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1. Introduction to the technologies

Study of internal features of bryozoans is essential in order to determine species-
diagnostic characteristics. Usually, preservation in the fossil record is such that these
internal features are not easily determined, and until recently were largely revealed using
destructive methods. In some exceptional cases preservation is such that internal
morphologies are preserved. Martinsson (1965) was able to demonstrate the internal
zooecial chamber three-dimensional shape in the cryptostome Ptilodictya lanceolata
thanks to them being lined and so replicated in phosphate which could be etched from the
surrounding zooecial walls. Similar preservation of zooecial chambers was reported by
Eisenack (1964) in some trepostomes and cryptostomes from the Silurian of Gotland.
Silicification generally replicates external features faithfully, but unfortunately in most
assemblages preserved in this way any internal skeletal structures are not. Where in rare
cases internal walls are preserved, such as in the cystoporate Fistulipora incrustans from
the Mississippian of Ireland, the morphology of chambers can be viewed when the outer
zoarial walls are removed (Bancroft and Wyse Jackson 1995, fig. 3C-D).

There has been along history of evolving technologies to image the internal morphology
of bryozoans (Wyse Jackson and Buttler 2015). These technologies range from primitive
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but effective approaches such as mechanically removing zooecial walls with a scalpel to
see inside to Synchrotron Radiation Micro-Computed Tomography (SRuCT) to create 3D
digital images (Key et al.2022).In between these two end members, several technologies
have been used to create 3D reconstructions of bryozoan morphology. The most widely
used in paleobryozoology is thin sectioning (Boardman 2008).

Thin sectioning is a destructive process involving cutting, grinding, and polishing the
rock with an embedded bryozoan colony to expose it (Nye ef al. 1972). The final product
is a two-dimensional thin slice through the rock (i.e. a thin section) mounted on a glass
slide that can be imaged with a microscope. Thin sections can yield high resolution
images. Acetate peels are made similarly. After polishing, the colony is etched with acid,
so any internal structures stand out in relief. Then a sheet of acetate is partially chemically
dissolved onto that surface with acetone (Boardman and Utgaard 1964). The acetate is
then pulled off the colony and can be imaged with amicroscope. Acetate peels allow image
resolutions almost as good as thin sections. Both techniques have always been destructive
and labor-intensive.

Thin-sections or acetate peels taken in three orientations across fenestrate bryozoans
have allowed for three-dimensional chamber shapes to be pictorially reconstructed as was
done in studies by Snyder (1991) and Wyse Jackson et al. (2006, text-fig. 1), but this is
laborious, and it is difficult to ensure the degree of accuracy that recent non-destructive
techniques have provided in some studies. Nevertheless, in preservation where the
skeletal ultrastructure and post-mortem chamber infill is similar (i.e. calcitic), and where
newer digital scanning studies would not distinguish between the two, the hand-drawn
scheme is of some value taxonomically.

More recently, there has been success with confocal laser scanning microscopy.
Initially it was largely restricted to imaging bryozoan larvae from modern bryozoans
(Wanninger 2007, Tsyganov-Bodounov and Skibinski 2010) but has grown to include
adult zooids (Temereva and Kosevich 2018).

The latest non-destructive 3D imaging technology is X-ray Micro-Computed
Tomography. In the literature, this was often abbreviated as micro-CT. In this paper we
use WCT which is more commonly used now in bryozoology (e.g. Zhang et al.2021) and
more broadly in the life sciences in general (e.g. Rawson et al. 2020). There two types of
uCT: laboratory-based (WCT) and synchrotron-based (i.e. Synchrotron Radiation Micro-
Computed Tomography (SRuCT)). Both use X-ray absorption as the source of contrast
in this type of imaging. uCT uses a stand-alone unit, sometimes attached to an SEM.
SRuCT requires a synchrotron, a ~100 m diameter facility, of which there are only ~50
worldwide (Lightsources 2022).

Regardless of the type of uCT (i.e. laboratory- or synchrotron-based), the limits of
resolution depend on the machine being used and the size of the targeted bryozoan. In
general, if you scan an entire colony, the resolution will be more limited. In contrast, if you
focus on few selected zooids, you can get better resolution. But neither will be as high as
the resolution of an SEM.
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Figure 1. Pioneering uCT images of a bryozoan shared with the International Bryozoology
Association community by Paul Taylor in 2008. Shown is transverse internal section (A) and a
colony exterior (B) of the Recent cyclostome Mesonia radians. Branch diameter ~ 0.4 mm.

Regardless of the type of uCT (i.e. laboratory- or synchrotron-based), the ability to
differentiate between morphological features depends not only on variations in skeletal
mineral composition but also void space/porosity, which have a bearing on X-ray
attenuation through a colony. Imaging works best when the mineralized skeleton and
zooidal cavities have very different X-ray absorption properties. Imaging can be improved
through staining which can yield a combination of both soft-tissue and skeletal structures
(Metscher 2009). For example, Matsuyama et al. (2015) beautifully imaged the autozooid
chambers,suboral avicularian chambers, orifices,and frontal pores in Recent cheilostomes.
Schwaha ez al. (2018) used uCT and heavy metal staining to create 3D renderings of the
various soft-parts of Recent cyclostome polypides. In both of these cases, the mineralized
skeletal walls had very different X-ray absorption properties from the zooidal cavities
containing soft-parts.



60 ANNALS OF BRYOZOOLOGY 7

Table 1. Publications using uCT imaging technology on bryozoans
arranged by publication date.

Study Laboratory Recent or fossil
Mainwaring 2008 laboratory Recent
Schwaha et al. 2008 laboratory Recent
Taylor et al. 2008 laboratory both
David et al. 2009 laboratory Recent
Metscher 2009 laboratory Recent
Viskova and Pakhnevich 2010 laboratory fossil
Buttler et al. 2012 laboratory fossil
Klicpera et al. 2013 laboratory Recent
Schmidt 2013 laboratory Recent
Wyse Jackson and McKinney 2013 laboratory fossil
Koromyslova and Pakhnevich 2014 laboratory fossil
Koromyslova et al. 2014a laboratory fossil
Koromyslova et al. 2014b laboratory fossil
Pakhnevich ef al. 2014 laboratory fossil
Koromyslova et al. 2015 laboratory fossil
Matsuyama et al. 2015 laboratory Recent
Koromyslova and Pakhnevich 2016 laboratory fossil
Koromyslova et al. 2016 laboratory fossil
Fedorov et al. 2017 laboratory fossil
Koromyslova et al. 2018a laboratory fossil
Koromyslova et al. 2018b laboratory fossil
Schwaha et al. 2018 laboratory Recent
Cecchetto et al. 2019 laboratory Recent
Fedorov and Koromyslova 2019 laboratory fossil
Jacob et al. 2019 laboratory Recent
Koromyslova et al. 2019a laboratory fossil
Koromyslova et al. 2019b laboratory fossil
Martha et al. 2019 laboratory fossil
Schwaha et al. 2019 laboratory Recent
Ward et al. 2019a synchrotron fossil
Decker and Schwaha 2020 laboratory Recent
HeYmanovi et al. 2020 laboratory fossil
Hirose et al. 2020 laboratory Recent
Koromyslova et al. 2020 laboratory fossil
Tolokonnikova et al. 2020 laboratory fossil
Batson et al. 2021 laboratory Recent
Kocova Veselski ef al. 2021 laboratory fossil
Koromyslova and Fedorov 2021 laboratory fossil
Koromyslova et al. 2021a laboratory fossil
Koromyslova et al. 2021b laboratory fossil
Pakhnevich 2021 laboratory fossil
Zhang et al. 2021 laboratory fossil
Batson et al. 2022 laboratory Recent
Harrison et al., 2022 laboratory Recent
Koromyslova and Pakhnevich 2022 laboratory fossil
Turicchia et al. 2022 laboratory Recent

Key et al. 2022 synchrotron fossil
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2. Pioneering Phase

The use of uCT imaging technology has been around since the mid 1970s (Gutiérrez
et al. 2018), but its first application to bryozoology was three decades later. The first
mention of uCT imaging being used on bryozoans was by Alexey Pakhnevich at the
SkyScan User Meeting 16-18 April in2007 in Brugge, Belgium. Pakhnevich did that work
at the Paleontological Institute of the Russian Academy of Sciences in Moscow, Russia.
Pakhnevich’s (2007) initial study was on fossil tubuliporids (Pakhnevich et al. 2014,
Koromyslova and Pakhnevich 2016).

The first use of uCT imaging on bryozoans was shared with the broader bryozoology
community at the 8th Larwood Meeting, 23-24 May 2008 at the University of Vienna,
Austria. Thomas Schwaha et al. (2008) showed some striking images of Cristatella
zooids. At the same meeting, Paul Taylor et al. (2008) showed the internal morphology
of both Recent and fossil cyclostomes. Both of these were abstracts; there were no figures
published. Figure 1 shows some of the first ever 2D and 3D uCT images of a bryozoan
shared with the International Bryozoology Association community by Paul Taylor at that
meeting. It shows a transverse internal section and a colony exterior of the Recent
cyclostome Mesonia radians (Figure 1). At that meeting, Taylor predicted that this
technology would become of greatimportance to bryozoology and, as has been documented
here, he was correct in his assertion.

The first published uCT images of bryozoans were by Paul Mainwaring in 2008. They
were published in the commercial microscope trade journal Microscopy Today. The
bryozoans in those images were not identified, but they were from the same cyclostome
study as Taylor’s (Mainwaring 2008, Taylor et al. 2008). Of all the citations involving
uCT imaging in bryozoology, 43% in the first five years were abstracts as the novel
technology was presented at conferences. Since then, the citations have been dominated
(90%) by full blown papers.

3. Explosive Growth Phase

In the intervening decade and a half since 2007, there have been dozens of publications
using uCT 3D imaging technology in bryozoology (Table 1). So far there have been 47
published studies (Figure 2). That is a publication rate of 3.4 papers per year, and its use
is growing fast (Figure 3). 96% of the studies used the first generation, laboratory-based
uCT imaging with only 4% using the latest and less accessible SRuCT imaging. 64% of
all studies used the uCT imaging on fossil bryozoans, almost twice as many as on Recent
bryozoans (38%). This is probably in response to the labor involved in making serial thin
sections and acetate peels to create 3D reconstructions of colonies embedded in rock (e.g.
Snyder 1991, Key et al. 2011, Gautier et al. 2013). Much of this growth in research has
been by Anna Koromyslova and colleagues at the Borissiak Paleontological Institute of
the Russian Academy of Science, Moscow. She alone is responsible for 32% of the
publications as first author! Thanks to her and her colleagues, the Russian
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Figure 2. Cumulative number of publications using uCT imaging technology in bryozoology
since 2006. Data from Table 1.

paleobryozoologists have become productive users of uCT technology. They are responsible
for 45% of all the publications (Table 1).

3-D rendering of soft-tissue bryozoans was first published by Metscher (2009) who
illustrated the morphology of the freshwater phylactolamate Cristatella mucedo. The
study by Caroline Buttler ef al. (2012) was the first to attempt uCT technology on
trepostomes although the visualization of internal features in the Ordovician species
analyzed was not adequate due to the density similarities of the skeletal material and the
infilling cements. The study by Patrick Wyse Jackson and Ken McKinney in 2013
confirmed with wCT the morphological and distinctive characteristics of a lateral
heterozooid developed in the Mississippian genus Polyfenestella (Figure 4) first described
through conventional means by Adrian Bancroft (1986) 27 years earlier.

The paper by Matteo Cecchetto et al. (2019) on Recent bryozoans from Antarctica is
noteworthy in that digital models of four species obtained by uCT imaging were published
in pdf format, in which these models could be rotated and viewed from numerous angles
using standard computer software. The following year Masato Hirose et al. (2020)
combined uCT imaging with oxygen isotopic composition to determine annual growth
bands in Celleporina attenuata. Prior to this, such bands in other taxa such as Melicerita
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Figure 3. Number of publications per year using uCT imaging technology in bryozoology.
Data from Table 1.

chathamensis had been documented using a combination of conventional X-ray imaging
with stable isotope profiles (Key et al. 2018).

The first mention of SRuCT imaging being used on bryozoans was by Rolf Schmidt
in 2013. He suggested that the Australian Synchrotron could be used to image Paleozoic
bryozoans, presumably ones embedded in rock (Schmidt 2013). The first study with
published SRUCT images of bryozoans was six years later by Ingrid Ward ez al. (2019a).
They used the Australian Synchrotron to image cheilostome colonies embedded in
prehistoric Aboriginal artifacts made from Eocene bryozoan cherts. The cherts were
irreplaceable cultural artifacts from Western Australia that could not be destructively
analyzed by thin section. They were able to identify the bryozoans to the genus level as
seen, for example, in the 3D reconstruction of the reticulate cheilostome bryozoan
Reteporella (Figure 5). This allowed them to determine the geographic extent of
prehistoric Aboriginal trades routes (O’Leary et al. 2017, Ward et al.2019a, b, Key et al.
2019, Ward et al. 2021). The methodology, resolution, as well as advantages and
disadvantages of SRCuT imaging in bryozoology were recently reviewed by Key er al.
(2022).

The technology has progressed to the point that new taxa are regularly being erected



64 ANNALS OF BRYOZOOLOGY 7

Figure 4. Two dimensional uCT images through Polyfenestella fenestelliformis zoarium at
different levels (A-F) from obverse to reverse showing arrangement of autozooecia. The
distinctive lateral heterozooid is arrowed in D. Scalebar = 1 mm. (From Wyse Jackson and
McKinney 2013, fig. 2).

using WCT imaging. Most recently, Zhiliang Zhang et al. (2021) used uCT to describe
Protomelission gatehousei, the first unequivocal Cambrian bryozoan. Its colonies were
soft-bodied and preserved through phosphatization which showed bilaminate autozooids
with possible interzooidal connections through the mesotheca.

4. Future

How long can this exponential rate of growth (Figure 3) be sustained? It partly depends
on how much access bryozoologists have to these various wWCT imaging technologies. It
is predicted that SRuCT imaging will not be adopted as quickly by bryozoologists for
several reasons. First, laboratory-based wCT provides sufficiently high quality images for
most Recent and fossil bryozoans (Key et al. 2022) compared to SRUCT but not as good
as SEM. Second, SRuCT facilities are few and far between. There are only about 50
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2500 pm

Figure 5. Three dimensional SRuUCT image of the reticulate cheilostome bryozoan Reteporella
digitally extracted from the 2D grayscale rock matrix shown in two orthogonal planes. The
colony surface is colored orange and some of the zooidal orifices green.

worldwide (Lightsources 2022). Third, SRuCT is expensive, although access grants are
often available. For example, the Australian synchrotron costs $800 AU ($575 US) per
hour with a four-hour minimum usage. Fourth, post-processing of laboratory- and
synchrotron-based 3D tomographic data is time consuming due to the large amount of
data. It can be as time consuming as thin sectioning and may require an expert. The image
processing software is getting more sophisticated, with more free opensource options. In
the future, it will definitely not be a laborious as thin sectioning which also, remember,
needs a skilled technician.
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Despite these drawbacks, the future looks bright for the application of 3D uCT imaging
in bryozoology for a variety of reasons. First and foremost, it is non-destructive. Museum
curators of archeological artifacts and biological type specimens are reluctant to allow any
destructive analysis of irreplaceable material such as by thin sectioning or acetate peels.
uCT imaging eliminates this problem. Second, in contrast to SEM-imaging, uCT might
not need removal of organic material via bleach to visualize skeletal structures. Third, a
fully digital 3D volumetric dataset (i.e. WCT stack) can be serially sectioned and explored
in any orientation, something that is virtually impossible with thin sections. Therefore, it
is easier to rotate the bryozoan colony into exact orthogonal section orientation (i.e.
longitudinal vs. tangential vs. transverse) than with thin sections or acetate peels. Fourth,
uCT stacks are easily shareable with other scientists and eventually will lead to the
establishment of so-called cybertypes (i.e. online uCT stacks describing new species;
Faulwetter et al. 2013). Fifth, the technology allows fly-through videos which facilitate
relating 2D thin section views to 3D morphology and makes the results more useful for
teaching and more accessible for other interested parties. Finally, uCT 3D imaging allows
easier inclusion of species-diagnostic internal zooid morphology into taxonomic
descriptions. Such characters are generally absent in bryozoology due to the lack of access
to the zooidal interiors.

The next widely used uCT technology may be dual-energy computed tomography
(DECT). It combines the now well-established use of iodine staining of soft-tissues with
two different X-ray energy spectra to differentiate between soft-tissues and skeletal
material (Handschuh et al.2017). We can be sure that as imaging technology evolve, there
will be more exciting applications in bryozoology.

5. Acknowledgements

Paul Taylor (Natural History Museum, London, UK) provided the historic images for
Figure 1 and shared his original Larwood meeting PowerPoint presentation. This
manuscript was greatly improved by critical reviews from Anna Koromyslova
(Paleontological Institute of the Russian Academy of Science, Moscow, Russia) and
Thomas Schwaha (University of Vienna, Austria).

References

Bancroft, A.J. 1986. A new Carboniferous fenestrate bryozoan genus. Scottish Journal of
Geology 22,99-106.

Bancroft, A.J. and Wyse Jackson, P.N. 1995. Revision of the Carboniferous cystoporate
bryozoan Fistulipora incrustans (Phillips, 1836), with remarks on the type species of
Fistulipora M*Coy, 1849. Geological Journal 30, 129-143.

Batson, P.B., Tamberg, Y., Gordon, D.P., Negrini, M. and Smith, A.M. 2021. Hornera
currieae 1. sp. (Cyclostomatida: Horneridae): A new bathyal cyclostome bryozoan
with reproductively induced skeletal plasticity. Zootaxa 5020, 257-287.



MICRO-CT STUDIES OF BRYOZOANS 67

Batson,P.B., Tamberg, Y.and Taylor,P.D.2022. Composite branch construction by dual
autozooidal budding modes in hornerids (Bryozoa: Cyclostomatida). Journal of
Morphology. https://doi.org/10.1101/2022.01.30.478354.

Boardman, R.S. 2008. Some early American history of the sectioning of Paleozoic
Bryozoa: a personal view, pp. 1-8. In Wyse Jackson, P.N. and Spencer Jones, M.E.
(eds) Annals of Bryozoology 2: aspects of the history of research on bryozoans.
International Bryozoology Association, Dublin.

Boardman, R.S. and Utgaard, J. 1964. Modifications of study methods for Paleozoic
Bryozoa. Journal of Paleontology 38, 768-770.

Buttler,C.J.,Rahman,I.A.and Slater,B.2012. Three-dimensional computer reconstruction
of aLower Palaeozoic trepostome bryozoan. Palaeontological Association Newsletter,
Abstracts Annual Meeting 81, 62.

Cecchetto, M., Lombardi, C., Canese, S., Cocito, S., Kuklinski, P., Mazzoli, C. and
Schiaparelli, S. 2019. The Bryozoa collection of the Italian National Antarctic
Museum, with an updated checklist from Terra Nova Bay, Ross Sea. ZooKeys 812, 1—-
22.

David,B.,Stock,S R.,De Carlo, F.,Hétérier, V. and De Ridder, C.2009. Microstructures
of Antarctic cidaroid spines: diversity of shapes and ectosymbiont attachments.
Marine Biology 156, 1559-1572.

Decker, S. and Schwaha, T. 2020. Morphology of the boring: first data on the bryozoan
family Penetrantidae. 16" Web Larwood Symposium, 17.

Eisenack, A. 1964. Mikrofossilien aus dem Silur Gotlands Phosphatische Reste.
Palaontologische Zeitschrift 38, 170-179.

Faulwetter, S., Vasileiadou, A., Kouratoras, M., Dailianis, T. and Arvanitidis, C. 2013.
Micro-computed tomography: Introducing new dimensions to taxonomy. ZooKeys
263, 1-45.

Fedorov, P.V.and Koromyslova, A.V.2019. New findings of the genus Revalotrypa, the
oldest bryozoan genus of Baltoscandia, in north-western Russia. Carnets Geol19 (11),
199-209.

Fedorov, P.V., Koromyslova, A.V. and Martha, S.0. 2017. The oldest bryozoans of
Baltoscandia from the lowermost Floian (Ordovician) of north-western Russia: two
new rare, small and simple species of Revalotrypidae. PalZ 91,353-373.

Gautier, T.G., Wyse Jackson, P.N. and McKinney, F.K. 2013. Adlatipora, a distinctive
new acanthocladiid bryozoan from the Permian of the Glass Mountains, Texas,U.S.A.,
and its bearing on fenestrate astogeny and growth. Journal of Paleontology 87,444—
455.

Gutiérrez, Y.,Ott,D., Tépperwien, M., Salditt, T. and Scherber, C.2018. X-ray computed
tomography and its potential inecological research: A review of studies and optimization
of specimen preparation. Ecology and Evolution 8,7717-7732.

Handschuh, S., Beisser, C.J., Ruthensteiner, B. and Metscher, B.D. 2017. Microscopic
dual-energy CT (microDECT): a flexible tool for multichannel ex vivo 3D imaging of
biological specimens. Journal of Microscopy 267, 3-26.



68 ANNALS OF BRYOZOOLOGY 7

Harrison, G.W.M., Claussen, A.L., Schulbert, C. and Munnecke, A. 2022. Modern
brackish bryostromatolites (“‘bryoliths””) from Zeeland (Netherlands). Palaeobiodiversity
and Palaeoenvironments 102, 89-101.

Hermanova, Z., Bruthansova,J., Holcova, K., Mikulas,R., Kocova Veselska, Tomas, K.,
Dudék, J. and Vohnik, M. 2020. Benefits and limits of x-ray micro-computed
tomography for visualization of colonization and bioerosion of shelled organism.
Palaeontologia Electronica 23, a23. https://doi.org/10.26879/1048.

Hirose, M., Ide, A. and Shirai, K. 2020. The growth of Celleporina attenuata estimated
based on the oxygen isotopic compositions and microfocus X-ray CT imaging analysis,
pp- 69-82. In Wyse Jackson, P.N. and Zagorsek, K. (eds.) Bryozoan Studies 2019.
Czech Geological Survey, Prague.

Jacob, D.E., Ruthensteiner, B., Trimby, P., Henry, H., Martha, S.O., Leitner, J., Otter,
L.M. and Scholz, J. 2019. Architecture of Anoteropora latirostris (Bryozoa,
Cheilostomata) and implications for their biomineralization. Scientific Reports 9,
11439. https://doi.org/10.1038/s41598-019-47848-4.

Key, M.M., Jr., Wyse Jackson, P.N. and Vitiello, L.J. 2011. Stream channel network
analysis applied to colony-wide feeding structures in a Permian bryozoan from
Greenland. Paleobiology 37, 287-302.

Key, M.M., Jr., Burkhart, M.S. and O’Leary, M. 2019. Eocene bryozoans preserved in
chert from the Wilson Bluff Limestone, Eucla Basin, Western Australia. Australasian
Palaeontological Memoirs 52, 85-90.

Key, M.M., Jr., Rossi, R.K., Smith, A.M., Hageman, S.K. and Patterson, W.P. 2018.
Stable isotope profiles of skeletal carbonate validate annually-produced growth checks
in the bryozoan Melicerita chathamensis from Snares Platform, New Zealand. Bulletin
of Marine Science 94, 1447-1464.

Key, M.M., Jr., Shaw, J., and Ward, 1. 2022. Three-dimensional imaging of fossil
cheilostome bryozoans in Eocene chert by Synchrotron Radiation Micro-Computed
Tomography. In Key, M.M., Jr., Porter, J.S. and Wyse Jackson, P.N. (eds.) Bryozoan
Studies 2022 . Balkema, Leiden.

Klicpera, A., Taylor, P.D. and Westphal, H. 2013. Bryoliths constructed by bryozoans in
symbiotic interaction with hermit crabs in a tropical heterozoan carbonate system,
Banc d’Arguin, Mauritania. Marine Biodiversity 43, 429-444.,

Kocové Veselskd, M., Koci, T., Jiger, M., Mikulds, R., Hermanova, Z., Morel, N. and
Samadnek, J. 2021. Sclerobionts on tubes of the serpulid Pyrgopolon (Pyrgopolon)
deforme (Lamarck, 1818) from the upper Cenomanian of Le Mans region, France,
Cretaceous Research 125, 104873. https://doi.org/10.1016/j.cretres.2021.104873.

Koromyslova, A.V. and Fedorov, P.V. 2021. The oldest bifoliate cystoporate and two
other bryozoan taxa from the Dapingian (Middle Ordovician) of north-western Russia.
Journal of Paleontology 95, 24-39.

Koromyslova, A.V., Fedorov, P.V. and Tolokonnikova, Z.A. 2020. Results of the study
of Ordovician and Permian bryozoans by using X-ray micro-CT. Proceedings of the
Paleontological Society 3,23-31.



MICRO-CT STUDIES OF BRYOZOANS 69

Koromyslova, A.V.,Martha, S.0.and Pakhnevich, A.V.2018a. The internal morphology
of Acoscinopleura Voigt, 1956 (Cheilostomata, Bryozoa) from the Campanian—
Maastrichtian of central and eastern Europe. PalZ 92,241-266.

Koromyslova, A.V.,Martha, S.O. and Pakhnevich, A.V.2019a. Revision of Porina-like
cheilostome Bryozoa from the Campanian and Maastrichtian of Central Asia. Annales
de Paléontologie 105, 1-19.

Koromyslova, A.V.and Pakhnevich, A.V.2014.X-ray micro-CT of the fossil ascophoran
bryozoans Beisselinopsis quincunx from the museum collections, pp. 235-240. In
Bruker microCT (ed) Micro-CT User Meeting Abstract Book. Bruker, Ostend.

Koromyslova, A.V. and Pakhnevich, A.V. 2016. New species of Pachydermopora
Gordon, 2002 and Beisselina Canu, 1913 (Bryozoa: Cheilostomida) from a Campanian
erratic block (Belarus) and their MicroCT investigation. Paleontological Journal 50,
41-53.

Koromyslova, A.V.and Pakhnevich, A.V.2022. Internal morphology of some species of
the genus Rhagasostoma Koschinsky (Cheilostomata, Bryozoa) from a Campanian
erratic block of Belarus. Paleontological Journal 56.

Koromyslova, A.V., Pakhnevich, A.V. and Fedorov, P.V.2019b. Tobolocella levinae n.
gen.,n.sp.,acheilostome bryozoan from the late Maastrichtian of northern Kazakhstan:
scanning electron microscope and micro-CT study. Neues Jahrbuch fiir Geologie und
Paldontologie Abhandlungen 294,91-101.

Koromyslova, A.V., Pakhnevich, A.V. and Martha, S.O. 2018b. Summary of micro-CT
studies on Late Cretaceous bryozoans. Micro-CT User Meeting 2018, 160—164.

Koromyslova, A.V., Pakhnevich, A.V. and Martha, S.0O. 2014a. X-ray micro-CT of
Acoscinopleura fallax Voigt, 1956 (Bryozoa: Coscinopleuridae) from a Campanian
erratic block (Belarus), p. 19. In Kuklinski, P. (ed.) XII Larwood Symposium, 12—13
June 2014 Abstracts Volume. Institute of Oceanology of Polish Academy of Sciences,
Sopot.

Koromyslova, A.V., Pakhnevich, A.V. and Martha, S.0O. 2014b. X-ray micro-CT and
SEM investigation of some ascophoran bryozoans from the Campanian and the
Maastrichtian of Central Asia, p. 20. In Kuklinski, P. (ed.) XII Larwood Symposium,
12—13 June 2014 Abstracts Volume. Institute of Oceanology of Polish Academy of
Sciences, Sopot.

Koromyslova, A.V., Pakhnevich, A.V. and Martha, S.O. 2015. Micro-CT investigation
of genus Acoscinopleura (Bryozoa: Coscinopleuridae) from the Campanian and the
Maastrichtian of Europe, pp. 54-56. In Bogdanova, T.N. (ed.) Modern problems of
paleontology. Materials of the LXI Cessna Paleontological Society at RAS (13-17
April 2015, St. Petersburg) [In Russian].

Koromyslova,A.V.,Pakhnevich, A.V.and Martha,S.0.2016.Results of microtomography
studies on the type material of Acoscinopleura fallax Voigt, 1956 and A. rugica Voigt,
1956 from the Upper Cretaceous], pp. 42-43. In Alekseyev, A.S. (ed.) Paleostrat-
2016. Annual meeting (scientific conference) palaeontological section MOIP and
Moscow branch of the Palaeontological Society at the RAS. Programme and abstracts.



70 ANNALS OF BRYOZOOLOGY 7

Palaeontological Institute A.A. Borissiak RAS, Moscow [In Russian].

Koromyslova, A.V., Taylor, P.D. and Pakhnevich, A.V.2021. Early Maastrichtian erect
bryozoans from western Kazakhstan, with descriptions of two new species and the
comparative internal morphology of some cheilostome genera. Neues Jahrbuch fiir
Geologie und Paldontologie Abhandlungen 302,235-262.

Lightsources.org. 2022. Global map of synchrotron facilities that are members of the
lightsources.org collaboration. Accessed 30 March 2022.

Mainwaring, P. 2008. Application of the Gatan X-ray ultramicroscope (XuM) to the
investigation of material and biological samples. Microscopy Today 16 (6), 14—17.

Martinsson, A. 1965. Phosphatic linings in bryozoan zooecia. Geologiska Foreningen i
Stockholm Forhandlingar 86,404—408.

Martha, S.O., Ruthensteiner, B., Taylor, P.D., Hillmer, G. and Matsuyama, K. 2019.
Description of a new cyclostome species from the middle Santonian of Germany using
micro-computed tomography. Australasian Palaeontological Memoirs 52,91-99.

Matsuyama, K., Titschack,J., Baum, D. and Freiwald, A.2015. Two new species of erect
Bryozoa (Gymnolaemata: Cheilostomata) and the application of non-destructive
imaging methods for quantitative taxonomy. Zootaxa 4020, 81-100.

Metscher, B.D. 2009. MicroCT for comparative morphology: simple staining methods
allow high-contrast 3D imaging of diverse non-mineralized animal tissues. BMC
Physiology 9(11), 14 pp.

Nye, O.B.,Jr.,Dean, D.A. and Hinds, R.W. 1972. Improved thin section techniques for
fossil and recent organisms. Journal of Paleontology 46,271-275.

O’Leary,M.J.,Ward,I.,Key, M.M.,Jr., Burkhart, M.S.,Rawson, C. and Evans, N.2017.
Challenging the ‘offshore hypothesis’ for fossiliferous chert artefacts in southwestern
Australia and consideration of inland trade routes. Quaternary Science Reviews 156,
36-46.

Pakhnevich, A.V. 2007. Studying of fossil invertebrates for example brachiopods by
using of the X-ray micro-CT SkyScan 1172, p. 11. In Abstracts of the SkyScan User
Meeting 2007, Brugge, Belgium, 16th—18th April 2007. SkyScan, Brugge.

Pakhnevich, A.V. 2021. Bimineral skeleton of Acoscinopleura crassa (Bryozoa,
Cheilostomata) from Maastricht of Germany, identified by X-ray micromography.
Paleontological Journal 55, 58-65.

Pakhnevich, A.V ., Viskova, L.A. and Koromyslova, A.V.2014. Study of the bryozoans
by using X-ray micro-CT, pp. 125-128. In 3rd International Conference on Practical
Microtomography, St. Petersburg.

Rawson, S.D., Maksimcuka, J., Withers, P.J. and Cartmell, S.H. 2020. X-ray computed
tomography in life sciences. BMC Biology 18, 21. https://doi.org/10.1186/s12915-
020-0753-2.

Schmidt, R. 2013. High resolution non-destructive imaging techniques for internal fine
structure of bryozoan skeletons, pp. 321-326. In Ernst, A., Schafer, P. and Scholz, J.
(eds.) Bryozoan Studies 2010. Springer-Verlag, Berlin.

Schwaha, T.F.,Handschuh, S., Ostrovsky, A.N.and Wanninger, A.2018. Morphology of



MICRO-CT STUDIES OF BRYOZOANS 71

the bryozoan Cinctipora elegans (Cyclostomata, Cinctiporidae) with first data on its
sexual reproduction and the cyclostome neuro-muscular system. BMC Evolutionary
Biology 18, 92. https://doi.org/10.1186/s12862-018-1206-1.

Schwaha, T., Handschuh, S., Redl, E., Metscher, B. and Walzl, M.G. 2008. Bryozoan
affinities — searching for phylogenetic characters with new techniques, p.20./n Vévra,
N. and Ostrovksy, A. (eds.) Abstracts of the VIII Larwood Meeting 2008. University
of Vienna, Austria.

Schwaha, T.,Ruthensteiner,B.,Melzer,R R., Asami, T.and Pall-Gergely,B.2019. Three
phyla—Two type specimens —One shell: History of a snail shell revealed by modern
imaging technology. Journal of Zoological Systematics and Evolutionary Research
57,527-533.

Snyder, E.M. 1991. Revised taxonomic procedures and paleoecological applications for
some North American Mississippian Fenestellidae and Polyporidae (Bryozoa).
Paleontographica Americana 57, 1-275.

Taylor, P.D., Howard, L. and Gundrum, B. 2008. Microcomputed tomography X-ray
microscopy of cyclostome bryozoan skeletons, p. 23. In Vavra, N. and Ostrovksy, A.
(eds.) Abstracts of the VIII Larwood Meeting 2008. University of Vienna, Austria.

Temereva,E.N.and Kosevich,I.A.2018. The nervous system in the cyclostome bryozoan
Crisia eburnea as revealed by transmission electron and confocal laser scanning
microscopy. Frontiersin Zoology 15,48 . https://doi.org/10.1186/s12983-018-0295-4.

Tolokonnikova, Z., Fedorov, P. and Wyse Jackson, P.N. 2020. Bryozoan fauna from the
Mississippian of the Akuyuk section, southern Kazakhstan. Neues Jahrbuch fur
Geologie und Palaontologie Abhandlungen 295, 159-168.

Tsyganov-Bodounov, A., and Skibinski, D. 2010. Confocal laser scanning microscopy
method for in vivo bryozoan larvae identification. Marine Biodiversity Records 3,E54.
https://doi.org/10.1017/S1755267210000400.

Turicchia, E., Abbiati, M., Bettuzzi, M., Calcinai, B., Morigi, M.P., Summers, A.P. and
Ponti, M. 2022. Bioconstruction and bioerosion in the northern Adriatic coralligenous
reefs quantified by X-ray computed tomography. Frontiers in Marine Science 8,
790869. https://doi.org/10.3389/fmars.2021.790869.

Viskova, L.A. and Pakhnevich, A.V. 2010. A new boring bryozoan from the Middle
Jurassic of the Moscow region and its microCT research. Paleontological Journal 44,
157-167.

Wanninger, A. 2007. The application of confocal microscopy and 3D imaging software
in functional, evolutionary, and developmental zoology: Reconstructing myo- and
neurogenesis in space and time, p. 353-361. In Méndez-Vilas, A. and Diaz, J. (eds.)
Modern Research and Educational Topics in Microscopy, vol. 1. Formatex, Badajoz.

Ward, I.,Key, M.M., Jr.,O’Leary, M., Carson, A., Shaw, J. and Maksimenko, A.2019a.
Synchrotron X-ray tomographic imaging of embedded fossil invertebrates in Aboriginal
stone artefacts from southwestern Western Australia: Implications for sourcing,
distribution and chronostratigraphy. Journal of Archaeological Science: Reports 26,
101840. https://doi.org/10.1016/j jasrep.2019.05.005.



72 ANNALS OF BRYOZOOLOGY 7

Ward, I., Key, M.M., Jr., Riera, R., Carson, A. and O’Leary, M. 2019b. Insights into the
procurement and distribution of fossiliferous chert artefacts across southern Australia
from the archival record. Australian Archaeology 85, 170-183.

Ward, I., O’Leary, M., Key, M. and Carson, A. 2021. Response to comment on Ward et
al.’s ‘Insights into the procurement and distribution of fossiliferous chert artefacts
across southern Australia from the archival record.” Australian Archaeology 87,330—
332.

Wyse Jackson, P.N. and Buttler, C.J. 2015. Part G, Revised, Volume 2, Chapter 3:
Preparation, imaging, and conservation of Paleozoic bryozoans for study. Treatise
Online Number 63, 1-15.

Wyse Jackson, P.N. and McKinney, F.K. 2013. A micro-computed tomography and
scanning electron microscopy investigation of the structure of Polyfenestella Bancroft,
1986 (Bryozoa, Fenestrata), from the Mississippian of Scotland: revealing the nature
of its heteromorphs. Irish Journal of Earth Sciences 31, 19-24.

Wyse Jackson, P.N., McKinney, F.K. and Bancroft, A.J. 2006. Fenestrate bryozoan
generabased on species from Ireland originally described by Frederick M ‘Coy in 1844.
Palaeontology 49, 741-767.

Zhang, 7., Zhang, Z. Ma, J., Taylor, P.D. Strotz, L.C., Jacquet, S.M., Skovsted, C.B.,
Chen, F., Han, J. and Brock, G.A. 2021. Fossil evidence unveils an early Cambrian
origin for Bryozoa. Nature 599,251-255.



