 4.87x10¢ pm?. To be noted, an outlier is found at 2.85x10° pm?.

3.2.2 Distribution of 7. sacculifer (Normal form)

Totally 61 T. sacculifer (Normal form) specimens are included. The data are plotted
in the boxplot (Figure 3.3) and the histogram (Figure 3.4) to show the surface area
distribution, with the descriptive statistics summarized in table 3.2. The value of surface area
data is ranging from 2.82x10° pm? to 1.097x10° pm?, with mean at 6.91x10° um? and standard

deviation at 2.62x10° um?.

3.2.3 Distribution of 7. sacculifer (Sac-like form)
Totally 41 T. sacculifer (Sac-like form) specimens are included. The data are plotted
in the boxplot (Figure 3.3) and the histogram (Figure 3.4) to show the surface area
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distribution, with the descriptive statistics summarized in table 3.2. The value of surface area
data is ranging from 3.33x10° pum ? to 1.46x10° um?, with mean at 7.54x10° um? and standard

deviation at 3.07x10° um?.

3.2.4 Comparison between G. fistulosa and T. sacculifer (Fis, Normal and Sac-like
forms)

The surface area comparison in between Fis vs. Normal, Fis vs. Sac-like and Normal vs. Sac-
like forms are made with mean value and Two-sample student t-test. By comparing the mean
value, in the Fis vs. Normal group, the mean value in Fis is higher than Normal, about
102.6 %. In the Fis vs. Sac-like group, the mean value in Fis is higher than Sac-like, about
85 %. In the Normal vs. Sac-like forms, Sac-like form is 9.14% higher than the Normal form.
As for the result of the Two-sample student t-test, Fis form shows significant difference to
both Normal and Sac-like forms. As for the comparison of Normal vs. Sac-like forms, the
result shows no significant difference in between the two. The detailed result of the t-test is
attached in Appendix 1.4-1.6 and the complete descriptive statistics is attached in Appendix

2.2.
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Table 3.2 Descriptive statistical comparison of the surface area of Fis, Normal and Sac-like

forms.
G. fistulosa T. sacculifer T. sacculifer
(Fis form) (Normal form) | (Sac-like form)
Mean 1.45x10¢ pm? 6.91x10° um?

7.54x10° pm?

Standard deviation

4.87x10° pm?

2.62x105 pm?

3.07x10° pm?

Minimum 6.12x10° pm? 2.82x10° pm? 3.33x10° pm?

Maximum 2.85x10¢ um? 1.097x10¢ um? 1.46x10% um?

Sample numbers 53 61 41
22
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Figure 3.3 Boxplot for the surface area distribution of Fis (the orange box in the left), Normal
(green box in the middle) and Sac-like (blue box in the right) forms. Each form is presents
with the box of 25"-75" percentile, median line, range within 1.5IQR (range in between
maximum and minimum values), mean point (filled diamond) and data point (filled circle).
Based on the result of student t-test, Fis form is showing predominantly different from the
others, while Normal and Sac-like forms are showing no significant difference from each

other.
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Figure 3.4 Histogram and line graph for the surface area distribution of Fis (the orange
histogram in the top), Normal (the green histogram in the middle) and Sac-like (the blue
histogram in the bottom) forms. It shows the variation of sample distribution across Fis,

Normal and Sac-like forms.

3.3 Surface-total volume (S-V) ratio
3.3.1 Distribution of G. fistulosa (Fis form)

Totally 53 G. fistulosa (Fis form) specimens are included. The data are plotted in the
boxplot (Figure 3.5) and the histogram (Figure 3.6) to show the S-V ratio distribution, with
the partial descriptive statistics summarized in table 3.3. The value of data is ranging from
1.2x1072 um© to 2.10x1072 pm©"Y, with mean at 1.53x102 um©" and standard deviation at

2.29x107 pum.

3.3.2 Distribution of 7. sacculifer (Normal form)

Totally 61 T. sacculifer (Normal form) specimens are included. The data are plotted
in the boxplot (Figure 3.5) and the histogram (Figure 3.6) to show the S-V ratio distribution,
with the descriptive statistics summarized in Table 3.3. The value of data is ranging from
1.32x1072 pm©" to 2.44x1072 um©Y, with mean at 1.77x1072 pm™" and standard deviation at

3.27x1073 um©h.

3.3.3 Distribution of 7. sacculifer (Sac-like form)
Totally 41 T. sacculifer (Sac-like form) specimens are included. The data are plotted
in the boxplot (Figure 3.5) and the histogram (Figure 3.6) to show the S-V ratio distribution,
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with the descriptive statistics summarized in table 3.3. The value of data is ranging from
1.30x1072 um©" to 2.35x1072 um©", with mean at 1.76x1072 pum" and standard deviation at

3.25x1073 um©h.

3.3.4 Comparison between G. fistulosa and T. sacculifer (Fis, Normal and Sac-like
forms)

The S-V ratio comparison in between Fis vs. Normal, Fis vs. Sac-like and Normal vs. Sac-
like forms are made with mean value and Two-sample student t-test. By comparing the mean
value, in Fis vs. Normal group, the mean value in Fis is about 87 % as large as Normal, In
Fis vs. Sac-like group, the mean value in Fis is about 87.5 % as larger as Sac-like. In Normal
vs. Sac-like group, Sac-like form is 99.4% as big as Normal form. As for the result of the
Two-sample student t-test, Fis form shows significant difference to both Normal and Sac-
like forms. As for the comparison of Normal vs. Sac-like forms, the result shows no
significant difference in between the two. The detailed result of the t-test is attached in

Appendix 1.7-1.9 and the complete descriptive statistics is attached in Appendix 2.3.

26

doi:10.6342/NTU202404142



Table 3.3 Descriptive statistical comparison of the S-V ratio of Fis, Normal and Sac-like

forms.
G. fistulosa T. sacculifer T. sacculifer
(Fis form) (Normal form) | (Sac-like form)
Mean 1.53x102um™ | 1.77x102 pum™" | 1.76x1072 pm™!
Standard deviation | 2.29x103 um™ | 3.27x103 um™ | 3.25x107* pm™
Minimum 1.2x102 um™" | 1.32x102pum™" | 1.30x1072 um™!
Maximum 2.10x102 um™ | 2.44x102 pum™" | 2.35x1072 pm™!
Sample numbers 53 61 41
27
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Figure 3.5 Boxplot for the surface area to total volume (S-V) ratio distribution of Fis (the

orange box in the left), Normal (the green box in the middle) and Sac-like (the blue box in

the right) forms. Each form is presents with the box of 25"-75™ percentile, median line, range

within 1.5IQR (range in between maximum and minimum values), mean point (filled

diamond) and data point (filled circle). Based on the result of student t-test, Fis form is

showing predominantly different distribution compare to the others, while Normal and Sac-

like forms are showing no significant difference from each other.
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Figure 3.6 Histogram and line graph for the Surface area to total volume (S-V) ratio
distribution of Fis (the orange histogram in the top), Normal (the green histogram in the
middle) and Sac-like (the blue histogram in the bottom) forms. It shows the variation of

sample distribution across Fis, Normal and Sac-like forms.

3.4 Total volume-surface area relationship

By comparing the total volume with surface area, linear relationships are found on
the three forms as shown in figures 3.7 and 3.8. Despite using exponential ExpDec3 model
provided in the software origin for creating regression fits, the results). Highly similar
regression patterns are found on Normal and Sac-like forms, as they are nearly perfectly
overlapped on the data distribution and the regression fits. For Fis form, higher variation is
found on surface area as the total volume increases. The equation formula of the regression
fits for Fis, Normal and Sac-like forms are shown respectively in Figure 3.8 with the R-square
values at 0.9340, 0.9900 and 0.9900. To be noted, Fis form registers larger variation in in test
area as maximum test size increases. compared to the other forms, as the data distribution is

loosely clustered.

To provide validity for the data, a dataset of planktonic foraminifera species O.
universa from four size fractions is provided in Figure 3.9. Since the gross morphology of
the last chamber of the species highly resembles sphere. The distribution of O. universa
across size fractions approaches the exponential S-V ratio/total volume relationship of sphere

as surface area/total volume=3/(radius of the last chamber). It should be pointed out that the
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distribution is not strictly follows sphere, as the gross morphology is slightly flatted as

ellipsoid.
Fis
e Normal
- Sac-like
S ® O.universa (300-355 ym)

1.0 — 8 .

Surface area [10°um?]
&
|

0.5 —

LA LI LN LI BN B N B B B BN B N B N
0 2 4 6 8 10 12 14 16 18 20
Total volume [107um?]

Figure 3.7 Scatterplot for the total volume-surface area distribution of Fis (the orange spots),
Normal (the green spots) and Sac-like (the blue spots) forms. High consistency is found
between Normal and Sac-like forms upon their distribution. For Fis form, it roughly follows
a similar trend, albeit with significantly higher variation on surface area as the total volume

increases.
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Figure 3.8 Linear regression fits for the total volume-surface area distribution of Fis (the
orange line), Normal (the green line) and Sac-like forms (the blue line). High R-square values
and similar increase rate for surface area as the total volume increases are found on all of the

forms. To be noted, Fis form registers larger surface area compared to the others.
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Table 3.4 Equations of the regression fits of Fis, Normal and Sac-like forms for the total

volume-surface area distribution.

Form Fis Normal Sac-like
Equation y=a+b*x y=a+b*x y=a+b*x
a 0.32981 + 0.04474 0.18084 +0.00748 0.20543 + 0.00876
b 0.11292 £ 0.00415 0.11893 +£0.00168 0.116 +£0.00162
R-square 0.9340 0.9990 0.990
7 [
3.6 —
=0 -
§_ 3.0 -
©
=) -
= ®
s -
© 24 - ®
©
p -
e -
5 18 4
(7 i .
® O. universa (300-355 um)
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1.2 — @® O. universa (425-500 pm)
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Figure 3.9 Scatterplot for the total volume-surface area distribution of O. universa from

different size fractions (300-355, 355-425, 425-500 and 500-600 um).

33

doi:10.6342/NTU202404142



3.5 Total volume-SV ratio relationship

With the comparison between volume and S-V ratio, strong decay exponential
relationships are shown for the three forms in figure 3.10 and 3.11. Highly similar regression
patterns are found on Normal and Sac-like forms, as they are nearly perfectly overlapped on
the data distribution and the regression fits. For Fis form, a more right-shifted exponential
relationship is shown compared to the other two. The equation formula of the regression fits
for Fis, Normal and Sac-like forms are shown respectively in figure 3.11 with the R-square
values at 0.7687, 0.9860 and 0.9943. To be noted, Fis form registers larger variation
compared to the other forms, as the data distribution is loosely clustered in lower R-value of

the regression fit.

To provide validity for the data, a dataset of O. universa from four size fractions is

provided in figure 3.12.
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Figure 3.10 Scatterplot for the total volume-s-v ratio distribution of Fis (the orange spots),
Normal (the green spots) and Sac-like (the blue spots) forms. High consistency is found
between the Normal and Sac-like forms upon their distribution. For Fis form, it roughly
follows a similar trend, albeit with significantly higher variation on surface area as the total

volume increases.
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Figure 3.11 Exponential decay regression fits for the total volume-s-v ratio distribution of
Fis (the orange line), Normal (the green line) and Sac-like forms (the blue line). High R-
square values, consistency and similar decrease rate for S-V ratio as the total volume
increases are found on the Normal and Sac-like forms. For Fis form, it roughly follows the
trend with much higher variation on the S-V ratio as the total volume increases. the R-square
value of Fis form is much lower than the other two forms. To be noted, Fis form registers

larger S-V ratio compared to the others under the same total volume.
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Table 3.5 Equations of the regression fits of Fis, Normal and Sac-like forms for total volume-

S-V ratio relationship.

Form Fis Normal Sac-like
Equation y =y0 + Al*exp(-x-x0/t1) y =y0 + Al*exp(-x-x0/t1) y =y0 + Al*exp(-x-x0/t1)
y0 0.01259 + 6.23364E-4 0.01315 < 2.58877E-4 0.01284 z 1.91094E-4
x0 3.39216 0.90772 1.35406
Al 0.00763 0.01183 0.0106
t1 5.02789 2.68647 3.05965
R-square 0.76295 0.9829 0.99211

universa (300-355 pm)
universa (355-425 pm)

e O.
T ® O.
0.0096 — ® @® O. universa (425-500 pm)
@ O. universa (500-600 pm)
0.0090 —
A ]
= 0.0084
2 . )
S 0.0078 —
> o
5 o
0.0072 —
0.0066 —
. o
I I T T T T T T T T
20 30 40 50 60

Volume 107(um?)
Figure 3.12 Scatterplot for the total volume-s-v ratio distribution of O. universa from

different size fractions (300-355, 355-425, 425-500 and 500-600 um). The distribution of O.
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universa across size fractions approaches the surface area/total volume relationship of sphere
(assuming O. universa is always perfectly resembles sphere) as surface area/total

volume=3/radius of the last chamber. This provides the validity of the data in this study.

3.6 Total volume distribution across different size fractions for the three forms

Based on the data presented in figures 3.13, 3.14 and 3.15, the volume distribution of

Fis, Normal and Sac-like forms are described as followed. The range of every size fraction
tend to increases as the size fraction increases. All of the smallest size fraction of every form
has very small volume range, especially Fis form. The smallest size fractions ranging from
3.72x10° (um?) to 2.23x107 (um?). The range of total volume in nearly all of the size fractions
of the three forms are partially overlapped, especially in the size fractions larger than the
second smallest size fraction. Considering the value of median as the representative
parameter, the volume growth rate in between every two consecutive size fractions varies.
Some outliers are found for Normal and Sac-like forms, which may be attributed to

incompleteness of the data across all size fractions available.
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Figure 3.13 Boxplot for the volume distribution of G. fistulosa (Fis form) across size
fractions. Five size fractions are included in the figure: 300-355 um (the brown box), 355-
425 pum (the blue box), 425-500 pum (the dark green box), 500-600 pum (the orange box) and
>600 um (the light green box). The range of size fraction increases as the size fraction

becomes larger.
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Figure 3.14 Boxplot for the volume distribution of 7. sacculifer (Normal form) across
different size fractions. Five size fractions are included in the figure: 250-300 um (the pink
box), 300-355 um (the brown box), 355-425 um (the blue box), 425-500 pum (the green box)
and 500-600 um (the orange box). The range of every size fraction seems maintain constant

in between 2-2.5 (107 um?) except the fraction of 425-500 um.
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Figure 3.15 Boxplot for the volume distribution of 7. sacculifer (Sac-like form) across
different size fractions. Four size fractions are included in the figure: 250-300 pum (the pink
box), 355-425 um (the blue box), 425-500 um (the green box) and 500-600 pm (the orange

box). The range of size fraction increases as the size fraction becomes larger.
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3.7 Surface area distribution across different size fractions for the three forms

Based on the data presented in figures 3.16, 3.17 and 3.18, the surface area

distribution of Fis, Normal and Sac-like forms are described as followed. The range of the
size fraction of Fis form tends to increases as the size fraction increases. For Normal and Sac-
like forms, no significant surface area-size relationships are observed. All of the smallest size
fraction of every form tends to have smaller surface area range compared to the size fraction
with highest range, especially Fis form. The range of surface area in nearly all of the size
fractions of the three forms are partially overlapped. Considering the value of median as the
representative parameter, the surface area growth rate in between every two consecutive size
fractions varies. Some outliers are found for all of the three forms, which may be attributed

to incompleteness of the data across all size fractions available.
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Figure 3.16 Boxplot for the surface area distribution of G. fistulosa (Fis form) across size
fractions. Five size fractions are included in the figure: 300-355 um (the brown box), 355-
425 pum (the blue box), 425-500 pum (the dark green box), 500-600 pum (the orange box) and
> 600 um (the light green box). The range of size fraction increases as the size fraction

becomes larger.

43

doi:10.6342/NTU202404142



1 25%~75%
g - | — Median Line .
Range within 1.5I1QR b
I
¢ Mean 4
-E n : guttliers LIS L]
«,:- ata .. . | f I .’
o 6 ° °
F . )y
- ®
o %
m© ° ° )
o 4-
© . O’.
m v ° °
= - o
& aoch
2 ., ° °
<.

| | | | |
250-300 300-355 355-425 425-500 500-600

Size fractions (um)

Figure 3.17 Boxplot for the surface area distribution of 7. sacculifer (Normal form) across
different size fractions. Five size fractions are included in the figure: 250-300 um (the pink
box), 300-355 um (the brown box), 355-425 um (the blue box), 425-500 pum (the green box)
and 500-600 pm (the orange box). No significant trend found for the size fraction increases

as the size fraction becomes larger.
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Figure 3.18 Boxplot for the surface area distribution of 7. sacculifer (Sac-like form) across
different size fractions. Four size fractions are included in the figure: 250-300 pum (the pink
box), 355-425 um (the blue box), 425-500 um (the green box) and 500-600 pm (the orange

box). The range of size fraction seems increases as the size fraction becomes larger.
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3.8 Surface-total volume (S-V) ratio distribution across different size fractions for the
three forms

Based on the data presented in figures 3.19, 3.20 and 3.21, the surface-total volume

(S-V) ratio distribution of Fis, Normal and Sac-like forms are described as followed. For all
the three forms, no significant surface area-size relationships are observed. All of the smallest
size fraction of every form tends to have smaller volume range compared to the size fraction
with highest range, especially Fis form. The range of total volume in nearly all of the size
fractions of the three forms are partially overlapped. Some outliers are found for the Normal
and Sac-like forms, which may be attributed to incompleteness of the data across all size

fractions available.
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Figure 3.19 Boxplot for the S-V ratio distribution of T. sacculifer (Sac-like form) across
different size fractions. Five size fractions are included in the figure: 250-300 um (the pink
box), 355-425 um (the blue box), 425-500 um (the green box) and 500-600 pm (the orange
box). No significant trend found for the size fraction increases as the size fraction becomes

larger.
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Figure 3.20 Boxplot for the S-V ratio distribution of 7. sacculifer (Normal form) across
different size fractions. Five size fractions are included in the figure: 250-300 um (the pink
box), 300-355 um (the brown box), 355-425 um (the blue box), 425-500 pum (the green box)
and 500-600 pm (the orange box). No significant trend found for the size fraction increases
as the size fraction becomes larger.
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Figure 3.21 Boxplot for the S-V ratio distribution of 7. sacculifer (Sac-like form) across
different size fractions. Four size fractions are included in the figure: 250-300 pum (the pink
box), 355-425 um (the blue box), 425-500 um (the green box) and 500-600 pm (the orange
box). No significant trend found for the size fraction increases as the size fraction becomes

larger.
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Chapter 4: Discussion

4.1 Data variation
4.1.1 Total volume

G. fistulosa (Fis form) is showing overwhelmingly larger volume compared to the
other two forms, as the largest individual of the G. fistulosa (Fis form) is around two times
larger than both of Normal and Sac-like forms. The result could be attributed to the increased
number of chambers, the presence of digitate protuberance (s), and the larger chamber
diameter of the last two to three chambers of G. fistulosa (Fis form). However, it should be
pointed out that around half individuals of G. fistulosa (Fis form) overlapped with Normal

and Sac-like forms in the interval in between around 3x107-8x107 (um?).

The volume distributions of Normal and Sac-like forms are highly similar, only
around five individuals of the Sac-like forms are larger than the interval of Normal form. As
the rule to differentiate the two forms is the presence of the Sac-like last chamber, the volume
variation of the Sac-like chamber may be the reason that caused the data variation. According
to the current understanding to the modern 7. sacculifer, the difference is caused by the Sac-
like chamber growth right before the gametogenesis. Nevertheless, it is not an inevitable

event happens before the gametogenesis.

4.1.2 Surface area
Likewise, G. fistulosa (Fis form) is showing overwhelmingly larger surface area
compared to the other two forms, as the largest individual of Fis form is around or more than

two times larger than both of Normal and Sac-like forms. In addition, only one-third of Fis
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form individuals are overlapped with Normal and Sac-like forms in the interval in between
around 0.6x10°-1.05x10° (um?). The increased surface area of G. fistulosa (Fis form) could
be attributed to its body size, especially the size of the last two chambers. A more flatted
morphology compared to the other two forms could also be the possibility, as a more flatted
shape can lead to the maximization of surface area over volume (Burke et al., 2020). An
outlier is found at 3.07x10° um? for G. fistulosa (Fis form) in the boxplot. Interestingly, the
total volume and the S-V ratio calculated based on this surface area and total volume value
of the individual does not recognize as outliers. This implies the huge surface area variation
presents on G. fistulosa (Fis form), as well as loss of fossil record that contains individuals

with extreme values of surface area.

The surface area distributions of Normal and Sac-like forms are similar, while there
are six individuals of the Sac-like forms are larger than the interval of Normal form. The
slightly larger surface area of the Sac-like chamber on some individuals may be the reason

that caused the data variation.

4.1.3 Surface-total volume (S-V) ratio

G. fistulosa (Fis form) is generally smaller than Normal and Sac-like forms on the
surface-total volume ratio by comparing the value of mean and the maximum. The mean
value of Fis form is around 86% of Normal and Sac-like forms. However, most of the
individuals of Fis form are highly overlapped with Normal and Sac-like forms. Only less
than five individuals are smaller than Normal form, and no individuals are smaller than the
Sac-like form. The lower the S-V ratio is, more flatted the gross morphology is, as a more
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flatted shape can lead to the increase of surface area over volume (Burke et al., 2020). From
the observation under microscope, the shape of the last chamber on Fis form tends to be
flatted, which could alter the S-V ratio of the whole test. The protuberances appear on the
chamber surface of the chamber could also be the reason by increasing surface area with little

volume increased. However, it is probably not as influential as the chamber morphology.

The S-V ratio distributions of Normal and Sac-like forms are highly similar, while
the Sac-like form is slightly smaller than Normal form by comparing the mean value. The
flatted shell morphology of the Sac-like chamber on some relatively extreme individuals may

be the reason that caused the data variation.

4.2 Data comparison and discussion with the previously reported data
4.2.1 Relative abundance data across different size fractions from Chen (2006)
Considering sieving size fractions (250-300, 300-355, 355-425, 425-500, 500-600
and larger than 600 um) as a useful tool to estimate body size of planktonic foraminifera.
Chen (2006) studied the body size distribution of 7. sacculifer plexus (Normal, Kummer and
Sac-like forms) and G. fistulosa (Fis form) using from a short time interval right before the
LAD of G. fistulosa. By using samples from the same drilling site (ODP 1115B, the Solomon
Sea) as this study, totally five horizons were covered from 1.757 Ma to 1.728 Ma. The result
(Figure 4.1) shows G. fistulosa (Fis form) is only appears in the size fractions larger than 355
um, the sample numbers tend to increase while size fraction is moving larger. Significantly,
the it become dominant in the size fraction larger than 600 pm. However, Normal and Sac-
like form of 7. sacculifer are showing slightly different patterns with consistency to the
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modern 7. sacculifer. The former tends to appears in the size fractions below 600 pum, with
the sample numbers tend to decrease while size fraction is moving larger. The later appears
in the size fractions below 600 um, and the sample numbers tend to increase while size
fraction is moving larger. Considering the observation, G. fistulosa is assumed to be part of

the ontogenetic trajectory of 7. sacculifer.

Chen’s work provides critical clue to the morphospecific status of G. fistulosa.
Nonetheless, the study directly assumes the interval of size fraction is representative to body
size. While based on our measurement under 3D environment, the size fraction system is
grouping samples with the short axis length of foraminifera test. For G. fistulosa, which
generally larger than 7. sacculifer on the long axis length, its body size could be
underestimated under the size fraction system. Thus, the use of size fraction system may not

be the best option to address the topic.

By comparing the total volume of Fis (G. fistulosa), Normal and Sac-like (7.
sacculifer) forms in this study. Fis form tends to have larger total volume than Normal and
Sac-like forms in the same size fraction by comparing the mean (figure 3.13-3.15). In
addition, around half individuals of Fis form are larger than Normal and Sac-like (7.
sacculifer plexus) forms on the total volume. The result supports and solidifies the possibility
of G. fistulosa as the late ontogenetic stage (s) of 7. sacculifer. Besides, environment-driven
ecophenotypic variation could also be a possible assumption. The volume data also implies
that, to access high fidelity for body size and biomass estimation, total volume or cumulative
chamber volume would be better than size fraction.
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Figure 4.1 Relative abundance data across different size fractions of 7. sacculifer plexus
(Normal (black), Kummer (yellow) and Sac-like forms (blue)) and G. fistulosa (Fis form
(red)). Figure revised from Chen (2006). G. fistulosa (Fis form) is only occurred in the size
fraction larger than 355 um, while 7. sacculifer plexus is relatively smaller. The result implies
the possibility of G. fistulosa (Fis form) as late ontogenetic stage (s) of 7. sacculifer plexus.
To be noted, the age model used in the study is different from the lately published integrated

version (Chuang et al., 2018) and therefore further revision would be needed.
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4.2.2 Maximum test size-test surface area comparison from Poole and Wade (2019)
Poole and Wade (2019) summarized the systematics of 7. sacculifer plexus (T.
trilobus, T. immaturus, T. quadrilobatus and T. sacculifer) and G. fistulosa. Except the
qualitative description for systematics, some quantitative data including maximum length of
test and test surface area, were reported based on 2D photography. Exponential relationship
was found on all of the morphospecies of the 7. sacculifer plexus and G. fistulosa based on
the comparison between maximum length of test and test surface area (Figure 4.2). For all of
the morphospecies of the 7. sacculifer plexus, the curves are with high R-square values (over

0.95). G. fistulosa, somehow, is characterized with a lower value (0.7863).

The strong exponential trend shown on the 2D data (Figure 4.2) is very different from
the 3D data (Figures 3.7 and 3.8) reported in this study, and which could be attributed to the
dimensional difference between the parameters used on the X and Y-axis, respectively. As
test area has power of two compared to power of one on maximum length of test. The test
area, without doubt, increases faster than maximum length of test. Apart from the exponential
nature, the differences linked to the limitation of 2D photography is argued as bias here.
Three exponential trends can be roughly recognized in different right-shifted extents: trend
1 for T. trilobus and T. immaturus (equal to Normal form) in the left, trend 2 for T.
quadrilobatus and T. sacculifer (equal to Normal and Sac-like form) in the middle and trend
3 for G. fistulosa (equal to Fis form) in the right. For T. trilobus and T. immaturus, only three
chambers can be observed under 2D perspective, and the two species are characterized with
spherical last chamber. These characters result in smaller test surface area over maximum
length of test. By contrast, 7. quadrilobatus and T. sacculifer are characterized with four
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chambers observed under 2D perspective (7. quadrilobatus) and flat, sac-like last chamber
(T. sacculifer). These characters result in relatively larger test surface area over maximum
length of test, and lead to more right-shifted curves compared to the trend 1. For G. fistulosa,
which’s curve is observed to be more right-shifted. The presence of the protuberance could
contribute a lot on its right-shift trend, as it brings about larger maximum test size over test
surface area. In addition, G. fistulosa is observed to registers more variation in test surface
area as maximum test size increases. This might be caused by the various chamber shape of
G. fistulosa, which range from flat, sac-like, irregular shape to spherical and rounded shape.
Such shape variation could be ignored as the measurement of test surface area is carried in
2D perspective. It seems that the extent of right-shift on these morphospecies is greatly
depending on the geometry of chamber shape and chamber configuration of the

morphospecies.

With additional information from Z-axis, the biases mentioned above can be
corrected in the 3D data (Figure 3.7 and 3.8). Difference can hardly be found between Normal
(T. trilobus, T. immaturus and T. quadrilobatus) and Sac-like (7. sacculifer) forms on the 3D
data (Figure 3.7 and 3.8), as they are almost perfectly overlapped and clustered in high R-
square values (over 0.95). Fis form (G. fistulosa), is found slightly depart from the other two
forms, which could be attributed to more surface area variation as the total volume increases,
and slightly higher surface area-total volume ratio. More variation is found on the surface
arca on Fis form as the total volume increases, as the characteristic is reflected on its lower

R-square value (0.9381) compared to Normal and Sac-like forms. Nonetheless, it is not as
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much as the 2D data (R-square value=0.7863). As the result, two distinct trends are found

respectively for Normal/Sac-like forms and Fis form.

4.2.3 Total volume-S-V ratio comparison

With the use of total volume as the body size indicator, we are able to discuss how
the S-V ratio (surface-total volume ratio) changes through ontogeny for Fis, Normal and Sac-
like forms (Figures 3.10 and 3.11). All of the three forms showing decreasing S-V ratio as
the volume increases, which is consistent with the previously reported data (despite the
parameter used in the previous study is cavity volume total volume; the parameter used for
estimating body size is test length) (Caromel et al., 2016) (Figure 4.3). Two literally different
trends are recognized: Densely distributed trend for Normal and Sac-like forms, and the
scattered trend for Fis form. For Normal and Sac-like forms, they can hardly be differentiated
as the two forms are similarly distributed and partially overlapped. Such result is quite
understandable, as the two forms are currently considered to be the same biological species
(T. sacculifer) (Bé, 1980). However, predominantly larger S-V ratio is found on Fis form
compared to Normal and Sac-like forms under the same volume. Geometrically, the result
might cause by the presence, shape and number of the digitate protuberance, as well as the
general shape of the last chamber and the whole shell test. Further mathematic estimation
would be needed to understand the contribution of every factor and what factors are relatively

more influential.

Slight differences on the S-V ratio data reported in this study and the data in Caromel

et al. (2016) are found on the materials of 7. sacculifer plexus. For our data, the Sac-like (7.
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sacculifer) form is showing slightly larger surface area to total volume ratio than Normal

form (7. trilobus, T. immaturus, T. quadrilobatus) under the same volume. While in Caromel

et al. (2016), T. trilobus is slightly larger than 7. sacculifer on the S-V ratio under the same

test length (Figure 4.3). Since
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Figure 4.2 Comparison of maximum test size and test surface area (raw data and regression
lines) from Poole and Wade (2019) based on 2D data of T. sacculifer plexus (7. trilobus, T.
immaturus, T. quadrilobatus and T. sacculifer) and G. fistulosa. The right-shifted trends are
found on all the morphospecies of 7. sacculifer plexus and G. fistulosa, which are considered

biases of 2D photography.

Caromel et al. (2016) is using cavity volume to calculate its S-V ratio, slight interspecific

variation occurs on test shell thickness could be the reason that cause the difference.

Unlike Normal and Sac-like forms, Fis form is showing larger S-V ratio variation by
comparing individuals under the same volume. Such variation is also shown on the smaller
R-square value (=0.7687). This might cause by the variation of chamber surface area, which
is interpreted to be morphology-controlled. The gross morphology of Fis form ranging from
sac-like, flat—which tends to increase surface area over volume—to rounded spherical
shape —which tends to increase volume over surface area. Furthermore, the presence, number,
length and thickness of protuberance could also play critical rule on increasing the surface

arca.
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Figure 4.3 Comparison of surface area to test internal volume ratio and test length for 7.
sacculifer plexus. To be noted, the volume used in here is the test internal volume (the calcite

test is not included in the calculation). Revised from Caromel et al.(2016).
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4.3 Adaptive functional morphology of G. fistulosa (Fis form)

As mentioned in section 4.2.2, two distinct total volume-surface growing trends are
found through ontogeny: The highly consistent and densely distributed trend of Normal/Sac-
like forms of T. sacculifer and sparsely scattered trend of Fis form (G. fistulosa). The three
forms are sharing generally similar growth based on the regression analysis. Despite some
individuals are following the growth pattern of 7. sacculifer, most of Fis form (G. fistulosa)
are register with strong variation on the surface area as total volume increases, which could
be subjected to strong environmental control. Generally, larger S-V ratio is found on Fis form
(G. fistulosa) compared to 7. sacculifer under the same volume, which often refers to large
surface area and more flatted gross morphology (Burke et al., 2020). Larger surface area is
also found on many individuals with larger total volume, which exceeding the volume
interval of T. sacculifer. Since surface area is critical to metabolism processes such as gas
diffusion and respiration rate (Signes et al., 1993), the larger surface area of Fis form (G.
fistulosa) compared to 7. sacculifer and its strong variation could be related to the general
oxygen deficiency of oxygen level at the lower part of the water column. The improved
respiration rate by the larger surface area could improve the relatively low metabolic activity
and higher its contribution to the positive 5'3C-size relationship reported in Chen (2008). The
larger S-V ratio on Fis form (G. fistulosa) could also be referred to enhanced symbiotic
photosynthesis, as the surface area influences the abundance of symbionts on spinose

planktonic foraminifers (Caromel et al., 2016).

The more flatted gross morphology is strongly linked to the larger surface area on Fis

form (G. fistulosa). However, other than the gross morphology, the presence and number of
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the digitate protuberance could also be instrumental to provide additional surface area. In
addition, spine holes have been reported on the protuberance of Fis form (G. fistulosa) (Poole
and Wade, 2019), which strongly supports the presence of spine. As additional surface area
and spines on the protuberance are found on Fis form (G. fistulosa), increased buoyancy and

more space for culturing photosynthetic symbionts could be offered to the species.

Larger body size of Fis form (G. fistulosa) revealed by the total volume provides a
first-order measure for the biomass. Assuming there was only subtle difference on the density
of the soft tissue and calcitic skeleton between 7. sacculifer (Normal and Sac-like forms) and
Fis form (G. fistulosa), Fis form is estimated to be larger on its biomass. A trophic mode that
different to 7. sacculifer and buoyancy adjustment for water depth migration might be
hypothesized to interpret the larger biomass. Larger organisms are also considered more
successful on producing more gametes (Hemleben et al., 2012), which could be part of the

survival strategy of Fis form (G. fistulosa).

4.4 Trophic mode of G. fistulosa (Fis form)

The previous result of shell 3'3C value of G. fistulosa (Chen, 2008) is following the
positive §!3C-size relationship reported on extent spinose symbiotic species (Birch et al.,
2013; Elderfield et al., 2002), and which implies the strong uptake of isotopically heavy
metabolic carbon from the symbionts. Therefore, the species could be highly relied on
symbiotic photosynthesis to attain energy, just like 7. sacculifer. The generally larger surface
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area of G. fistulosa compared to 7. sacculifer implies it might obtain more energy via its
larger surface area and thus led to enhanced symbiotic photosynthesis. The extra energy
produced could then become critical to its larger biomass (stemming from the evidence of
total volume reported in this study). However, a more thorough analysis would be needed to
understand the fractionation contribution of photosynthesis, metabolism and diet of the
organism. Literally, G. fistulosa could be more sensitive to metabolism because of its

improved respiration rate induced by larger surface area.

Apart from symbiotic photosynthesis, carnivorous food uptake might be available for
G. fistulosa as T. sacculifer. By increasing its total volume, G. fistulosa would needs more
amount of prey than 7. sacculifer to maintain its body size (Signes et al., 1993). Moreover,
assuming the prey palatability (which depends on optimum predator-prey length ratio) of G.
fistulosa and T. sacculifer is following the modelled optimum (10:1 ratio)(Grigoratou et al.,
2021), the former might be allowed to capture larger prey than 7. sacculifer. G. fistulosa
could be more specialist on diet compared to 7. sacculifer, as its higher surface-to-volume
ratio (combined with the surface area provided by spines in here) would improve the potential
for food intake and thus it is not necessary for the organism to have a more generalist diet
(Grigoratou et al., 2021). Besides, fluctuation on the prey abundance could also plays an

important rule to the variation of the total volume.

4.5 Possible environmental controls for G. fistulosa (Fis form)
Based on the gross shell geochemical analyses carried in Chen (2008), G. fistulosa
(Fis form) is considered lived in the part of the water column in between and partially
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overlapped with T sacculifer and N. dutertrei. Since the geochemistry of the gross shell could
be highly dominated by the lately produced chamber(s) as it occupied a huge part of the body,
the deduced living depth/calcification depth (in between 80-100 m) might refer to more
matured and adult stage of the species. Referring to the modern ocean condition in this part
of the water column (80-100 m), salinity is almost reaching its maximum in the ocean
(Appendix 3.3) and led to the increase of sea water density. Nitrate and phosphorate are
higher in abundance than where 7. sacculifer lived by following a gradually increasing trend
(Appendix 3.1-3.2), which could be attributed to the settling of organic matters from the sea
surface (Emerson et al., 2003). By combining the result of the vertical sea structure
reconstruction prior and after the extinct of G. fistulosa (Fis form) (1.767-1.743 Ma) in Chen
(2008), the sea water structure in the Solomon Sea is characterized with thinner mixed and
shallower thermocline, which is consistent to the ENSO-like interpretation of Wara et al.
(2005), as the difference found on reconstructed temperature (through Mg/Ca analysis) and
8805w (smow) between G. fistulosa (Fis form) T. sacculifer gradually decreases. Since the
formation and expansion of Western Pacific Warm Pool (WPWP) would lead to increasing
freshwater precipitation and therefore maintain stable mixed layer in the surface (de Boyer
Montégut et al., 2007; Lukas and Lindstrom, 1991; Webster and Lukas, 1992). Thus, under
the ancient ENSO-like condition, nutrients abundance and salinity might started ascend in

shallower depth compared to the modern condition.

Some clues are sorted out here for the hydrodynamic strategy of G. fistulosa, as some
hypothesized adaptive morphological traits are considered for the species to maintain
balanced in deeper, denser part of the water column compared to 7. sacculifer. Its shell

density might be higher than T sacculifer to increase settling speed, and which is also linked
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to the calcification effort (Caromel et al., 2014; Signes et al., 1993) of the species. Some
physiological regulations toward the cytoplasm via incorporation of gas vesicles or
adjustments to ionic concentration might also happened to lower the overall density of the
organism (Kahn and Swift, 1978; Walsby et al., 1997). However, such mechanism would be
difficult to be tested on fossils. Interestingly, presence of protuberance-bearing chamber and
thus results in more irregular gross morphology and more spine beared, nevertheless, would
counteracting the settling force provided by the hypothesized higher shell and overall density.
Further simulation or experimental test would be necessary to understand exactly how the

species is different from 7. sacculifer on the hydrodynamics.

Because of the higher abundance of initial nutrients (phosphorate and nitrate)
deduced for the depth matured G. fistulosa is considered lived. It is inevitable to assess the
possible connection between the larger size of the species (than 7. sacculifer) and raised
nutrient abundance. The elevated nutrient concentration might be related to the settling and
decompose of died planktons backed to dissolved ions from the upper part of the water
column (Emerson et al., 2003) and thus provides critical prey resources for growth and
symbiotic activities. As the prey abundance raises, larger final test size and more chambers
would attained by the foraminifera (Takagi et al., 2018). This might be the reason why G.
fistulosa is larger in size than T. sacculifer. Besides, size-normalised weights were found
inversely related to both nitrate and phosphorate concentrations (Aldridge et al., 2012),
implies that the calcification and therefore settling speed of G. fistulosa might be controlled
by the nutrient level. However, temperature and carbonate ion concentrations could also

involve in the calcification process (B¢ et al., 1973; Russell et al., 2004; Schmidt et al., 2004;

64

doi:10.6342/NTU202404142



Spero et al., 1997; Spero et al., 1991), and further studies would be needed to determine

which factor is more influential to the species.
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Chapter 5 Conclusion

G. fistulosa (Fis form) is showing larger total volume and surface area than T.
sacculifer plexus (Normal and Sac-like forms). Moreover, G. fistulosa is smaller than T.
sacculifer plexus on surface to total volume ratio (the S-V ratio). However, G. fistulosa is
larger than 7. sacculifer plexus on the S-V ratio under the same total volume. The larger total
volume of G. fistulosa (Fis form) compared to 7. sacculifer plexus (Normal and Sac-like
forms) strengthens the hypothesis of G. fistulosa to be the late ontogenetic stage (s) of 7.
sacculifer (Chen, 2006). Besides, an environment-driven ecophenotype of 7. sacculifer
plexus could also be a possibility. By comparing with the previously reported data in Poole
and Wade (2019), the more right-shifted regression fits of G. fistulosa compared to 7.
sacculifer plexus on the maximum length-surface area comparison is not observed in our 3D
data (total volume-surface area comparison). The characteristic is argued by us as a bias, and
could be attributed to 2D photography. Such bias could lead to wrong interpretation on the
growth of G. fistulosa and T. sacculifer plexus, as they are highly similar on the total volume-

surface area comparison.

G. fistulosa and T. sacculifer are sharing similar growth based on the regression
analysis of the total volume-surface area comparison. Most individuals of G. fistulosa (Fis
form) are register with strong variation on the surface area as total volume increases, which
could be subjected to strong environmental control. Larger surface area found on G. fistulosa
(Fis form) compared to 7. sacculifer and its strong variation could be related to the general
oxygen deficiency of oxygen level at the lower part of the water column. Moreover, the

improved respiration rate attributed to the larger surface area could improve the relatively
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low metabolic activity and higher its contribution to the positive §!°C-size relationship
reported in Chen (2008). The larger S-V ratio and therefore larger surface area on G. fistulosa
(Fis form) than 7. sacculifer under the same total volume could also be referred to enhanced
symbiotic photosynthesis, as the surface area influences the abundance of symbionts on
spinose planktonic foraminifers. Other than the gross morphology, the presence and number
of the digitate protuberance could also be instrumental to provide additional surface area for
more spine and improving respiration rate. Increased buoyancy and more space for culturing
photosynthetic symbionts could be offered to the species. Larger total volume of G. fistulosa
(Fis form) provides a first-order measure for the larger biomass, which could be attributed to
a trophic mode that different from 7. sacculifer. The ability to produce more gametes because

of the larger body size could be part of the survival strategy of G. fistulosa (Fis form).

Under the ancient ENSO-like condition, nutrients abundance and salinity might
started ascend in shallower depth compared to the modern condition. As G. fistulosa is
considered to live in the deeper part of the water column compared to T sacculifer, a different
hydrodynamic strategy of G. fistulosa is proposed in this study with some hypothesized
adaptive morphological traits are considered for the species to maintain balanced in the

deeper depth.
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Appendix 1 Result of two-sample t test for equal means

HO: pl=p2

HI: pl #p2

How to interpret:

E.g.,

t-value : 8.8905 p-value (same mean): 6.2976E-15
Critical t-value (p=0.05): 1.9794

Uneq. Var. t-value : 9.0086 p-value (same mean): 1.7001E-14

If p-value < 0=0.05 ----------- > significantly different

If p-value > 0=0.05 ----------- > no significant difference

Parameters analyzed:

V: Total volume
S: Surface area
SV: Surface area to total volume ratio

E.g., V_Fis = total volume of the Fis form
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1.1 Result of V_Fis vs. V_Normal

V_Fis V_Normal
N: 64 N: 61
Mean: 9.4964E07 Mean: 4.2895E07

95% conf.:  (8.4869E07 1.0506E08) 95% conf.:  (3.7278E07 4.8512E07)

Variance: 1.6335E15 Variance: 4.8097E14

Difference between means: 5.2069E07
95% conf. interval (parametric): (4.0476E07 6.3662E07)

95% conf. interval (bootstrap): (4.0979E07 6.3218E07)

t-value : 8.8905 p-value (same mean): 6.2976E-15
Critical t-value (p=0.05): 1.9794

Uneq. Var. t -value : 9.0086 p-value (same mean): 1.7001E-14
Monte Carlo permutation: p-value (same mean): 0.0001

Result: Significant different

77

doi:10.6342/NTU202404142



1.2 Result of V_Fis vs. V_Sac-like

V_Fis
N: 64

Mean: 9.4964E07

V_Sac-like
N: 41

Mean: 4.7308E07

95% conf.:  (8.4869E07 1.0506E08) 95% conf.:  (3.8996E07 5.562E07)

Variance: 1.6335E15

Difference between means:

95% conf. interval (parametric):

Variance: 6.9352E14

4.7656E07

(3.3527E07 6.1786E07)

95% conf. interval (bootstrap): (3.4732E07 6.0099E07)
t-value : 6.6892 p-value (same mean): 1.1913E-09
Critical t-value (p=0.05): 1.9833
Uneq. Var. t-value : 7.3155. p-value (same mean): 5.7813E-11
Monte Carlo permutation: p-value (same mean): 0.0001
Result: Significantly different
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1.3 Result of V_Normal vs. V_Sac-like

V_Normal V_Sac-like
N: 61 N: 41
Mean: 4.2895E07 Mean: 4.7308E07

95% conf.:  (3.7278E07 4.8512E07) 95% conf.: (3.8996E07 5.562E07)

Variance: 4.8097E14 Variance: 6.9352E14

Difference between means: 4.4128E06
95% conf. interval (parametric): (-5.1192E06 1.3945E07)

95% conf. interval (bootstrap): (-5.1082E06 1.3797E07)

t-value : 0.91848. p-value (same mean): 0.36058
Critical t-value (p=0.05): 1.984

Uneq. var. t-value : 0.88612 p-value (same mean): 0.37838
Monte Carlo permutation: p-value (same mean): 0.359

Result: Not significant difference
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1.4 Result of S_Fis vs. S_Normal

S Fis
N: 53

Mean: 1.7675E06

S Normal
N: 61

Mean: 6.91E05

95% conf.:  (9.872E05 2.5477E06) 95% conf.:  (6.2386E05 7.5814E05)

Variance: 9.4403E12

Difference between means:
95% conf. interval (parametric):

95% conf. interval (bootstrap):

Variance: 6.8719E10

1.0765E06
(2.948E05 1.8581E006)

(2.3446E05 1.5598E06)

t -value: 2.7264 p-value (same mean): 0.0073539
Critical t value (p=0.05): 1.9798
Uneq. Var. t-value : 2.7485 p-value (same mean): 0.0078336
Monte Carlo permutation: p-value (same mean): 0.0001
Result: Significantly different
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1.5 Result of S_Fis vs. S_Sac-like

S Fis
N: 53

Mean: 1.7675E06

S Sac-like
N: 41

Mean: 7.5418E05

95% conf.:  (9.872E05 2.5477E06) 95% conf.:  (6.574E05 8.5097E05)

Variance: 9.4403E12

Difference between means:
95% conf. interval (parametric):

95% conf. interval (bootstrap):

Variance: 9.4026E10

1.0133E06
(56699 1.9699E006)

(1.6418E05 1.5083E06)

t-value : 2.1013 p-value (same mean): 0.038102
Critical t-value (p=0.05): 1.9837
Uneq. Var. t-value : 2.5774 p-value (same mean): 0.012312
Monte Carlo permutation: p-value (same mean): 0.0001
Result: Significantly different
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1.6 Result of S_Normal vs. S_Sac-like

S Normal

N: 61

Mean: 6.91E05

95% conf.:  (6.2386E05 7.5814E05)

Variance: 6.8719E10

Difference between means: 63181

S Sac

N: 41

Mean: 7.5418E05

95% conf.:  (6.574E05 8.5097E05)

Variance: 9.4026E10

95% conf. interval (parametric): (-49320 1.7568E05)

95% conf. interval (bootstrap): (-52032 1.7881E05)

t-value : 1.1142

Critical t-value (p=0.05): 1.984

p-value (same mean): 0.26786

Uneq. var. t-value : 1.0804 p-value (same mean): 0.28336
Monte Carlo permutation: p-value (same mean): 0.2662
Result: Not significantly different

82

doi:10.6342/NTU202404142



1.7 Result of SV_Fis vs. SV_Normal

SV _Fis SV _Normal

N: 53 N: 61

Mean: 0.015384 Mean: 0.017678

95% conf.:  (0.014805 0.015963) 95% conf.: (0.01684 0.018516)
Variance: 5.1968E-06 Variance: 1.0705E-05

Difference between means: 0.0022946
95% conf. interval (parametric): (0.0012893 0.0032999)

95% conf. interval (bootstrap): (0.0012776 0.0032464)

t-value : 4.5188 p-value (same mean): 1.4577E-05
Critical t-value (p=0.05): 1.9798

Uneq. var. t-value : 4.506 p-value (same mean): 1.6939E-05
Monte Carlo permutation: p-value (same mean): 0.0001

Result: Significantly different
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1.8 Result of SV_Fis vs. SV_Sac-like

SV Fis
N: 53

Mean: 0.015384

SV_Sac-like

N: 41

Mean: 0.017573

95% conf.: (0.014805 0.015963) 95% conf.: (0.016546 0.0186)
Variance: 5.1968E-06 Variance: 1.0583E-05
Difference between means: 0.0021893

95% conf. interval (parametric): (0.0011082 0.0032704)

95% conf. interval (bootstrap):
t-value : 4.0173
Critical t-value (p=0.05): 1.9837
Uneq. Var. t-value : 3.744

Monte Carlo permutation:

Result: Significantly different

(0.0010523 0.0033031)

p-value (same mean):

p-value (same mean):

p-value (same mean):

0.00011343

0.00038362

0.0002
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1.9 Result of SV_Normal vs. SV_Sac-like

SV _Normal SV _Sac
N: 62 N: 41
Mean: 0.017589 Mean: 0.017573

95% conf.:  (0.016745 0.018432) 95% conf.:  (0.016546 0.0186)

Variance: 1.1026E-05 Variance: 1.0583E-05

Difference between means: 1.5747E-05
95% conf. interval (parametric): (-0.0012996 0.0013311)

95% conf. interval (bootstrap): (-0.0012324 0.0013061)

t-value : 0.023749 p-value (same mean): 0.9811
Critical t-value (p=0.05):1.9837

Uneq. Var. t-value :  0.02385 p-value (same mean): 0.98103
Monte Carlo permutation: p-value (same mean): 0.9827

Result: Not significantly different
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Appendix 2 Descriptive statistics of total volume, surface area and Sur-

face area to total volume (S-V) ratio

2.1 Table for descriptive statistical comparison of the total volume of Fis, Normal and

Sac-like forms.

G. fistulosa

(Fis form)

T. sacculifer

(Normal form)

T. sacculifer

(Sac-like form)

Mean

9.95x107 pm?

4.29x107 pm?

4.73x107 pm?

Standard error

5.74x10° pm®

2.81x10° um’

4.11x10° pm?

Median

9.40x107 pm?

4.21x107 pm?

4.50x107 pm?

Standard deviation

4.18x107 pm?

2.19x107 pm?

2.63x107 pm?

Sample variance

1.75x10" pm?

4.81x10™ pum?

6.94x10" pm?

Kurtosis -0.18 -1.40 -0.16

Skewness 4.00x10™" 1.09x107! 6.60x107!

Range 1.66x10® um? 7.00x107 pm? 9.83x107 pm?

Minimum 3.04x107 pm? 1.16x107 pm? 1.42x107 pm?

Maximum 1.96x108 pm? 8.16x107 um? 1.12x108 pm?

Sample numbers 53 61 41
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2.2 Table for descriptive statistical comparison of the surface area of Fis, Normal and

Sac-like forms.

G. fistulosa

(Fis form)

T. sacculifer

(Normal form)

T. sacculifer

(Sac-like form)

Mean

1.45x10° pm?

6.91x10° pm?

7.54x10° pm?

Standard error

6.69x10* pm?

3.36x10* um?

4.7,9x10* pym?

Median

1.45x10° pm?

7.00x10° pm?

7.59x10° pm?

Standard deviation

4.87x10° pm?

2.62x10° pm?

3.07x10° pm?

Variance 2.38x10" pm? 6.87x10" pum? | 9.40x10' pm?
Kurtosis 5.26x107! -1.423 -4.82x10™!
Skewness 6.61x107! -5.98x1072 4.10x10™"
Range 2.24x10° pm? 8.15x10° um? 1.13x10° pm?
Minimum 6.12x10° pm? 2.82x10° pm? 3.33x10° pm?
Maximum 2.85x10¢ um? 1.097x10¢ um? 1.46x10° pm?
Sample numbers 62 61 41
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2.3 Table for descriptive statistical comparison of the S-V ratio of Fis, Normal and Sac-

like forms.

G. fistulosa T. sacculifer T. sacculifer

(Fis form) (Normal form) | (Sac-like form)
Mean 1.53x102pm™ | 1.77x102 pum™" | 1.76x1072 pm™
Standard error 3.15x10* um™ | 4.19x10* um™ | 5.08x107* pm™
Median 1.51x102 pm™ | 1.65x102 um™" | 1.69x1072 pm™
Standard deviation | 2.30x102 um™ | 3.27x102 pum™ | 3.25x107° pm™*
Variance 527x10%um™ | 1.07x10° pm™ | 1.06x107° um™
Kurtosis -3.30x10™" -1.01 -8.85x10™"
Skewness 6.66x10™" 5.68x10™! 5.65x10™
Range 8.69x102 um™" | 1.12x102 pum™" | 1.05x1072 pm™!
Minimum 1.2x102 pum™" | 1.32x102pm™" | 1.30x1072 um™
Maximum 2.10x102 pm™ | 2.44x102pum™" | 2.35x1072 pm™
Sample numbers 62 61 41
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Appendix 3 Bathymetric profile of nutrients and salinity

3.1 Bathymetric profile of nitrate

100

200 -
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Nitrate [umol/I] @Ocean Data View

A gradually increased curve is found as the depth increases. Depth = 500.
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3.2 Bathymetric profile of phosphate
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A gradually increased curve is found as the depth increases. Depth = 500 m.
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3.3 Bathymetric profile of salinity
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A rapidly increased curve is found as the depth increases until reaching the peak at 35 psu at

around 200 m in depth. Below the peak, the salinity gradually decreases. Depth = 500 m
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