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Abstract: This work demonstrates the potential of three-dimensional biometric quantification using microtomography
on larger benthic foraminifera. We compare traditional linear and area measures used for calculating three-dimensional
characters with actual 3D measurements made from volume images obtained using X-ray microtomography (microCT).

Two specimens of recent larger benthic foraminifera, i.e., Palaconummulites venosus and Operculina ammonoides,
were imaged with a high-resolution microCT scanner. This method enables three-dimensional imaging and calculation
of measurements like 3D distances, surfaces and volumes.

The quantitative high-resolution images enabled the extraction of the lumina from the proloculus to the last
complete scanned chamber and of the canal system spreading into marginal chord and septa. External surfaces and
volumes were calculated on the extracted parts. These measurements allowed the calculation of porosity and micro-
porosity to obtain the test density, which is the basis for many inferences about foraminifera, e.g., reconstructions
of transport and deposition. Volume and surface measurements of the proloculus allow the calculation of sphericity
deviation, which is useful for determining evolutionary trends in species based on individuals resulting from asexual
reproduction (A forms).

The three-dimensional data presented here show the actual growth of the foraminiferal cell and the development of
the test. Measurements made on an equatorial section cannot be considered representative of a three-dimensional test,
unless a correspondence between 2D data with 3D data shows significant correlation. Chamber height, septal distance,
spiral growth and chamber area were measured on the equatorial section and correlated with the volume measurements
from 3D images to determine the predictive value of the 1D and 2D measures for estimating the 3D morphological
parameters.

In particular, we show that the equatorial section area of chambers correlates significantly with the chamber volume
and can be used to differentiate between nummulitid genera according to their different growth patterns.
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iri Bentik Foraminiferlerde Gelisimin X-ray Mikrotomografisi ile Biyometrik olarak
Tanimlanmasi: Nummulitidlerde Ug-boyutlu Calismalar Dérdiincii Boyutu Zorlamakta

Ozet: Bu calisma, mikrotomografi kullanarak iri bentik foraminiferlerin ii¢-boyutlu biyometrik tanimlanmasindaki
potansiyeli irdelemekte olup, tig-boyutlu karakterlerin hesaplamasinda kullanilan geleneksel dogrusal ve alan 6l¢timleri,
X-ray mikrotomografisinden (microCT) elde edilen ii¢ boyutlu (3D) 6l¢timler ile karsilagtirilmigtir. Bu amagla, giincel
iki bentik foraminifer, Palaeonummulites venosus ve Operculina ammonoides yiiksek ¢oziiniirlit microCT ile taranmuig ve
gorintileri elde edilmistir. Uygulanan yontem {i¢ boyutlu goriintillemeyi ve uzaklik, yiizey ve hacim gibi parametrelerin
hesaplanmasina olanak vermektedir.

Yiiksek ¢oziintirli sayisal goriintiiler ilk locadan (prolokiiliis) taranmis son locaya kadar tiim loca alanlarini ve
kenarda olan (marjinal) kord ve septaya kadar uzanan kanal sistemlerini tanimlar ve dig alanlar ve hacimlerin
hesaplanmasina olanak verir. Bu 6l¢iimler, foraminifer kavkisinin taginmasi ve depolanmasi gibi konularda belirleyici
etken olan kavki yogunlugu ve mikro gézeneklilik gibi parametrelerin hesaplamasinda 6nemlidir. Prolokiiliistiin hacim
ve yiizey 6l¢iimleri tiirlerde megalosferik (A-formlar) formlarin evrimsel degisimi hakkinda fikir veren kiiresellikten
sapmanin hesaplanmasina olanak vermektedir. Ug boyutlu veriler foraminifer hiicresinin biiyiimesi ve kavki gelisimini
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ortaya koymakta olup, ekvatoryal kesitlerde yapilan ol¢iimler 2D ve 3D verileri arasinda belirgin bir korelasyon
gozlenmedigi siirece {i¢ boyutlu kavki i¢in temsili degildir. Bunun i¢in ekvatoryal kesitlerde loca yiiksekligi, septalar
aras1 uzaklik, spiral biiylime ve loca alani gibi parametreler 6l¢iilmiis ve sonuglar 3D ile elde edilen hacim olgiileri ile

denestirilmistir.

Elde edilen veriler ekvatoryal kesitdeki alan 6l¢timlerinin loca hacmi ile korelasyon gosterdigini ve bu kapsamda
farklr gelisim modelleri sunan nummulitid cinslerinin ayirtlanabilecegine isaret etmektedir.

Anahtar Sozciikler: iri bentik foraminifer, biyometri, yogunluk, X-ray mikrotomografisi, hacim hesabs, filojeni

Introduction

Many earth science studies, especially in
palaeontology, require examination or measurement
of the internal features of specimens or rocks in three
dimensions, tasks to which X-ray microtomography
(microCT) is very well suited (Carlson et al. 2003).
A variety of different X-ray CT instruments and
techniques are now available: they can scan objects of
a size range from less than one millimetre, to many
decimetres and they can scan at different resolutions:
from less than one micron (‘nanoCT’) to one or a few
microns (microCT), and up to the submillimetre-
millimetre range (CT). The best-known advantage
of X-ray CT is its ability to reconstruct quickly and
non-destructively the interior of opaque solid objects
in three dimensions when the density contrast is
high enough to let the X-ray differentiate the internal
features (Neues & Epple 2008; Metscher 2009). For
many fossils, X-ray CT may be the only practical
means of gaining information on internal materials
and geometries or other features hidden from
external view (e.g., Speijer et al. 2008). The digital
and quantitative nature of a CT dataset facilitates
computer visualization, animation, allowing the user
to interact with the data and to better understand
the features and interrelationships among elements
of the dataset. Finally, these digital data provide
unrivalled means for archiving and exchanging
information, always at high resolution with intrinsic
spatial calibration.

Because 3D visualization techniques are
computationally intensive, they have historically been
restricted to professional workstations, preventing
widespread use. However, recent advances in
processing power and 3D graphics cards, along with
inexpensive computer memory and hard drives,
make 3D visualization of reasonably sized data sets
feasible and affordable even for laboratories that face
budget constraints. Although one can still usefully
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spend a huge amount of money on a dedicated
imaging workstation, a standard modern desktop
computer can now be adequate for most imaging
tasks encountered in routine microscopy, and the
many open source software packages available reduce
the cost of the whole research effort.

With larger foraminifera, their highly complex
shells are used as the basis of their systematics down
to the sub-species level. According to Hottinger
(2009), quantitative morphological characters
that change with time in one direction define the
interpretation of phylogenetic trends in some groups
oflarger foraminifera. Such morphological characters
are normally studied on oriented thin sections. The
availability of a high-resolution three-dimensional
virtual model of specimens offers a key to evaluating
such morphological characters within the complexity
of form and shape. While the equatorial section
allows the study of character changes during growth
in two spatial dimensions, this is impossible for
characters represented in the third dimension, such
as chamber thickness etc. Here, the axial section
shows only an incidental growth state and changes
of these characteristics cannot be measured for each
growth step. Thus, the task of a three-dimensional
quantitative analysis on larger foraminifera is to
test the significance of one- and two-dimensional
data (such as the area) in comparison with 3D
measurements (such as the chamber volumes).
Because of the importance of all these morphological
parameters for the microevolution, phylogenetic
trends, palaeoecology and palaeoclimatology of
larger benthic foraminifera, the study of their complex
internal structure using microCT is even more
essential. Speijer et al. (2008) have already discussed
the potentiality of the high-resolution microCT, but
calculating volume and equivalent radius only.

Our aim is to make another step forward to show
the potential of the data obtained from 3D analysis:



A.BRIGUGLIO ET AL.

quantification of volumes, surfaces, distances, angles
and nearly any metrical feature of interest. Those data
are still rare in many published papers describing
microCT.

We have compared the data obtained by the
X-ray computed tomography with classic biometry
in nummulitids, which has a long history partially
based on many parameters and some contradictions.
As suggested by Schaub (1981) and widely used in
many papers, the main morphological parameters
used to describe megalospheric specimens of larger
benthic foraminifera are the major and minor
diameter, the morphology and number of septa per
whorls and the diameter of the proloculus. Other
parameters (in particular the radii of the whorls) do
not seem useful in order to understand the growth
process (Pecheux 1995). Other authors (e.g., Roveda
1970) used to determine nummulitids lineage
relying mainly on the external test shape, diameter,
thickness, and ornamentation. Further studies (e.g.,
Reiss & Hottinger 1984; Hallock & Glenn 1986;
Racey 1992; Pecheux 1995) agreed that these features
are largely influenced by environmental parameters,
such as depth, substrate, light intensity, etc; hence
they are important to obtain information about
the palacoecology and palaeogeography of larger
foraminifera. According to Hottinger (2009), the
only feature that may be quantified by simple linear
measurement is the diameter of the megalospheric
proloculus if it is a walled sphere; but among the
possible species-diagnostic characters, all require the
observation of the equatorial section.

Measuring and quantifying the foraminiferal cell
growth rate with a three-dimensional analysis is the
first step into the fourth dimension.

Material and Methods

Two A-form specimens with excellent test
preservation were investigated. The Operculina
ammonoides (Gronovius 1781) specimen originates
from muddy substrate in 18 m depth of the lagoon
west of Motobu Town, Motobu Peninsula, Okinawa,
Japan (Hohenegger et al. 1999). The specimen of
Palaeonummulites venosus (Fichtel & Moll 1798)
originates from 50 m depth in front of a patch reef
along the investigated depth transect A between

Seoko Jima and Minna Jima, Okinawa, Japan
(Hohenegger et al. 1999), where the sea floor consists
of medium-grained sand.

Three-dimensional analyses of more specimens
or entire populations will provide much more
information on volume variability and chamber
morphologies, but today these procedures are too
much time consuming.

Procedure

The X-ray microtomography system used in this
work is model MicroXCT from Xradia Inc., Concord,
CA (www.xradia.com) in the Theoretical Biology
Department at the University of Vienna, Austria.
This scanner uses a Hamamatsu 1L9421-02 tungsten
X-ray source with an anode voltage between 20 and
90 kV, power between 4 and 8 W, and a spot size of
5 to 8 um. The scanner configuration allows fields of
view from 5 mm down to less than 500 um. The X-ray
projection image is formed on a scintillator crystal,
made in-house by Xradia. The optical emissions of
the scintillator is then imaged by a Nikon microscope
objective lens onto a 1k x 1k CCD camera (Pixis,
Princeton Instruments) cooled to -55° C to reduce
dark noise. The optical imaging of the scintillator
allows a final magnification independent of the
geometric magnification of the X-ray projection
imaging, and a final image resolution that is not
limited by the X-ray source spot size. Several
different optical objective lenses allow selection of
the final magnification, while adjustments to the
source-sample and sample-detector distances can
be made to change the geometric magnification
of the sample image on the scintillator. Projection
images are collected automatically over 180° of
rotation and horizontal slices through the sample are
reconstructed automatically by the supplied Xradia
software. Reconstruction parameters can be adjusted
and the reconstruction repeated if necessary. The
scanning system integrated control computer carries
out these operations and is also used for viewing the
reconstructed volumes and exporting image stacks in
standard formats (e.g., TIFF).

The foraminifera samples were scanned in small
cylindrical plastic containers (a polypropylene
pipette tip or a Lego® round brick 1x1). Most
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plastics are relatively transparent to X-rays and so
are suitable for scanning mineralised specimens.
Imaging parameters for the scans reported here are
summarized in Table 1.

The computer used for manipulating the image
stacks was equipped with an Intel*Core (TM)2
Quad CPU Q9400 at 2.66 GHz, 8 GB of RAM with
a Microsoft Windows XP Professional x64 system
provided by the Department of Palacontology in the
University of Vienna, Austria.

In this work Image] (http://rsbweb.nih.gov/ij) was
used, which is perhaps the most popular open-source
imaging software in neuroscience, for measurements
of 2D images and basic visualization of 3D dataset
through plugins including Volume Viewer (http://
rsb.info.nih.gov/ij/plugins/volume-viewer.html) and
Volume] (http://webscreen.ophth.uiowa.edu/bij/
vr.htm). Image Surfer (another free program; http://
cismm.cs.unc.edu/) was used for volume rendering,
quantifications, slicing at arbitrary orientation,
measurements in 2D and 3D and taking snapshots
suitable for publication. Many other 3D visualization
software packages could be used for these purposes:
some are commercial and quite expensive for
an academic department, such as Amira (www.

Table 1. Technical settings of the X-ray microtomography
system used during the specimen scanning.

Palaenummulites | Operculina
Venosus ammonoides

Camera binning 2X2 2X2
Camera temperature -55°C -55°C
Image size 510X 512 504 X 512
Clean file size 66.3 Mb 43.3 Mb
Anode voltage kV, 80 77
HA 46 45
Source to RA distance 40.0 mm 40.0 mm
Detector to RA distance 22.0 mm 15.0 mm
Voxel 4258 mA 4.645 mA
Optical magnification 4.2x 4.2x
Slides 268 174
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amiravis.com) or Analyze (www.analyzedirect.com),
but others are open source and they all support
conventional stereoscopic 3D display technologies.

After reading the reconstructed image stack into
the measuring software and after calibrating it with
the correct voxel size (three-dimensional pixel size),
we could extract with the lasso tool in Image] every
single chamber using some manual modification.
In fact, because the chambers are interconnected in
several locations, each chamber was artificially closed
at the beginning of every connection by a boundaries
editing operation. If the goal of the operation is to
calculate the volume of every lumen, this solution
does not cause inaccuracy of data because foramina
or stolons are not part of the chamber volume itself.
On the contrary, if the goal is to calculate the exact
porosity, calculation of the whole canal system
(septal and marginal), the stolons and the chambers
connections is mandatory.

Because the foraminifera scanned are Recent,
their preservation is excellent and the microCT
images were able to clearly demonstrate the density
contrast between the hollow chambers and the
calcitic test itself. Such preservation allowed seeing
the whole canal system in the marginal chord and
inside every septum; stolons are also visible. With the
possibility of measuring volumes of such empty space
within every septum and within the marginal chord,
it was also possible to calculate the real density of the
specimens. Taking into account that the voxel size is
about 4 um, this can also be considered as the highest
inaccuracy value in linear measurements. For areas
or volumes calculated from linear measurements, the
uncertainty range is propagated to the second and to
the third powers.

As well as volumes, many other values were
calculated to permit comparison of our new data
with those existing in the literature. These are areas
of lumina (A), chamber length (or septal distance,
1), chamber height (h) and spiral distance. All these
parameters were taken on the virtual equatorial
section (Figure 1). The thin section was obtained by
using the slice extractor tool in Image Surfer, which
allowed us to cut the specimens in every possible
way; a tool like this is extremely helpful in the case
of specimens that are not perfectly straight and have
a curved periphery where a ‘mechanical thin section’
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Figure 1. (a) Sketch of the equatorial section of a nummulitid:
the dotted lines show how the spiral distance was
measured (modified from Briguglio & Hohenegger
2009); (b) detail of the equatorial section, with
explanation how to measure the chamber height h,
septal distance [ and chamber area A (modified after
Blondeau 1972).

is not reliable. To be rigorous in comparing the
volumetric data with linear measurements or area
calculations, the latter were upgraded to the third
power in order to become comparable with volumes.
Only in the comparison between volume and spiral
form, were the volume data downgraded to one
dimension.

Results

Each lumen was manually extracted from the
proloculus to the last completely scanned chamber,
so that volume and surface could be calculated
for every chamber. The extracted chambers of O.

ammonoides and P. venosus are shown in Figure 2, and
the measurements used in this work are reported in
Table 2. A two-dimensional visualization of the three-
dimensional dataset is not easy; for simplification, the
extracted chamber lumina are illustrated whorl-by-
whorl in equatorial and axial view and always at the
same magnification. The last row in Figure 2 shows
all the extracted chambers within the test.

The canal system was isolated both along the
marginal chord and within the septa; the volume of
this hollow space was calculated and added to the
volumes of lumina to get an exact value of the total
empty space inside the test.

Subtracting porosity (chamber lumina) and
micro-porosity (canal system, stolons and foramina)
from the total test volume, we get the volume of the
test wall. This value allows the calculation of density,
which is very important for calculating different
transport effects. In O. ammonoides the 47 chambers’
lumina represent 38% of the total volume. A total of
4.5% of the test wall is empty because of the canal
system (marginal chord), which increases up to 9.6%
when the septa are included. This porosity reduces
the test wall volume to 53% of the total volume and
may reduce density from 1.69 g/mm?’down to 1.46 g/
mm?® including micro-porosity of the pores.

For P venosus, the volume of all chambers
represents 28% of the entire test (i.e. the marginal
chord and septa are relatively thicker than in O.
ammonoides) and the total porosity is 10% (against
15% in O. ammonoides); such values let test density
reduce from 1.95 g/mm’ to 1.75 g/mm’.

The progression of lumina with test growth displays
the ontogeny of the cell body. Such information may
be used to detect or expect the reproduction stage in
foraminifera (Hemleben et al. 1989). The embryonic
apparatus was also extracted and separately compared
(see Figure 3b). In the megalospheric generation of
larger benthic foraminifera, the proloculus size and
its connection with the deuteroconch is one of the
main parameters for reconstructing phylogenetic
trends (Less & Kovacs 1996; Papazzoni 1998).

The relation between growth rates of P. venosus
and O. ammonoides is shown in Figure 3. The
volumes of chamber lumina are presented both
as an overview (Figure 3a) and whorl-by-whorl
to study growth rate in detail (Figure 3c-f). Of
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Figure 2. Three-dimensional representation of the chamber lumina, whorl after whorl, in equatorial and axial section of O.
ammonoides (left side) and P. venosus (right side). The last row shows the lumina within the complete test.

course, the representation of the first whorl does not
include proloculus and deuteroloculus, but starts
actually from the consecutive chamber, then the first
chamber after the embryonic apparatus. All values
can be represented by an exponential function. In the
first whorls, the exponential rate is high, but in the
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very last whorl, especially in the last four chambers
showing reduced increase, the adult stage seems to
be reached and reproduction might be possible; the
algebraic function switches from an exponential to
a logistic one, very commonly indicating the adult
stage in foraminifera.
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Figure 3. (a) Correspondence between chamber lumen volumes of P. venosus and O. Ammonoides: the functions are
calculated as exponential; (b) correspondence between chamber lumen volumes and areas of the first three
chambers (P, D, 1) of the two specimens; (c—f) chamber lumen volumes correspondence, whorl after whorl, of
the two specimens. Continuous lines are exponential functions for the P. venosus set of data; dashed lines are
exponential functions for the O. ammonoides set of data. All areas were recalculated as the cubic power to make

them comparable with volume.

Therefore, chamber volume trends appear to be
comparable with other nummulitids, i.e., tending to
have an inflection point at the adult stage. In Figure
3b, proloculus (P), deuteroloculus (D) and first
chamber (1) volumes are plotted and compared with
their areas, measured on the equatorial section of the
3D image. Because of the identical slopes, the study
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of the embryonic stages in equatorial sections might
be representative for the three-dimensional embryo.

Area calculation and its comparison with volumes
also gives interesting results. As shown in Figure 4,
the growth trend of the area is very similar to the
volume growth rate in both investigated specimens.
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Figure 4. (a) correspondence between chamber lumen volumes of P. venosus and its areas; (b) correspondence between chamber lumen
volumes of O. ammonoides and its areas; (c, e, g, i) correspondence between chamber lumen volumes and areas, whorl
after whorl, of P. venosus; (d, £, h, j) correspondence between chamber lumen volumes and areas, whorl after whorl, of O.
ammonoides. Continuous lines are exponential functions for the P. venosus set of data; dashed lines are exponential functions
for the O. ammonoides set of data. All areas were recalculated as the cubic power to make them comparable with volume.
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Because of different chamber morphologies between
the two specimens, the areas in O. ammonoides are
more similar to their volumes. Because the alar
prolongations of O. ammonoides are shorter than in
P. venosus, area calculation by equatorial section is
more representative in operculinids (sensu Hottinger
1997) than in taxa, where alar prolongations can
reach the umbilical boss. In the last whorl of O.
ammonoides the calculation of the volume based on
the area

vi=(Va)

tends to overestimate the real volume because of the
elevated chamber heights (see Figure 4 j).

In thin sections, we might have the impression
that operculinids should possess higher growth rates
than nummulitids, but the data obtained here seem
to show a different trend: the growth rate measured
by volumes does not have the same behaviour as
chamber height (Figures 5 & 6). As discussed later, the
chamber height, which grows faster in operculinids
than in other nummulitids, produces such effects in
thin section.

Comparing the growth of chamber length and
height (Figures 5 & 6) with volumes, differences in
chamber morphology becomes distinct. An estimate
of the main ontogenetic trend is given for the first
two whorls. In the last whorls, the chamber length is
not significant for P. venosus and is underestimated
(bigger whorl after whorl, Figure 5f, h, j) for O.
ammonoides. The growth rate in chamber height
(Figure 6) is consistent with the volume growth
in P venosus, but definitely overestimated in O.
ammonoides (Figure 6j).

The relation between spiral and volume growth
rates is shown in Figure 7. The data were recalculated
to be comparable, i.e., volume data were transformed
to linear data by cubic root to compare this trend
with spiral growth, and these functions were
calculated as linear and forced to intersect the origin
(Figure 7a, b). This comparison gave us information
about growth related to biological need (volume for
protoplasm growth) compared to chamber geometry.
In both P. venosus and O. ammonoides the spiral has
a higher growth rate than the linearized volume. The
different chamber morphology of the two specimens
affects the spiral growth, which is in fact very similar,
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whorl-by-whorl, in both taxa. No inflection points
were observed in spiral growth, as expected close to
the proposed reproduction status in volume growth.

The deviation from sphericity is illustrated in
Figure 8. The correspondence between volume
surface ratio and linear volume is reported for
both specimens (see Figure 8a), but nothing seem
to differentiate the two linear growths. Using the
calculation proposed by Wadell (1932) with the
following equation was more successful:

_(6V)®
V=3

where V and S are the chamber volume and the
chamber surface respectively. Using this formula,
the range limits are given by 0 (e.g., surface without
volume) and 1 (e.g., perfect sphere).

In both specimens the proloculi have a value
slightly exceeding 0.9 and can be considered as
spheres, but after the first two whorls showing a
decrease, sphericity seems to reach stable values close
to 0.5 for P. venosus and 0.6 for O. ammonoides.

Because of the good correspondence between
volume and area, regressions were calculated for
P. venosus and O. ammonoides to see the power of
statistical correlations. As shown in Figure 9 the
best fit for O. ammonoides is represented by a linear
regression (forced through the origin), but this is not
the best solution for P. venosus in which the best fit is
represented by a power regression with an exponent
> 1.

Discussion

The calculation from 3D images of chamber volumes
and shapes and their changes during ontogeny gives
a huge amount of information quite impossible
to obtain by the traditional two-dimensional
methodology of oriented thin section. The volume
measure gives no information about shell geometry
but indicates the influence of temporal changes
during foraminiferal growth.

Mathematically, the construction of a chamber
possessing a specific volume has an infinite number
of solutions; but the evolved morphogenetic solutions
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Figure 5. (a) Correspondence between chamber lumen volumes of P. venosus and septal lengths; (b) correspondence between chamber
lumen volumes of O. ammonoides and septal lengths; (c, e, g, i) correspondence between chamber lumen volumes and septal
lengths, whorl after whorl, of P. venosus; (d, f, h, j) correspondence between chamber lumen volumes and septal lengths,
whorl after whorl, of O. ammonoides. Continuous lines are exponential functions for P. venosus; dashed lines are exponential
functions for the O. ammonoides. All septal lengths were recalculated as the cubic power to make them comparable with

volume.
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Figure 6. (a) Correspondence between chamber lumen volumes of P. venosus and chamber heights; (b) correspondence between
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chamber lumen volumes of O. ammonoides and chamber heights; (c, e, g, i) correspondence between chamber lumen
volumes and chamber heights, whorl after whorl, of P. venosus; (d, f, h, j) correlation between chamber lumen volumes and
chamber heights, whorl after whorl, of O. ammonoides. Continuous lines are exponential functions for P. venosus; dashed
lines are exponential functions for O. ammonoides. All chamber heights were recalculated as the cubic power to make them
comparable with volume.



A.BRIGUGLIO ET AL.

Figure 7. (a) Correspondence between chamber lumen volumes of P. venosus and its spiral distances; (b) correspondence between
chamber lumen volumes of O. ammonoides and its spiral distances; (c, e, g, i) corespondence between chamber lumen volumes
and spiral distances, whorl after whorl, of P. venosus; (d, f, h, j) correspondence between chamber lumen volumes and spiral
distances, whorl after whorl, of O. ammonoides. Continuous lines are linear functions for P. venosus; dashed lines are linear
functions for O. ammonoides. All chamber lumen volumes were recalculated as the cubic root to make them comparable with

spiral distances data.

695



X-RAY MICROTOMOGRAPHY OF NUMMULITID DEVELOPMENT

o o
i o w 1
a w O IS

chambers lumen volume mm
o
a o

[=}
o @
o I
.

0.7 4

>
2
S 06 5RO
@ o)
'S_o.sf S
@ <o
S &
04 - <&
0.3 —— — — T T T T T T
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 b
chambers

Figure 8. Deviations from sphericity: (a) correspondence
between cubic root chamber lumen volumes and
volume surface ratio. P venosus chamber lumen
volumes and volume surface ratios are represented
by full and empty rhombuses; O. ammonoides
chamber lumen volumes and volume surface
ratios are represented by full and empty circles; (b)
correspondence between sphericity deviation of P
venosus and O. ammonoides using the Wadell equation.
Continuous line is the power function for P. venosus;
dashed line is the power function for O. ammonoides.

are strictly limited by developmental genes and their
interactions with the physico-chemical properties
of the developing tissues (Newman & Miiller 2000),
in single celled foraminifera with a mineralised test.
In nummulitids the form of the outer margin can be
modelled by the equation

r=b (b, +b,0)°
where thelength of the initial spiral (b,), the expansion
rate (b,) and the acceleration rate (b,) are constants
(Hohenegger 2010). The parameter values are fixed

for each individual, presumably as an inflexible part
of their developmental genetics. Deviations from
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Figure 9. Regression of chamber volume on the equatorial
section area in P. venosus (full rhombuses) and O.
ammonoides (empty circles). The regression functions
are calculated as linear and power regression for P
venosus and as linear regression for O. ammonoides.
Equations and coeflicients of determination (R?) are
given.

these fixed structures are caused by short but major
environmental stress (such as extreme temperature
or an attack by predator fish). Thickness, the second
important character describing test and chamber
shape, is also fixed, on the one hand by the connection
with the radius, and on the other by parameters of
the equation

th=b rexpb,

where b represents the thickness constant and b, the
allometric constant (Hohenegger 2010).

Every environmental stress can lead to a variation
in volume growth rate. The chamber lumina, fixed by
height (marginal radius) and thickness determined
by genetic factors, can only react to stress by varying
the septal distance during growth of the new wall.

Therefore, the mathematically infinite
combinations of morphological solutions in building
chambers with identical volumes are restricted by
the verification limits of the character (e.g., negative
numbers for test-wall thickness are impossible),
degrees of freedom (e.g., dependence of septal
distances from fixed marginal radius and thickness)
and by the intensity and form of inter-correlations
between characters based on gene and other
regulatory interactions during development.

The study of the volume by 3D analysis gives
a more complete idea of the specimens growth
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than do equatorially oriented thin sections. In thin
sections, the chamber size in the operculinids seems
to be generally bigger than in nummulitids; i.e., the
chambers of operculinids are higher and the septal
distance is bigger than in other nummulitids. In
contrast, volume analysis shows that chambers of
P. venosus reach the same size as O. ammonoides
because the former is not as evolute as the latter. On
Figure 3 some graphs are plotted showing the volume
differences between the two specimens. The growth
trend is comparable, and it is exponential at least for
the first and the second whorl (Figure 3c, d). The
last two whorls are not increasing as fast as the first
ones and the very last chambers show no increase at
all. Such trends, already shown three dimensionally
by Speijer et al. (2008), reflect the achievement of
reproduction in the adult stage. It is interesting that
the chamber morphology is different in these two
genera, but the chamber volumes are very similar.
These differences at genus level, and above it, are not
caused by ecological factors such as decreasing light
intensities. The specimens studied here, belonging to
two different genera, have similar shell thicknesses,
despite living at different water depths, hinting at
the underlying historical-phylogenetic background
that is reflected in their inherited morphogenetic
pathways.

In O. ammonoides, the chamber volume is
achieved by extending the chamber height and by
reducing alar prolongations; in contrast, the same
volume is achieved in P. venosus by reducing the
chamber height and by extending alar prolongations
until the umbilical boss is reached. Thus, a similar
biological need has been satisfied through two
different developmental genetic solutions.

The three dimensional study of the embryo is
also presented for these two species. The dimension
of the proloculus is one of the main parameters in
the taxonomy and systematics of larger foraminifera,
and its dimension and position with respect to the
deuteroloculus is characteristic in recognizing
phylogenetic trends (Drooger 1993; Less et al. 2008).
The deviation from sphericity in both proloculi is
very low (close to 0.9) and they can be approximated
as spheres. For these reasons, the traditional method
of calculating only the largest diameter of the
proloculus is representative for its volume.

The equatorial section can generally be considered
as suitable for studying the ontogenesis in larger
foraminifera, but according to our comparisons, the
equatorial section character most consistent with the
volume growth rate is the area. From the first whorl
to the last one, the area growth rate gradually follows
the volume data. As shown in Figure 9, the equatorial
section area can be considered as well-suited to
evaluate ontogeny in larger benthic foraminifera.
The difference between evolute and involute forms is
reflected in this figure.

In the involute P. venosus the equatorial section
area of a chamber underestimates its actual volume.
This underestimate increases with chamber growth
and is caused by neglecting the alar prolongations,
which are not visible in the equatorial section.
In contrast, the constant evolute coiling of O.
ammonoides, gives an accurate estimate of volume
from the area using a constant multiplication factor.

Chamber length and height are only partially
representative of the ontogenesis of the cell, mainly
in the first two whorls.

Density calculation gives good results, although it
is time-consuming for the extraction of all the hollow
space within the marginal chord and septa, and
requires very high image resolution. Nevertheless,
such evaluation is useful in testing the calculation
of density by mathematical formulae (Yordanova &
Hohenegger 2007). In Nummulitidae, density values
adoptedinrecentstudies ofhydrodynamics (Briguglio
& Hohenegger 2009) or in palaeogeographic
reconstruction (Jorry et al. 2006) are between 1.5 and
1.8 g/mm’. The values obtained with this method also
show significant differences between the two genera,
and such differences can be explained partially by the
different depositional environments to which they
belong.

Conclusion

The detailed morphological and volumetric data
obtained with 3D analysis indicate that the use
of X-ray microtomography can be very useful for
biometric research on foraminifera. Not only can
intraspecific variation and evolutionary lineages be
assessed or confirmed, based on the 3D shapes and
sizes (Speijer et al. 2008), but such methodology can

697



X-RAY MICROTOMOGRAPHY OF NUMMULITID DEVELOPMENT

be particularly advantageous for nummulitids where
the growth rate and chamber geometry are the most
important parameters for taxonomy, systematics and
palaeobiology.

The calculation of volumes is important in
studying the ontogenesis of the cell and can predict
the reproduction stage or give details of the cell
response to environmental changes through time
(e.g., seasonality). The calculation of density
can be used for prediction and evaluation of the
hydrodynamic behaviour of nummulitids in the
fossil record (Briguglio & Hohenegger 2009).

Further use of microCT scanning on larger
benthic foraminifera is welcome because of the huge
diversity of the group and because many hypotheses
on evolution and phylogeny are based on classic 2D
analysis and it would be interesting to test them on a
three-dimensional scale.

Three-dimensional analyses of populations
will also give much more information on volume
variability and chamber morphologies, but today
these procedures are too much time consuming.

However, we believe that the quantitative
calculation of the shape, volume and growth rate
of lumina may give a huge amount of information
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