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”A large branch thus studded with the campanulate crests of the
polypides is an object which in elegance can hardly be
surpassed.”

— G. J. Allman, 1856



Thesis abstract

Bryozoans of the class Stenolaemata have been diverse and abundant members of the
marine epibenthos since the Ordovician and have a rich fossil record. Only one order in
this class, the Cyclostomatida, survives in modern seas. Like other marine bryozoans, cy-
clostomes are small, colonial coelomates equipped with crowns of ciliated tentacles used
to gather suspended food particles. There is strong evidence that all stenolaemates shared
these basic traits, making extant cyclostomes a potential resource for understanding the
biology of long-extinct palaeostomates. However, our knowledge of the cyclostomes is
far from being complete. For instance, morphometry of the feeding apparatus and its cor-
respondence with skeletal parameters has not been comprehensively studied. Although
some predictive models exist for palaeostomate soft parts, little is known about the extent
of intraspecific variability and thus the limitations inherent in such modelling for palaeobi-
ological and palaeoecological reconstructions. Similarly, at the anatomical and ultrastruc-
tural level, variation within Cyclostomatida soft parts remains largely unknown. Existing
studies made with modern imaging techniques have barely scratched the surface, with
only a few genera investigated. Indeed, most studies focus on just one family, the Crisi-
idae. Thus, it is difficult to assess the degree of morphological consistency within the
group at the scale of cells, tissues and organs. Since cyclostomes vary greatly in their life
styles and colony composition, the assumption of fine-scale anatomical uniformity needs
to be checked.

In this thesis I address both the issues outlined above. In pursuit of these goals I
use a variety of methods, ranging from simple light microscopy to TEM and serial block-
face SEM, and a number of statistical tools. In Chapter 2 I investigate the relationships
between feeding apparatus parameters and skeletal traits within and across 13 species
from 8 cyclostome families. I use these data to develop and test predictive models, and
outline their limitations if applied to reconstructing extinct stenolaemates. The strongest
of these models is subsequently used to assess trophic partitioning of several palaeostome
orders (Appendix II). In Chapters 3 and 4 I examine polypide and body wall ultrastructure
in four species in two genera from the family Horneridae. Hornerids are phylogenetically
distant from the Crisiidae and have different colony organisation and life history. These
data enable nested comparisons: (1) between three species within one genus, (2) between
two genera in one family, and (3) between disparate cyclostome families.

The analysis of morphometry within and across cyclostome species revealed great in-
traspecific variability, almost without exception disconnected from skeletal traits. At a
higher, interspecific level, however, the relationships were positive, linear, and moderately
strong, in line with previous reports. Still, single-predictor models of soft-body characters
have limited predictive power and applicability. Inferences derived from them are best
cross-correlated with reconstructions based on other evidence. Ultrastructural study of
the polypides of four hornerids, compared with findings on other genera, support a stable



bauplan for Cyclostomatida, with a single exception of the funiculus. The composition of
its inner core differs in Hornera, Crisia and Cinctipora, while in the rest of the cyclostome
families this organ remains unexplored. Such disparity hints at either a widespread vari-
ability of this trait, or at a more conservative structure with unusual outliers and clearly
deserves further study. Organisation of the hornerid body wall differs from that in crisi-
ids, revealing deviations from typical epithelial composition, including missing extracellular
matrix (ECM) and disrupted cell continuity across orificial wall and portions of cystid lin-
ing. The classic coelomate body wall composition (epidermis — ECM — coelothelium) is
only present in an unmodified form in the tentacle sheath and in skeletal attachments
of the membranous sac. In addition, the architecture of the atrial polypide attachment(s)
in particular emerges as a potentially useful taxonomic trait. Present findings, taken to-
gether and applied to the task of reconstructing fossil stenolaemates, do, paradoxically,
delineate an area of uncertainty that is unlikely to be clarified, but also help narrow down
the range of plausible and biologically meaningful interpretations. This study represents
a step toward a better understanding of both living cyclostomes and palaeostomates.
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Chapter 1

Introduction

Marine cyclostome bryozoans (Bryozoa: Stenolaemata) are colonial benthic suspension-
feeders common in nearshore and shelf-depth habitats. They constitute <10% of bry-
ozoan diversity globally (Bock and Gordon, 2013), but can be more abundant and ecolog-
ically significant regionally, especially in the cool and cold waters of the Southern Hemi-
sphere (e.g. Barnes and Griffiths, 2008; Gordon and Taylor, 2010). These animals play
an important role in marine communities, linking primary production in the water column
with benthic ecosystems (e.g. Gili and Coma, 1998), and providing structurally complex
habitats that are colonised by a diverse biota (e.g. Wood et al., 2012; Morris and Soule,
2005).

Stenolaemata form a medium-sized class of bryozoans with ∼543 described living
species in 98 genera (Bock and Gordon, 2013) and a rich fossil history since the Ordovi-
cian. The class is considered to include seven orders (Taylor, 2020), six extinct orders
in the superorder Palaeostomata (Trepostomata, Fenestrata, Cryptostomata, Cystoporata,
Timanodictyina and Esthonioporata; Ma et al., 2014) and one living order called, inter-
changeably, Cyclostomata or Cyclostomatida. Most stenolaemate orders disappeared
from the fossil record in the Permian or Triassic, whereas the Cyclostomatida survives
and even flourishes in modern seas (Figure 1.1). Cyclostomes were diagnosed by McK-
inney and Jackson (1989) as: ’encrusting or erect; autozooids commonly long, some with
basal diaphragms and other structures; skeletal structure commonly laminated, many with
communication pores; gonozooids common, kenozooids or nanozooids in some; extra-
zooidal skeleton may be present’. To these characters can be added the possession of a
well-mineralised (= low organic component) calcite skeleton, a trait shared by all steno-
laemates.

Cyclostomata in particular share nine synapomorphies (see list in Taylor and Wheedon,
2000), which relate to reproduction, larval anatomy and development, to the skeltal or-
ganisation and to soft-body characteristics. Some genera in various cyclostome suborders
closely resemble taxa in the extinct palaeostome orders, which may be due to conver-
gence, and the question of whether the post-Palaeozoic Cyclostomatida is monophyletic
remains unresolved (Taylor and Waeschenbach, 2015).
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Figure 1.1: Photographs of some living New Zealand Cyclostomatida from Otago shelf examined in this
study. A. Cinctipora elegans. B. Disporella sp. C. Idmidronea sp. D. Diaperoecia sp.
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There is longstanding disagreement about cyclostome taxonomy, but some systems
suggest there are five extant cyclostome suborders, Tubuliporina (Acamptostega), Articu-
lata (Camptostega, e.g. crisiids), Cerioporina (Heteroporina), Rectangulata (Calyptrostega,
e.g., lichenoporids) and Cancellata (Pachystega, e.g. hornerids), plus the family Cinctipori-
dae of uncertain phylogenetic affinity. Recent studies (Waeschenbach et al., 2009; 2012)
show that these traditional morphology-based clades are not supported by molecular phy-
logenies, and that revision is needed.

Despite their abundance and significant role in marine communities, many questions
related to the anatomy, ultrastructure and ecology of cyclostome bryozoans remain un-
resolved. Current understanding of polypide anatomy in this group is based on a handful
of studies, which provide uneven coverage of the cyclostome families and represents a
patchwork of different methods, not all of which are equally reliable. Feeding and its re-
lated issues also deserve dedicated study because food acquisition is critical to survival
and successful reproduction, and is a matter of fundamental ecological importance. Food
acquisition, feeding rates, allometry of feeding structures and organisation of the feed-
ing apparatus, as well as ultrastructural examination of other soft-body structures are all
fruitful areas for new research. Such studies will improve our knowledge of this poorly
understood group, enable new comparisons and conclusions about the whole phylum,
and provide a basis for functional reconstructions of morphology and ecology for extinct
stenolaemates. This thesis presents a multi-faceted examination of the polypide struc-
tures of hornerid bryozoans, with a view to improve our understanding of cyclostomes
and stenolaemataes. In particular, I will:

1. Examine zooid morphometry, comparing parameters of the feeding apparatus and
skeletal features across a number of cyclostome species and clades (Chapter 2);

2. Describe polypide anatomy and ultrastructure in four hornerid species (Chapter 3);

3. Examine body wall organisation in the same four species (Chapter 4).

The purpose of this introduction is to provide the reader with key background infor-
mation concerning the cyclostome bryozoans. Each of the following chapters (except
Chapter 5) has its own, more narrowly focused, introduction, which sets a more specific
context for each portion of this thesis.

1.1 Phylum Bryozoa

Bryozoans are bilaterally symmetrical, coelomic suspension-feeders. The phylum includes
three classes: Phylactolaemata (exclusively freshwater, non-calcified; Allman, 1856), Gym-
nolaemata (found in both salt and fresh waters, calcified and non-calcified; Ryland, 1970)
and Stenolaemata (exclusively marine, calcified; Borg, 1926a). Bryozoans are colonial
animals, and demonstrate a staggering diversity in form and composition. Colonies are
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formed from iterated modular elements, called zooids. The autozooids are the feeding
zooids, usually the dominant members of the colony; other polymorphic zooids also oc-
cur, specialised to perform other tasks such as reproduction or defense (Schack et al.,
2019). Autozooids of all of three classes have a U-shaped gut, can secrete cuticular (and
usually mineralised) body wall layers, and possess a specialised feeding apparatus which
includes the lophophore and its ciliated tentacles.

The living components of a bryozoan autozooid are traditionally divided into cystid
and polypide (Figure 1.2). The cystid forms the outer, structural casing of the zooid. Its
outermost, non-living, layer is termed the ectocyst (Mukai et al., 1997). In stenolaemates
and most gymnolaemates the ectocyst is calcified; in others it is unmineralised and retains
flexibility. Immediately underlying the ectocyst is the endocyst — a complex living struc-
ture that secretes the ectocyst and interfaces with the polypide (Mukai et al., 1997). In
an unmodified form it has a typical coelomate composition: body wall epithelium, an un-
derlying layer of extracellular matrix (ECM), optional body wall musculature, and a layer of
coelomic epithelium. Calcified groups, i.e. Cheilostomatida and Cyclostomatida, however,
deviate from this pattern. In parts of the cyclostome cystids, the usually adjacent body
wall layers are split so that epidermis is separated from the ECM and coelothelium by an
exosaccal cavity (Nielsen and Pedersen, 1979). The trunk coelom itself is correspondingly
named the endosaccal cavity. In cheilostomes the ECM and coelomic lining are missing
altogether across large areas of the cystid wall (Shunatova and Tamberg, 2019).

The polypide is the movable part of the zooid which comprises only the living ele-
ments and can be partially everted and retracted. The polypide includes the gut, feeding
apparatus (lophophore + tentacles), tentacle sheath (= the introvert), and major parts of
the nervous and muscular systems.

The lophophore and associated tentacles, as well as the epistome (if present) constitute
a feeding apparatus which surrounds the mouth, but not the anus (cf. entoprocts). In
Phylactolaemata the lophophore is usually U-shaped with two distinct muscular arms and
a large coelom (Hyman, 1951). Its oral surface bears dense ciliation which helps transport
food to the mouth. In Gymnolaemata and Stenolaemata the lophophore has a simple
circular shape with a narrow coelomic cavity (Hyman, 1951). It provides structural support
for the tentacles and retractor muscles, but does not take part in feeding directly (Ryland,
1976). The tentacles, which fringe the lophophore in a single row, are densely ciliated.

The gut is U-shaped, with downward and upward branches in all bryozoans (Hyman,
1951). The precise composition may vary, but typically the downward branch includes
the mouth, pharynx, esophagus and the cardia (Mukai et al., 1997). The central blind gut
section is termed the stomach, or caecum (Silén, 1944), and the upward branch comprises
the pylorus and the intestine (or rectum) leading to the anus, which is located below
the lophophore base (Hyman, 1951). The gut is suspended inside the trunk coelom and
attached to the body wall by at least one mesenchymal cord termed the funiculus.
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Figure 1.2: Schematic drawing of two cyclostome zooids: retracted polypide on the left, protruded on
the right. Atrial and vestibular spaces highlighted with purple and blue, respectively. Arrows indicate
skeletal attachments of the membranous sac.
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The polypide is connected to the zooid wall by powerful retractor muscles, which orig-
inate in the proximal part of the cystid and extend towards the lophophore base in two
broad bundles. Their contraction provides exceptionally fast retraction of the polypide in
all bryozoans (Allman, 1856). Eversion, on the other hand, occurs through redistribution
of coelomic fluid rather than through direct muscular work. This process is much slower,
and employs different mechanisms in different classes (Taylor, 1981). In Phylactolaemata
and soft-walled Gymnolaemata of the order Ctenostomatida, the body wall musculature
of the trunk contracts, squeezing the trunk and forcing the lophophore to protrude, simul-
taneously filling it with coelomic fluid. In cheilostomatous gymnolaemates the ectocyst is
partially calcified, leaving only a portion of the frontal wall or a dedicated compensation
sac flexible. Specialised musculature depresses or expands these flexible structures, redis-
tributing the internal pressure. The compensation sac is always connected to the outside,
so that seawater can enter or leave the sac as its volume alters. Thus, in all cases described
above, it is seawater that compensates for the shape changes of the zooids during protru-
sion. Cyclostome bryozoans employ a different mechanism, using instead compensatory
reservoirs of their own exosaccal cavity (Borg, 1926a). During protrusion the membranous
sac contracts, pushing the tentacles out (Nielsen and Pedersen, 1979), while the vestibu-
lum opens up, moving fluid from the distal area of the exosaccal cavity more proximally. A
consequence of this method is that tentacle protrusion distance is limited (Taylor, 1981),
but this configuration enables cyclostome zooids to elongate continuously during growth
(Taylor, 2020).

The nervous system of a bryozoan autozooid comprises a ganglion located below the
lophophore base at the anal side of the pharynx, and a system of nerves. Sense organs
are unknown, except for putative ciliary mechanoreceptors on the tentacles, the tenta-
cle sheath surface and inside the pharynx. A specialised circulatory system is missing.
Coelomic fluid is actively mixed by the action of coelothelial cilia (in Phylactolaemata), and
by muscle work during eversion and retraction. Funicular cords in some clades play a role
in interzooid exchange of nutrients, and there are specialised communication pores in the
walls between zooids, but there is no propulsatory organ (Mukai et al., 1997). Gas ex-
change occurs through the body wall. An excretory system is lacking, but coelomocytes,
the cells of the funiculus and the pyloric part of the gut all may accumulate waste materials
(e.g. Harmer, 1891; Gordon, 1977).

Colonial growth occurs through sequential budding of new zooids (explored in depth
by Borg, 1926; Tavener-Smith and Williams, 1972 and Reed, 1991). Depending on the
budding pattern, the colonies may acquire various shapes. The typical lifespan of a
polypide is several weeks (see Table 1 in Gorgon, 1977), while the colony as a whole may
survive for many years. To accommodate this mismatch, in long-living colonies the polypi-
des undergo a cycle of degeneration-regeneration, and thus mitigate modular senescence.
A degenerating polypide gradually loses all distinct organs, and becomes a so-called brown
body—a rounded, membrane-bounded bundle of cells filled with excretion products and
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suspended within the zooid. Other living tissues of the zooid, i.e. the epithelial layers of
the cystid, survive and remain viable. Under favourable conditions a new polypide devel-
ops within the same zooid walls, and the brown body is either rejected from its gut, or
remains in the body cavity (Gordon, 1977).

1.2 Feeding in Bryozoa

The bryozoan feeding apparatus works to simultaneously produce the feeding currents
and to separate the food particles from the flow. There are three main differences in the
organisation of the feeding apparatus between Gymnolaemata, Stenolaemata and Phylac-
tolaemata.

1. Lophophore shape: circular in gymnolaemate and stenolaemate species, U-shaped
and usually large in phylactolaemate bryozoans (the number of tentacles is also di-
rectly correlated with this trait).

2. The size of the feeding apparatus (Borg, 1926a; Winston, 1978; McKinney, 1991;
Riisgård et al., 2004; 2010; Tamberg and Shunatova, 2017). In Phylactolaemata the
tentacles are large (500–1500 µm) and numerous (30–100). Gymnolaemates have
fewer (8–30) and shorter (200–900 µm) tentacles. In Recent Stenolaemata both the
tentacle number (8–16) and length (150–450 µm) are smaller.

3. Distance between the lophophore and the orifice. In Gymnolaemata and Phylac-
tolaemata the feeding apparatus is lifted well above the zooid orifice on the tenta-
cle sheath. In living Stenolaemata introverts, although long, almost never protrude
above the orifice (Mukai et al., 1997).

Key characters of feeding organs in bryozoan classes:

Character Phylactolaemata Gymnolaemata Stenolaemata
lophophore shape U-shaped circular circular
tentacle length 500–1500 µm 200–900 µm 150–450 µm
tentacle number 30–100 8–30 8–16
tentacle sheath exposed, long exposed, long hidden

Tentacles are supplied with cilia, which are arranged in a non-uniform manner and differ
in length, density and function. The frontal surface of the tentacle may bear frontal cilia
of intermediate to short length and moderate density. To either side of it lie lateral-frontal
ciliary rows, with cilia arranged single-file, 5–7 µm apart (Nielsen and Riisgård, 1998). Two
lateral rows of cilia occur on either side of the tentacle, at its widest part. These rows are
the densest, and comprise the longest cilia. The abfrontal surface of the tentacle bears
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an intermittent row of mechanoreceptive cilia and/or ciliary tufts (Shunatova and Nielsen,
2002; Tamberg and Shunatova, 2017).

The bryozoan feeding apparatus functions in such a way that the majority of ingested
food particles do not come in contact with the tentacles, but arrive to the mouth entrained
in the central portion of the feeding current (Atkins, 1932; Larsen and Riisgård, 2002;
Riisgård et al., 2004; 2010). Active strokes of the lateral cilia are directed from frontal to-
wards abfrontal surfaces of the tentacles in all bryozoans (Borg, 1926a; Mukai et al., 1997;
Riisgård and Manriquez, 1997). Coordinated work of lateral cilia generates the downward
feeding current: the water enters the tentacle crown from above and passes out between
the tentacles (Borg, 1926a; Atkins, 1932; Larsen and Riisgård, 2002). Laterofrontal cilia
function as mechanoreceptors and intercept the food particles (Strathmann, 1973). If
present, frontal cilia beat downwards and assist in particle transport to the mouth. In
Stenolaemata, however, frontal cilia have never been reported.

Lateral cilia play the most important role in feeding, since they generate feeding cur-
rents. Their number directly defines the speed of such currents and thus the volume of
water that a polypide can filter in a unit of time (i.e. pumping rate; Riisgård and Larsen,
1995; Hughes, 2000). This is the underlying reason behind many relationships that con-
nect polypide morphology (e.g. tentacle length and number) with feeding parameters,
although the latter have only been empirically calculated in Gymnolaemata (Best and
Thorpe, 1986; Riisgård and Manriquez, 1997; Herrera and Jackson, 1992). The strength
of the feeding current is important for feeding success under various flow conditions and
and in interspecific food competition (e.g. Best and Thorpe, 1986; Okamura, 1988).

It is commonly accepted that plankton, especially its smaller fractions, form the basis
of marine bryozoan diet (Ryland, 1970; Best and Thorpe, 1994; Riisgård and Goldson,
1997; Riisgård and Manriquez, 1997; but see Wood, 2021 for feeding in Phylactolae-
mata). Yet the amount and composition of the ingested food is often difficult to discern
(see examples in Best and Thorpe, 1987; Hunter and Hughes, 1993; Hughes, 2000).
Additional food sources, namely heterotrophic protists (Winston, 1978), bacteria and dis-
solved organic matter (Best and Thorpe, 1991; De Burgh and Fankboner, 1978; Wendt
and Johnson, 2006) have also been reported, but are likely supplementary to the main
particulate trophic source.

Dimensions of the feeding apparatus place physical limitations on the size of food
particles that can be captured (Strathmann, 1973), but another important restriction is
the size of the mouth. In Gymnolaemata it varies between 15 and 91 µm. In cyclostomes,
reported sizes are around 20 µm (Winston, 1978; 1979).

The skeleton and polypides contribute to build a functioning whole, the colony. By
exploring the ways living colonies address various life challenges we can infer some-
thing about their extinct relatives. In Chapter 2 I investigate the relationships between
lophophore morphometry and skeletal parameters, exploring their potential usefulness in
reconstructing polypides of fossil bryozoans. In Chapters 3 and 4 I describe the details
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of soft-body anatomy in four species and two genera of hornerids and discuss them in
the wider context of cyclostome anatomy and function. In Chapter 5 I further investigate
how the integration of my findings can be of use in the taxonomy of living bryozoans and
reconstructions of the extinct ones.
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Chapter 2

In Search Of Predictive Models
For Stenolaemate Morphometry
Across The Skeletal-Polypide
Divide

Published as: Tamberg, Y. & Smith, A. M. 2020. In search of predictive models for stenolae-
mate morphometry across the skeletal—polypide divide. Paleobiology, 46, 218–236. (Some small
amendments to the text have been made to improve thesis flow.)

Author Contributions: Y.T. designed the study, sampled and measured bryozoans, performed data
analysis, wrote the manuscript draft and prepared illustrations. A.S. provided financial and method-
ological help, assisted in discussion and editing of the manuscript.

Abstract. Marine bryozoans have been members of benthic skeletal faunas since the
Ordovician. These small suspension-feeders collect particles in the range of 10 to 100
µm. Specific details of their feeding depend on the morphology of the feeding appara-
tus, which may be reflected in skeletal characters. While several studies have described
the link between the skeletal and soft-body traits of gymnolaemate bryozoans, steno-
laemates have received less attention. To fill this gap, we conducted a detailed analysis
of morphometry within and across species and attempted to develop robust predictive
models that can be used to infer the soft-body morphology from skeletal data. This,
in turn, will help to extract data on ecology of Palaeozoic communities of suspension-
feeders from the extensive bryozoan fossil record. Characters of polypide morphology
among New Zealand cyclostomes (single Recent order in Stenolaemata) displayed stag-
gering variability and almost without exception were not connected to skeletal characters
at a species level. When this variability is reduced to its central tendency, interspecific
trends are more apparent. The relationship is positive, linear, and moderately strong, but
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the resulting models have wide predictive intervals (± hundreds of micrometers). A pre-
cise estimate of the characters of the feeding apparatus of modern, and especially fossil,
stenolaemates may be difficult to attain, at least on the basis of the skeletal traits used
here.

2.1 Introduction

Bryozoans are small benthic suspension-feeders that play important roles in marine com-
munities, especially in the Southern Hemisphere. Among the three classes of bryozoans,
Phylactolaemata are found in fresh water, Gymnolaemata are predominantly marine, and
Stenolaemata are exclusively marine. Most stenolaemate taxa are ancient and only known
from the fossil record, with Cyclostomatida the sole surviving order.

Bryozoans are colonial animals, and each colony module, or zooid, is traditionally di-
vided into a cystid (the zooid wall) and polypide (which can be retracted into the cystid,
or partly everted from it). The cystid includes the living portion of the zooid body wall
and a non-living, often calcified, portion (including cuticle) which provides structural sup-
port. The polypide comprises the gut, lophophore with tentacles, introvert, muscles and
ganglion (e.g. Borg, 1926a; Ryland, 1970) (Figure 2.1).

Together, introvert and lophophore make up the specialised feeding apparatus of bry-
ozoans. The introvert is part of the polypide that serves as a flexible stalk supporting
the lophophore when everted, and as a tentacle sheath when retracted. The lophophore
is a widened platform around the mouth, which bears a fringe of ciliated tentacles and
contains a coelomic cavity. In Phylactolaemata the lophophore is U-shaped, while Gym-
nolaemata and Stenolaemata have circular lophophores.

The tentacles are the main food-gathering elements of the lophophore; they bear
cilia that generate currents and take part in capturing or rejecting particles. Each tentacle
typically bears two or three types of ciliary bands: frontal, latero-frontal, and lateral (Mukai
et al., 1997). The latter are the longest and play the principal role in feeding, since their
strokes generate water currents (Borg, 1926a).

Naturally, cystid and polypide morphology are interconnected (see, e.g., summary by
McKinney, 1990). Polypide size and shape are dictated by adaptation to feeding; the di-
mensions of the feeding apparatus are related to the dimensions of captured food (Win-
ston, 1977; Sanderson et al., 2000). Also, the characters of the tentacle crown — its
diameter, the length and number of the tentacles — are directly related to the number
of lateral cilia (Ryland, 1970; 1976; Riisgård and Manŕıquez, 1997), and thus to feeding
current speeds (Best and Thorpe, 1986), pumping (Riisgård and Manŕıquez, 1997) and
clearance rates (Strathmann, 1973; Winston, 1977).

In addition, the protrusion-retraction mechanism employed by bryozoans limits the
height/depth of tentacle protrusion, thus determining some morphological relationships
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Figure 2.1: Schematic drawings of the proximal parts of the bryozoan polypide, showing characters,
recorded in this study. A. A scheme of a sagittal section through the zooid with everted polypide. B. Top
view of the protruded polypide. C. Types of the tentacle crown symmetry. D. Types of the crown shape,
resulting from different tentacle curvatures.
AL — aperture length, AW — aperture width, CD — diameter of the tentacle crown, CH — height of the
tentacle crown above the aperture, MD — mouth diameter, TLA — length of the tentacle visible above
the aperture, TLF — full tentacle length, ZOL — length of the zooid tube opening at the orifice level,
ZTW — zooid tube width at the orifice level.

(Taylor, 1981). During protrusion phylactolaemates and gymnolaemates change the shape
of the zooid walls (either directly, or using thin-walled sacs filled with or emptied of seawa-
ter). By contrast, Recent stenolaemates have inflexible zooid walls and rely on their own
body cavity fluid instead of sea water to compensate for lophophore protrusion. Their
trunk coelom is split into exosaccal and endosaccal cavities, and the former compensates
for shape changes of the latter (Nielsen and Pedersen, 1979).

Everted polypides of cyclostomes do not protrude from cystids further than the
lophophore base; the introvert is often not seen, and the mouth lies level with or be-
low the aperture (in other classes both the lophophore and introvert are revealed). Given
these conditions, Taylor (1981) proposed that (1) clearance rate is lower in cyclostomes,
because some of the cilia are hidden below the skeletal rim, and (2) cyclostomes have
a narrow range of behaviours since introvert movements are nearly absent (the latter is
partially supported by Shunatova and Ostrovsky, 2001).
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Some parameters of zooid morphology appear to be nearly fixed within species, e.g.
the length of the cilia (data in Tamberg and Shunatova, 2017: Table 2), proportions and
spacing of the tentacles, e.g. distances between tentacle tips (Ryland, 1975; Herrera
and Jackson, 1992) and mouth size (Herrera and Jackson, 1992). Others may vary more
widely, e.g. the size of the tentacle crown, tentacle length, number and shape (Ryland,
1975; 1976; Tamberg and Shunatova, 2017), and the overall shape of the crown (Winston,
1978; McKinney, 1990; Shunatova and Ostrovsky, 2001).

Several studies indicate that such soft-body parameters are also positively correlated
with skeletal traits (McKinney and Boardman, 1985; McKinney and Jackson, 1991), en-
abling theoretical reconstruction of the soft-body parts of fossil specimens. This in turn
allows a range of palaeoecological and palaeofaunistic interpretations, from estimating
the size range of available food particles to assessing the relationships between bryozoan
orders through time. The existing formulas, however, cover very few zooid traits.

In Gymnolaemata the morphometry of the feeding apparatus is well-understood, with
many reported measures and established relationships (Winston, 1977; 1978; 1981;
McKinney, 1990). By contrast, Stenolaemata have not received nearly as much atten-
tion from researchers (Smith et al., 2017). It is a relatively large class with a rich fossil
history (thousands of species from six extinct orders, dating back to the Ordovician), and
about 543 living species in 98 genera in the extant order Cyclostomatida (Ryland, 1970;
Bock and Gordon, 2013). Yet, accounts of morphology of their soft parts and interre-
lationships with skeletal dimensions are extremely uncommon. Scattered morphometric
data are given in various studies (Borg, 1926a; 1944; Ryland, 1967; 1975; Winston, 1977;
1978; 1979; Schäfer, 1985; McKinney, 1991; Ryland and Hayward, 1991; Nielsen and
Riisgård, 1998; Shunatova and Ostrovsky, 2001; Ramalho et al., 2009). Rarely, however,
do such reports combine cystid and polypide measurements. Equally rare is an indication
of how many colonies were examined to reach the reported conclusions.

The aim of the present study is, therefore, to examine Recent cyclostome polypide
morphology and allometry, concentrating on the relationships between soft-part and
skeletal morphology. We undertook this study on the southern New Zealand shelf (lat-
itudes 45-47 ◦S), a place with abundant and diverse cyclostomes (Gordon et al., 2009).
We hope this will help palaeontologists better interpret fossil stenolaemates.

2.2 Material and Methods

We collected living colonies of cyclostome species from around New Zealand, covering
different taxonomic groups and a wide range of sizes and colonial forms. The majority of
bryozoans were collected by dredge as part of a bimonthly sampling programme in 2018
from a water depth of ∼90 m on the Otago shelf of New Zealand (45◦ 47.89’ S, 170◦54.5’
E; Batson and Probert, 2000). Additional samples were taken in April 2018 from 58 m and
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77 m around Stewart Island (46◦54.87’ S, 168◦13.06’ E and 47◦07.70’ S, 168◦10.79’ E
respectively).

Living bryozoan colonies were cultured in flow tanks in an isothermic room at ∼13◦C.
Colonies were left to recover from dredging for at least three days, and kept alive for 1–
4 weeks. Throughout this time the colonies were constantly supplied with a mixture of
natural particles and cultured algae Rhodomonas salina and Dunaliella tertiolecta (algal cul-
tures grown according to standard protocols outlined by Creswell, 2010). Feeding animals
with fully extended lophophores were imaged with a digital camera mounted on an Olym-
pus dissecting microscope. From 9 to 54 photographs were taken of each specimen.

Measurements were made from the photographs using Inkscape 0.48.1 (Inkscape
project, 2011). We recorded 10–12 parameters for each specimen, covering both skeletal
and soft-body traits (Figure 2.1). There were four skeletal characters: length and width of
the aperture (AL and AW), as well as the length and width of the zooid tube opening near
the orifice (ZOL and ZTW). Among four tentacle crown parameters two were quantita-
tive: crown diameter (CD) and height visible above the aperture (CH), and two qualitative:
crown symmetry (Figure 2.1C) and curvature (Figure 2.1D). Finally, three tentacle param-
eters were: tentacle number (TN), full tentacle length (TLF) and tentacle length visible
above the aperture (TLP). For species with obliquely-truncated tentacle crowns, we ad-
ditionally recorded the length of the longest and shortest tentacles. We also measured
mouth diameter (MD). The raw dataset is stored in full at PANGEA (PDI-21252). In this
paper the measured traits are reported with parametric descriptive statistics (mean ± SD;
N) to ensure comparability with data from other authors. For the qualitative character-
istics of the crown shape (symmetry and curvature) we give the dominant value and its
frequency contrasted with the combined frequency of all other values.

The species we collected were divided into two groups. The first group contained
abundant, easily identified, mostly large and robustly-calcified species (Table 2.1, Figure
2.2B-D), examined in great detail and forming the main dataset of the study. In this group
we recorded zooid traits in at least ten colonies of each of the eight large species (a to-
tal of 83–209 zooids per species). An additional five species, which were smaller and
less heavily calcified, formed the supportive dataset (Table 2.1, Figure 2.2A); they were
examined in lesser detail from fewer specimens (20–42 zooids per species). Assembled
photographs of each colony yielded 5–25 measurements, but due to the varying angles
of the photographs, not all characters were covered with equal detail.

Before proceeding, we checked if these two datasets capture the natural variability of
quantitative characters within each species equally well. To do this, we compared coeffi-
cients of variation of each character distribution using the Wilcoxon rank-sum test. Since
no differences were found (p > 0.26), we concluded that both datasets give a similarly
detailed picture of zooid traits, and treated them together in subsequent analyses.

To uncover relationships between skeletal and soft body traits within our datasets, we
used Pearson’s correlations based on specimen measurement pairs, pooled across species.
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Species Family
Colonies
imaged

Zooids
measured

Colony growth
type

Main dataset
Cinctipora elegans
Hutton, 1873

Cinctiporidae 13 140
erect rigid, robust

branching
Diaperoecia purpuras-
cens (Hutton, 1877)

Diaperoeciidae 10 121
erect rigid, robust

branching
Disporella pristis
(MacGillivray, 1884)

Lichenoporidae 10 199
encrusting

monticulate
Favosipora rosea
Gordon & Taylor, 2001

Densiporidae 10 1771
encrusting

monticulate
Hornera foliacea
MacGillivray, 1869

Horneridae 10 208
erect rigid, robust

branching
Hornera robusta
MacGillivray, 1883

Horneridae 10 209
erect rigid,
reticulate

Platonea sp. Tubuliporidae 10 83
encrusting
unilaminar

Telopora lobata
(Tenison-Woods, 1880)

Hastingsiidae 10 104
erect rigid,

radiate
Supporting dataset

Diaperoecia sp. Diaperoeciidae 3 20
erect rigid, robust

branching

Disporella sp. Lichenoporidae 7 42
encrusting

monticulate
Doliocoitis cyanea Gor-
don & Taylor, 2001

Lichenoporidae 3 41
encrusting

monticulate

Idmidronea sp. Tubuliporidae 2 27
erect rigid,

delicate
branching

Microeciella sp. Oncousoeciidae 6 35
encrusting
unilaminar

Table 2.1: Cyclostomate bryozoan species used in this study, collected off Otago and Stewart Island,
New Zealand.
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Figure 2.2: Four of the species examined in this study, showing some measured traits: A. Idmidronea
sp. B. Disporella pristis. C. Diaperoecia purpurascens. D. Favosipora rosea.
AL — aperture length, AW — aperture width, CD — diameter of the tentacle crown, CH — height of the
tentacle crown, MD — mouth diameter, TL — tentacle length, TLA — length of the tentacle visible
above the aperture, TLF — full tentacle length.

Correlation matrix of skeletal traits was made to find which ones could be used as inde-
pendent predictors in subsequent regressions. Correlations between soft-body character-
istics themselves were calculated to provide context for skeleton-polypide relationships.
We proceeded to calculate univariate linear regressions between selected skeletal param-
eter and soft-body traits. Regressions were made for each species independently, as well
as for all species together.

To establish relationships between zooid parameters in the wider context of all bry-
ozoan classes, we created a hybrid dataset including measurements from published
sources and our measurements from the full and supplementary datasets (means, medians
and standard deviations). Many cited sources were patchy in their coverage of the zooid
parameters, which produced an inherently unbalanced dataset. Thus, in order to cover as
many measurement pairs as possible we performed five separate linear regression analy-
ses with the zooid tube width and class as universal predictors and five soft-body traits
(CD, CH, TL, TN, MD) as response variables.
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Evaluating the resulting models, we learned that Cinctipora elegans exerted the
strongest influence on regression parameters (Cook’s distances between 1.8 and 5.5),
invariably reducing the slope of the line. This is hardly surprising, given the trumpet-like
shape of the zooids. Exclusion of this species from all regression analyses is justified from
the mathematical point of view, and also because it is very unusual among cyclostomes.
While other tubuliporines, rectangulates and cancellates in this study could be readily
compared with known extinct species, C. elegans lacks an analogue in the Palaeozoic fos-
sil record.

To test the predictive abilities of the models, we measured photographs of 2–5 zooids
from nine unidentified cyclostome species from suborder Tubuliporina, collected in the
same locations as the main material of this study. We made as many measurements as
possible of the five soft-body traits (CD, CH, TN, TL, MD) and the zooid tube width.
We put mean zooid widths (predictors) into the regression formulas and calculated pre-
dicted values of soft-body traits, which were later compared with actual measurements.
To evaluate the predictions, we counted the number of testing values which fell into 95%
predictive intervals of our modes and calculated the mean deviance between the pre-
dicted and testing values. Later, these measurements were included in the dataset. The
resulting updated models are also reported here. We performed standard residual check
on all regression models in this study: for normality (near-normality) of distribution and
for patterns in residuals, and for influential observations.

Finally, we examined the levels of dissimilarity between bryozoan species from all three
classes, taking into account several variables at once. To do this, we performed multi-
variate ordination in the form of non-parametric multidimensional scaling with Euclidean
distances on a truncated hybrid dataset containing only complete measurement cases. To
retain sufficient sample size, we had to restrict the list of variables to four: zooid tube
width, crown diameter, tentacle length and number. Further, whenever necessary, we
complemented and/or averaged the cited measurements from different species of the
same genus.

All statistical analyses were performed with R 3.4.4 (R Development Core Team, 2018).

2.3 Results

Due to the complex nature of the datasets, comprising our own measurements and com-
pilation of the published data, the presentation of the findings is also complex. We start by
describing within-species variability of the studied species (section 2.3.1) and analysing
the relationship between zooidal parameters of these species (section 2.3.2), then pro-
ceede to analyse the hybrid dataset combining present and published data at a higher
taxonomic level (section 2.3.3).
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2.3.1 Measured zooid parameters

All characters examined here showed strong variability both within and between species
(Table 2.2.1 and 2.2.2). Aperture length was equal to or exceeded the length of zooid tube
opening at the orifice level, especially strongly in case of Idmidronea sp., Cinctipora elegans
and Disporella pristis. Aperture width was similar to the zooid tube width in all species
except C. elegans and Idmidronea sp.

Characters of the tentacle crown tended to have somewhat greater dispersion than
skeletal traits (Table 2.2). The smallest crown diameter was found in Hornera foliacea (287
± 43.4 µm, 133), the largest in Diaperoecia purpurascens (584 ± 141.7 µm, 90), and there
was variability of hundreds of micrometers within every species (Figure 2.3A). Distribu-
tion of the crown heights was positively correlated with crown diameters (r = 0.74, p �
0.001; Table 2.3), with larger species having taller tentacle crowns. Exceptions to this rule
included Doliocoitis cyanea, Idmidronea sp. and Hornera foliacea, which demonstrated no
correlation between these two traits (p > 0.5); the latter two species also had unusually
flattened tentacle crowns.

The aspects of crown shape varied between polypides (even from the same colony)
in all studied species (Figure 2.3B). Obliquely truncated crowns dominated in all species
except the two largest ones: C. elegans and D. purpurascens, but equitentacular crowns
were also present in all species but one. Regardless of the symmetry of the crown, how-
ever, tentacles were usually deeply curved into a bell or trumpet shape with splayed tips.
Scoop-shaped crowns represented an interesting exception to this trend, being fairly com-
mon in H. robusta, H. foliacea, Platonea sp. and Telopora lobata, and even dominant in C.
elegans.

Tentacle parameters, too, demonstrated considerable variability (Table 2.2). The ten-
tacle number was unstable in 10 out of 13 species (Figure 2.3C). Full tentacle length was
either larger than or similar to the tentacle length revealed above the aperture. In the
majority of species the differences were relatively small (< 15% of the tentacle length),
and the tentacle crown protruded almost fully from the zooid opening, with the mouth
slightly under or level with the aperture rim (e.g. Figure 2.2A, C). In four species (H. ro-
busta, Diaperoecia sp., T. lobata and D. purpurascens) the length difference was between
15 and 25%. Finally in Idmidronea sp. and C. elegans 28% and 44% of the tentacle length
was hidden below the aperture, potentially removed from generating feeding currents.

Our studied species differ in mouth diameter from 17 µm (± 0.6, 3) in Microeciella sp.
to 48 µm (± 3.0, 5) in C. elegans, but differences were also present within species (Figure
2.3D). Small sample sizes reflect the difficulty of measurement; more data could improve
the accuracy of the descriptive statisitcs.
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Species Aperture
Length

Aperture
Width

Length of
Zooid Tube
at Orifice

Width of
Zooid Tube
at Orifice

Crown
Diameter

Crown
Height

Dominant
Symmetry*

Dominant
Curvature*

Cinctipora elegans 646 ± 155.7
(34) 0.24

588 ± 126.4
(46) 0.22

611 ± 115.3
(12) 0.19

411 ± 34.6
(10) 0.09

557 ± 94.8
(111) 0.17

309 ± 108.0
(56) 0.35 ET (53/36) scoop

(61/42)
Diaperoecia pur-
purascens

192 ± 24.1
(53) 0.13

196 ± 36.6
(29) 0.19

195 ± 30.9
(54) 0.16

220 ± 64.9
(39) 0.30

584 ± 141.7
(90) 0.24

464 ± 130.2
(46) 0.28 ET (91/4) bell (61/27)

Diaperoecia sp. 156 ± 25.7
(7)1 0.18

148 ± 13.9
(15) 0.10

same as
aperture

same as
aperture

465 ± 103.0
(13) 0.23

318 ± 71.4
(10) 0.23 OT (11/0) trumpet

(4/6)

Disporella pristis 143 ± 58.6
(28) 0.41

89 ± 9.8
(89) 0.11

102 ± 14.4
(48) 0.14

87 ± 10.1
(89) 0.12

355 ± 82.0
(148) 0.23

219 ± 63.8
(55) 0.29 OT (83/22) trumpet

(80/35)

Disporella sp. 108 ± 14.1
(11) 0.13

93 ± 17.6
(28) 0.19

98 ± 15.2
(8) 0.16

80 ± 8.3 (8)
0.11

340 ± 55.9
(39) 0.17

204 ± 47.0
(23) 0.23 OT (17/6) trumpet

(21/7)

Doliocoitis cyanea 101 ± 12.7
(23) 0.13

95 ± 8.1
(17) 0.09

100 ± 10.8
(21) 0.11

92 ± 10.8
(18) 0.12

304 ± 44.6
(33) 0.15

241 ± 41.6
(22) 0.17 OT (22/4) bell (26/1)

Favosipora rosea 133 ± 21.2
(86) 0.16

117 ± 14.9
(66) 0.13

125 ± 16.4
(91) 0.13

118 ± 14.2
(89) 0.12

324 ± 59.4
(159) 0.18

258 ± 79.6
(75) 0.31 OT (91/35) bell (90/15)

Hornera foliacea 106 ± 15.0
(46) 0.14

88 ± 10.5
(43) 0.12

103 ± 12.1
(25) 0.12

87 ± 9.4
(36) 0.11

287 ± 43.4
(133) 0.15

134 ± 19.4
(66) 0.15 OT (67/25) trumpet

(62/24)

Hornera robusta 112 ± 19.3
(50) 0.17

100 ± 17.1
(40) 0.17

105 ± 17.8
(32) 0.17

99 ± 17.8
(36) 0.18

338 ± 57.0
(145) 0.17

173 ± 48.9
(66) 0.28 OT (97/13) trumpet

(74/22)

Idmidronea sp. 174 ± 27.2
(7) 0.16

122 ± 13.2
(6) 0.11

107 ± 7.6
(18) 0.07

87 ± 10.6
(11) 0.12

354 ± 44.0
(20) 0,13

151 ± 42.6
(18) 0.29 OT (19/1) trumpet

(12/8)

Microeciella sp. 82 ± 9.5
(21) 0.12

71 ± 12.0
(24) 0.17

same as
aperture

same as
aperture

324 ± 52.8
(30) 0.16

209 ± 51.7
(17) 0.25 OT (15/5) trumpet

(17/6)

Platonea sp. 120 ± 16.6
(71) 0.14

120 ± 16.6
(74) 0.14

same as
aperture

same as
aperture

391 ± 70.7
(72) 0.18

267 ± 71.0
(65) 0.27 OT (36/35) trumpet

(36/38)

Telopora lobata 134 ± 21.3
(55) 0.16

116 ± 21.0
(77) 0.18

127 ± 14.1
(43) 0.11

115 ± 20.9
(73) 0.18

323 ± 75.9
(65) 0.24

239 ± 57.6
(39) 0.24 OT (45/12) trumpet

(17/35)

Table 2.2: part 1. Skeletal and tentacle crown characters measured in 13 cyclostome species from New Zealand.
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Species Tentacle
number

Full tentacle
length

Length above
aperture

Long tentacle
length

Short tentacle
length Mouth diameter

Cinctipora elegans 16 ± 0.6 (86)
0.04

633 ± 53.1 (5)
0.09

352 ± 104.1
(70) 0.30 n/a (0) 579 (1) 48 ± 3.0 (5)

0.07

Diaperoecia purpurascens 15 ± 0.8 (73)
0.05

662 ± 184.1 (7)
0.29

505 ± 135.4
(58) 0.27 853 (1) n/a (0) 46 ± 10.6 (8)

0.24

Diaperoecia sp. 9 ± 0.3 (11)
0.03

411 ± 89.3 (5)
0.23

334 ± 87.7 (12)
0.27

461 ± 94.2 (9)
0.21

324 ± 88.8 (8)
0.28 28 (2)

Disporella pristis 9 ± 0.1 (62)
0.01

262 ± 58.8 (31)
0.23

258 ± 54.5 (58)
0.21

392 ± 95.1 (19)
0.25

195 ± 47.8 (9)
0.25

23 ± 5.0 (38)
0.21

Disporella sp. 9 (17) n/a 263 ± 52.9 (5)
0.21

229 ± 47.3 (24)
0.21

282 ± 49.5 (20)
0.18

221 ± 38.6 (18)
0.18

21 ± 6.9 (13)
0.34

Doliocoitis cyanea 8 (14) n/a 262 ± 26.7 (16)
0.10

246 ± 37.9 (26)
0.16

301 ± 41.4 (22)
0.14

216 ± 35.1 (21)
0.16 22 ± 6.1 (4)

Favosipora rosea 8 (91) n/a 275 ± 59.7 (74)
0.22

262 ± 55.3 (80)
0.21

360 ± 108.1
(63) 0.30

235 ± 45.8 (34)
0.20

24 ± 3.6 (22)
0.16

Hornera foliacea 9 ± 0.2 (96)
0.02

198 ± 39.4 (14)
0.20

187 ± 30.7 (63)
0.17

233 ± 33.0 (42)
0.14

174 ± 26.3 (34)
0.15

25 ± 4.0 (26)
0.16

Hornera robusta 9 ± 0.1 (66)
0.01

246 ± 50.1 (6)
0.21

203 ± 44.3 (48)
0.22

288 ± 60.7 (56)
0.21

209 ± 57.4 (34)
0.28

25 ± 6.2 (39)
0.25

Idmidronea sp. 9 ± 0.8 (6) 0.09 239 ± 32.6 (5)
0.14

172 ± 46.0 (20)
0.27

313 ± 29.9 (9)
0.10

207 ± 44.8 (7)
0.22 n/a (0)

Microeciella sp. 8 ± 0.3 (12)
0.04

236 ± 44.0 (8)
0.19

218 ± 43.6 (22)
0.20

299 ± 68.5 (13)
0.23

214 ± 43.4 (13)
0.21 17 ± 0.6 (3)

Platonea sp. 9 ± 0.5 (22)
0.06

313 ± 54.0 (27)
0.17

293 ± 57.6 (72)
0.20

393 ± 94.5 (22)
0.24

264 ± 65.9 (15)
0.25 32 ± 10.4 (4)

Telopora lobata 10 ± 0.6 (64)
0.06

306 ± 60.1 (24)
0.20

246 ± 60.1 (57)
0.24

389 ± 62.5 (16)
0.16

217 ± 50.4 (8)
0.24

27 ± 4.8 (5)
0.18

Table 2.2: part 2. Characters of the tentacles and mouth. All measurements reported in µm as mean ± SD (sample size). Crown symmetry and curvature as dominant
frequency / frequency of other values (see Fig. 1.1 for crown shapes). Coefficients of variation are reported for all measurements with sample size > 5 Coefficients of
variation are reported for all measurements with sample size > 5. OT — obliquely-truncated crown, ET — equitentacular crown.
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Figure 2.3: Descriptive plots of selected polypide parameters: tentacle crown diameter and symmetry,
tentacle number and mouth diameter. On every plot the X-axis lists the studied species in alphabetical
order: 1 — Cinctipora elegans, 2 — Diaperoecia purpurascens, 3 — Diaperoecia sp., 4 — Disporella
pristis, 5 — Disporella sp., 6 — Doliocoitis cyanea, 7 — Favosipora rosea, 8 — Hornera foliacea, 9 —
Hornera robusta, 10 — Idmidronea sp., 11 — Microeciella sp., 12 — Platonea sp., 13 — Telopora lobata.
ET stands for equitentacular crown, OT — for obliquely truncated lophophore shape.
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Zooid Tube
Width

Crown
Diameter

Crown Height
Tentacle
Length

Tentacle
Number

Crown Diameter
0.53 ***,
df = 361

Crown Height
0.64 ***,
df = 142

0.74 ***,
df = 533

Tentacle Length
0.48 ***,

df = 71
0.80 ***,
df = 192

0.88 ***,
df = 162

Tentacle Number
0.78 ***,
df = 240

0.80 ***,
df = 532

0.60 ***,
df = 186

0.79 ***,
df = 75

Mouth Diameter
0.51 ***,

df = 80
0.67 ***,
df = 108

n/a
0.55 p > 0.1,

df = 5
0.78 ***,
df = 117

Table 2.3: Pearson’s product-moment correlations between soft-body characters for 13 measured
species combined (based on specimen measurement pairs). P-values corrected with Holm method
(1979). P � designated by ***

2.3.2 Relationships between zooid parameters in our dataset

The four skeletal parameters were strongly positively correlated with each other (Table
2.4), making it impossible to include all of them as independent predictors. Thus, we
chose the width of the zooid tube near the orifice, rather than at the aperture, as a single
measure that best approximates the internal diameter of the living chamber (after McKin-
ney and Boardman, 1985). The zooid chamber of most cyclostomes resembles a uniform,
somewhat flattened cylinder that does not change shape near the orifice.

Length of Aperture Zooid Tube Width Aperture Length
Zooid Tube Width 0.92 ***, df = 311
Aperture Length 0.91 ***, df = 337 0.81 ***, df = 274
Aperture Width 0.95 ***, df = 243 0.95 ***, df = 346 0.94 ***, df = 292

Table 2.4: Pearson’s product-moment correlations between skeletal traits for 13 measured species
combined (based on specimen measurement pairs). P-values corrected with Holm method (1979). P �
0.01 designated by ***

Measurements of the soft body parts, i.e. crown diameter and height, tentacle length
and number, and mouth diameter, all demonstrated moderate to strong positive correla-
tions with each other (0.67 to 0.80, all p-values � 0.01; Table 2.3) with a single exception:
we found no correlation between tentacle number and mouth diameter.

Correlations between the zooid tube width and soft body traits were weaker, although
still positive and statistically significant (0.48 to 0.78, all p-values � 0.01; Table 2.3). For
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a more detailed analysis, we examined relationships between soft body parameters and
tube width separately for each species. The number of available observations was not
always sufficient for linear modelling within each species, but, when it was, we often
found that tube width predicted parameters of the feeding apparatus poorly or not at all
(adjusted R2 between 0 and 0.37), with regression coefficients not statistically significant
(Figure 2.4).

When species data were pooled, tube width became a somewhat better predictor
of most soft-body traits (adjusted R2 between 0.24 and 0.42, all p � 0.01. Table 2.5).
Regression lines for each character pair are given in Figure 2.4. Unlike other dependent
variables, the relation between tube width and tentacle number in our dataset could not
be modelled with a linear formula. Residuals from a regression test revealed violations of
assumptions: severe divergence from normality and pronounced patterns in the residuals.

2.3.3 Relationships between zooid parameters in a hybrid dataset

We performed an analogous set of regression tests on a hybrid dataset combining pub-
lished data with our measurements (Figures 2.5—2.7). Cinctipora elegans was removed
from this dataset for reasons of biological (as having unusual zooid shape) as well as sta-
tistical nature (as an outlier with extreme leverage). Unlike the dataset containing only our
measurements, tentacle number data from a combined dataset was successfully analysed
and no violations of the assumptions were detected. We found that models including
three predictors, i.e. zooid tube width, class and the interaction term, achieved the best
fit (Table 2.5). This held true for all dependent variables except crown height, because
there were too few available observations.

Since our formulas are intended to be used for predictions of fossil bryozoans, they
may never be tested against the actual soft-body measurements. As the next best alter-
native, we tested the predictive power of the models by measuring photographs of nine
unidentified cyclostome species and comparing the test values with the values predicted
by the models. In most cases (22 out of 27) the test values did not overstep the 95% pre-
dictive intervals of the regressions (insets in Figures 2.5—2.7). The new measurements
were adequately predicted by models describing the mouth diameter and tentacle num-
ber, but not crown parameters. The average of the deviations of real against predicted
values was very close to zero (-0.2, 3) for tentacle number and mouth diameter, indicating
a uniform spread of the data points around the regression line. For crown diameter, crown
height and tentacle length, however, the mean deviations differed from zero substantially
(72, -38 and -22 respectively), indicating that test values appeared predominantly either
above or below the regression line.

With the addition of the test values into the hybrid dataset we calculated updated re-
gression models for all three bryozoan classes (Table 2.6A). We also had sufficient number
of observations to perform the regression analyses on the datasets containing only steno-
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Figure 2.4: Linear regressions showing relationships between dependent variables (tentacle crown
diameter, height, mouth diameter and tentacle length) with a single independent variable — zooid tube
width. Regression lines are plotted both for individual species (coloured) and for all species pooled
(dotted black line with confidence interval shown as a grey band).
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Figure 2.5: Linear regressions based on a hybrid dataset, uniting our measurements and data from the published sources.
Presented variables include tentacle crown diameter and height plotted against zooid tube width. All regression lines are
presented together with their 95% predictive intervals. Two insets represent correspondence between original models and
models updated by the addition of the test values.
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Figure 2.6: Linear regressions based on a hybrid dataset, uniting our measurements and data from published sources.
Variables include tentacle length and number, plotted against zooid tube width. All regression lines are presented together
with their 95% predictive intervals. Two insets represent stenolaemate-specific correspondence between original models
and models updated by the addition of the test values. Yellow asterisk in the inset represents an Ordovician trepostome
Tetratoechus crassimuralis (Boardman and McKinney, 1976).
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Figure 2.7: Linear regressions (mouth diameter vs zooid tube width) based on a hybrid dataset, uniting our measurements
and data from the published sources. All regression lines are presented together with their 95% predictive intervals. An
inset represents correspondence between original models and models updated by the addition of the test values.

laemates (Table 2.6B). Updated linear models, restricted to Stenolaemata, often demon-
strated reduced fitness and lower predictive power compared to models based on all bry-
ozoan classes (compare R2 in Table 2.6A and B), but they were free of non-linear patterns
and influential observations (Cook’s distances < 0.8).

Figure 2.8: Results of nMDS plotted in two main axes (stress = 0.122). Variables used in the analysis
include zooid tube width, crown diameter, tentacle length and number.
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Crown Diameter Crown Height Tentacle Length
Tentacle
Number

Mouth
Diameter

Coefficients: our dataset 234.5 + 1.14x *** 82.9 + 1.39x *** 121.4 + 1.56x *** n/a 16.9 + 0.06x ***

Diagnostics
R2 = 0.28/0.26;
S = 86; df = 423

R2 = 0.42/0.41;
S = 67; df = 185

R2 = 0.26/0.22;
S = 59; df = 88

(assumptions
violated)

R2 = 0.24/0.17;
S = 6; df = 88

Corfficients: hybrid dataset 150.1 + 1.85x *** 168.3 + 1.2x *** 16.3 + 2.7x *** 4.8 + 0.042x *** 4.4 + 0.19x ***

Diagnostics
R2 = 0.89/0.81;
S = 145; df = 64

R2 = 0.72/0.54;
S = 152; df = 22

R2 = 0.76/0.68;
S = 111; df = 64

R2 = 0.93/0.91;
S = 3; df = 78

R2 = 0.91/0.77;
S = 8; df = 44

Table 2.5: Details of regression analyses for zooid tube width (predictor) and soft-body characters (responses). Models are reported in the form: Intercept +
Slope*Predictor, Model Significance Level. R2 are reported as adjusted R2/predicted R2; *** designates p-value � 0.001.
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Crown diameter Crown height Tentacle length Tentacle number Mouth diameter
A. Models based on all three classes
Coefficients: Stenolaemata 163.9 + 1.9x*** 55.3 + 2.3x*** 4.8 + 0.043x*** 1.1 + 0.22x***
Coefficients: Gymnolaemata 187.7 + 2.7x*** 154.5 + 1.2x*** 194.6 + 2.23x*** 8.4 + 0.042x*** 4.0 + 0.29x***
Coefficients: Phylactolaemata 775.2 + 2.0x*** 619.6 + 0.56x*** 5.7 + 0.089x*** 83.2 + 0.05x***

Diagnostics
R2 = 0.89/0.81
S = 139; df = 73

R2 = 0.73/0.57
S = 134; df = 31

R2 = 0.76/0.69
S = 108; df = 72

R2 = 0.93/0.91
S = 3; df = 84

R2 = 0.90/0.77
S = 8; df = 47

B. Models based on Stenolaemata only
Coefficients 163.9 + 1.9x 21.8 + 2.0x 55.3 + 2.3x 4.8 + 0.043x 1.1 + 0.22x

Diagnostics
R2 = 0.65/0.61
S = 64; df = 28

R2 = 0.81/0.78
S = 46; df = 21

R2 = 0.71/0.65
S = 69; df = 26

R2 = 0.85/0.84
S = 0.8; df = 32

R2 = 0.82/0.73
S = 4; df = 18

Table 2.6: Details of a repeated regression analyses for zooid tube width (predictor) and soft-body parameters (responses) of bryozoan classes, based on a hybrid
dataset updated to include the test values. Models are reported in the form Intercept + Slope*Predictor. Intercept + Slope*Predictor, Model Significance Level (Degrees
of Freedom). R2 are reported as adjusted R2/predicted R2; *** designates p-value � 0.001.
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Finally, to visualise the amount of dissimilarities between bryozoan species using four
variables at once, we performed a non-metric MDS. The resulting scaling had a low
enough stress (0.113) to allow interpretation of the relative positions of data points on
the plot (Figure 2.8). Overall, the density of the data points indicate that bryozoans have
relatively small range of proportions. The point cloud of the cyclostomes is smaller and
overlaps a lot with that of gymnolaemates (Cheilostomatida + Ctenostomatida), indicating
that the former group occupies only a part of the morphospace available to the latter.

2.4 Discussion

This is the first detailed and coordinated report of morphometry in the cyclostome Bry-
ozoa. Among the cystid and polypide characteristics measured in this study, crown and
tentacle traits are of the most interest.

Crown diameters, measured here, fall between 190–956 (individual measurements),
with species means ranging from 287 to 584 µm. This agrees with previous studies (Ry-
land, 1975; Winston, 1977; 1978; 1979; Shunatova and Ostrovsky, 2001) and fits with
the notion of the cyclostomes being generally smaller than gymnolaemates (60–1280 µm
[species means], data from Ryland, 1975; 1976; Winston, 1977; 1978; 1979; Buss, 1979;
Herrera and Jackson, 1992; Shunatova and Ostrovsky, 2001).

In gymnolaemates and phylactolaemates, shorter tentacles tend to be straight, while
long ones are usually curved: bent inward, outward, or are S-shaped (Ryland, 1976;
Sanderson et al., 2000; Tamberg and Shunatova, 2017). By contrast, in cyclostomes we
did not see any relation between tentacle curvature and length. Cone-shaped crowns
comprising straight tentacles were equally rare in species with short and long tentacles
(Figure 2.3B), and both within and across species straight tentacles were not significantly
shorter than curved ones.

Interestingly, in some cyclostome species an increase in tentacle length does not al-
ways correspond to an increase in crown height. For instance, Hornera foliacea and Id-
midronea sp. have rather flattened, splayed tentacle crowns (regression slopes did not
differ from zero). By contrast, in gymnolaemates the proportions of the tentacle crowns
are very conservative, even as their sizes vary (Ryland, 1975).

We used the formula TD = π*CD / TN to roughly estimate intertentacular tip distances
(TD) from our measurements by reconstructing crown circumference from diameter (CD)
and dividing it by the number of tentacles (TN). Admittedly, this approach does not take
into account possible oval rather than circular shapes of the crown edge or uneven spacing
of the tentacle tips. These imperfections, however, would lead to underestimated, rather
than overestimated, intertentacular tip distances. Pooled, these distances in the studied
Cyclostomatida varied from 55 to 240 µm (individual measurements), with medians rang-
ing from 99 to 160 µm (13 species). It was not surprising to find such relatively large val-
ues, because many measurements come from obliquely-truncated tentacle crowns with
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uneven tentacle lengths. We expected to see smaller intertentacular tip distances among
strictly equitentacular crowns, and indeed the distances stabilised between 100 and 125
µm. This interval agrees with distances reported for Gymnolaemata, which hold tentacle
tips about 110 (77–134) µm apart (Ryland, 1975). A distance of 140 µm and above is
considered extreme for gymnolaemates (Riisgård and Manŕıquez, 1997; Sanderson et al.,
2000).

Among tentacle crown shapes, obliquely-truncated crowns dominated in 10 of 13 ex-
amined species (except D. purpurascens, C. elegans and Platonea sp.), while in the study by
Winston (1978), 27 gymnolaemate species had equitentacular crowns and in 24 species
at least some polypides were non-equitentacular. This suggests a much stronger presence
of obliquely-truncated crowns among cyclostomes, although the sample size is limited.

Winston (1981) and other authors (Lidgard, 1981; Pratt, 2004; 2008; von Dassow,
2006) linked asymmetrical crown shapes with increased velocity of feeding currents, es-
pecially important in expelling already-filtered water away from the colony. Obliquely-
truncated lophophores often flank the excurrent chimneys in both gymnolaemates and
cyclostomes (Cook, 1977; Winston, 1981; Shunatova and Ostrovsky, 2002), but in our
study they seemed even more widespread, especially among species with few tenta-
cles. The prevalence of non-symmetrical crowns, together with larger intertentacle tip
distances, may mean that tentacles are partly independent. But, as the number of ten-
tacles increases, cyclostomes approach cheilostomates in the crown shape, intertentacle
tip distance and thus crown proportions. Is it possible that asymmetrically shaped crowns
give specific advantage to smaller polypides?

Tentacle number varied considerably in some of the examined species, while remain-
ing stable in others, both states having been found before in cyclostomes and gymnolae-
mates alike (e.g. Borg, 1926a; Rogick, 1949; Ryland, 1975; Winston, 1977; Schäfer, 1985;
Thorpe et al., 1985; McKinney, 1991; Ryland and Hayward, 1991). While changes in the
interspecific tentacle number in Gymnolaemata were connected to ecological parame-
ters, such as temperature (Amui-Vedel et al., 2007), presence or absence of competition
(Thorpe et al., 1985) and feeding conditions (Jebram, 1973), little is known about the con-
nection between tentacle number and ecological conditions in Cyclostomatida. It seems
very likely, however, that such connections exist.

Cyclostomates are often reported as having the smallest feeding apparatus in the phy-
lum, with tentacles ranging from 150—450 µm in length (Borg, 1926a; Winston, 1978;
McKinney, 1991). Our results show that, in some species, tentacles can be much larger:
up to 700 (mean length within a species) or 900 µm (individual measurements). Since all
measurements were made from extended polypides, we can conclude that in cyclostomes
polypides feed at very different sizes, and start feeding while very small. Indeed, if a defini-
tive ”adult” zooid size exists, cyclostomes start feeding long before reaching it (Silen and
Harmelin, 1974).
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The ability to start feeding while still developing and growing is also seen in phylacto-
laemate polypides (our observations). Cyclostomates and freshwater bryozoans are thus
in stark contrast with cheilostomates, which only begin feeding when fully grown (Mar-
cus, 1926), because their polypides attain definitive size at the same time as the opercular
apparatus becomes functional.

The full length of the tentacles in our measurements was equal to or somewhat larger
than the length of the tentacle parts protruding above the aperture. Theoretical con-
siderations point at free-walled species as potentially having smaller or no difference be-
tween full and revealed tentacle lengths, since they have a shared hypostegal cavity (Borg,
1926a), which provides an additional reservoir for body cavity fluid and may increase pro-
trusibility of tentacles (Taylor, 1981). Surprisingly, we did not find evidence to support
this view. There was no connection between zooid wall type and differences between full
tentacle length and length above the aperture. Indeed, C. elegans, a species with mixed
free- and fixed-walled zooids, had the most deeply set polypides. Our nMDS graph also
did not reflect the grouping of the cyclostomes based on zooid wall type (Figure 2.8).

Overall, within-species regressions based on our measurements show that characters
of soft-body morphology are often independent from skeletal parameters (R2 between
0 and 0.26). Although it seemed likely that increased level of detail would improve the
predictive power of these models, in fact nothing was gained through it. We found that
species-specific morphometric traits are poorly connected across the skeleton-soft body
divide and the natural intracolonial and intraspecific variability of polypide characteristics
is very strong.

Analyses of the combined dataset with all classes incorporated were much more help-
ful in terms of explaining the values of the dependent variables. Compared to the models
based only on our measurements, all models of the combined dataset demonstrated im-
proved adjusted R2 (i.e., increased amount of explained variance). In the case of tentacle
length and mouth diameter the standard error of regression also improved (i.e. decreased),
while for crown parameters it increased. Overall, however, the combined models are bet-
ter at explaining variance.

The apparent advantage of the regression models based on a combined dataset, com-
pared to solely our own measurements is mostly because the considerable variability
found within each species is collapsed into a single number — its central tendency, the
mean. Thus, it is only means that these models explain and predict. The true variability re-
mains hidden, and if there are smaller-scale relationships between soft-body and skeletal
parameters, acting within species, we failed to detect them.

Still, these models performed only adequately in predicting measurements (5 out of
27 test values fell outside 95% predictive interval). Even worse, additional data points
from the testing dataset altered the coefficients of the models. Undoubtedly, input of
more species into the dataset would result in further changes. Therefore, we recommend
caution while using our formulas for interpolations, and doubly so for extrapolations.
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Nevertheless, recognising the need for predictions in the practical work of palaeontol-
ogists and palaeoecologists, we propose the following: for each value of independent
variable (zooid tube width), report not only the predicted value of response variable, but
also upper and lower boundaries of the appropriate 95% predictive interval (for an easy
approximation of this interval, multiply the residual standard error S of the regression by
1.96).

In the past, several studies attempted to determine the nature and to generate for-
mulas describing the relationship between the skeletal and polypide characters. Skeletal
traits used in these studies as independent variables were aperture/orifice/living chamber
width and distance to the nearest neighbouring zooid. Among soft-body traits, tentacle
number is the most commonly used, with crown and mouth diameter addressed as distant
seconds (McKinney and Jackson, 1991; Winston, 1981).

Presence of a positive, moderately strong and statistically significant relationship be-
tween polypide and skeletal traits was established in a number of studies (e.g. Winston,
1977; 1981; Schäfer, 1985; McKinney and Jackson, 1991) and confirmed in the present
analysis. This in itself may be sufficient for some applications. Knowing that zooid tube
width reliably correlates with polypide dimensions is sufficient to confidently compare
skeletal remains from different bryozoan fossil communities, compare stenolaemate fau-
nas (Reid and Tamberg, 2019) and look for size distributions between stenolaemate orders.

In other situations it may be helpful to reconstruct the actual dimensions of the tenta-
cle crown, because tentacle parameters (length and number) tie into food size and feed-
ing parameters such as clearance rate (Strathmann, 1973) and particle speed (Best and
Thorpe, 1986). The latter can tell more about ecological roles and interactions between
the members of benthic communities, and, potentially — about the surrounding condi-
tions. Thus, it may be important to choose the most suitable regression formula for spe-
cific reconstructions.

Existing regressions (e.g. in Winston, 1981; McKinney and Boardman, 1985) and our
data cover a similar zooid tube size range from ∼60 to ∼275 µm and include large living
species (C. elegans, D. purpurascens and Heteropora sp. in our dataset). The model coeffi-
cients themselves, however, differ notably both between studies and between our own
analyses. We hesitate to single out any one formula as the best, because they all have
their limitations, but we believe that ones that include the greatest number of species (i.e.
updated combined dataset) are probably more suited for predicting soft body parts from
skeletal remains.

Necessarily, these predictions are additionally limited by the fact that only one order
from the class Stenolaemata has survived to the present day. We may never know how
deep were the differences in the soft-part morphology of the stenolaemate orders and
using one to predict the others carries inherent risk. However, some fossils retain what
look like tentacles or tentacle-related structures that can be counted. For instance 11 pre-
served tentacle remains were found in a zooid of the Ordovician trepostome Tetratoechus
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crassimuralis (Boardman and McKinney, 1976, Pl. 13, Fig. 1). When plotted, it fell close to
the regression line, supporting our model (inset in Figure 2.6).

We also wish to point out the considerable interspecies variability within the Stenolae-
mata. In our non-metric MDS plot (Figure 2.8) cyclostomes occupied a substantial area in
a multidimensional morphospace despite being outnumbered ten to one by the flourish-
ing modern gymnolaemates in the sea (543 vs 5240 species; Bock and Gordon, 2013) and
two to one in the dataset (n = 29 vs n = 52). The high intra- and interspecific variability
of the modern stenolaemates, revealed in this study, necessitates proper respect for the
underlying uncertainties of predictive modelling in this group.
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Chapter 3

Polypide anatomy of hornerid
bryozoans (Stenolaemata:
Cyclostomatida)

Published as: Tamberg, Y., Batson, P. B. & Napper, R. 2021. Polypide anatomy of hornerid bry-
ozoans (Stenolaemata: Cyclostomatida). Journal of Morphology. DOI: 10.1002/jmor.21415 (Some
amendments to the text have been made to improve thesis flow.)

Author Contributions: Y.T. designed the study, wrote the manuscript draft and prepared illustra-
tions. Y.T. and P.B. sampled and processed bryozoans. R.N. provided financial and methodological
assistance, and imaged one of the SBF-SEM samples. Joint efforts went into discussion and editing
of the manuscript.

Abstract. Bryozoans are small colonial coelomates whose colonies are made of individ-
ual modules (zooids). Like most coelomate animals, bryozoans have a characteristic body
wall composition, including an epidermis, an extracellular matrix (ECM) and a coelothe-
lium, all pressed together. The order Cyclostomatida, however, presents the most striking
deviation, in which the ECM and the corresponding coelothelium underlying major parts
of the skeletal wall epidermis are detached to form an independent membranous sac. It
forms a separate, much smaller compartment, suspended in the zooid body cavity and
working as an important element of the cyclostome lophophore protrusion mechanism.
The polypide anatomy and ultrastructure of this group is best known from studies of one
family, the Crisiidae (Articulata). Here we examined four species from the phylogeneti-
cally and ecologically contrasting family Horneridae (Cancellata) from New Zealand, and
provide the first detailed ultrastructural description of the hornerid polypide, including
tentacles, mouth region, digestive system and the funiculus. We were able to trace con-
tinuity and transitions of cell and ECM layers throughout the whole polypide. In addition
we identified that the funiculus is a lumen-free ECM cord with two associated muscles,
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disconnected from interzooidal pores. Except for funicular core composition, the polypide
anatomy of hornerids agrees well with the general cyclostomate body plan.

3.1 Introduction

Bryozoans are small colonial benthic invertebrates living in marine and freshwater envi-
ronments. The phylum contains three classes (Phylactolaemata, Gymnolaemata, Steno-
laemata). Bryozoan colonies are made of individual units, or modules, called zooids, that
are physically connected and physiologically integrated. The feeding zooids comprise an
outer skeletal wall (ectocyst), the living layer or layers of tissues attached to and underly-
ing the skeleton (endocyst), and the polypide—the retractable soft-body part of the zooid
which includes all its organs.

Bryozoans are coelomic animals with fully or partially compartmentalised body cavities
(Shunatova and Tamberg, 2019). In Phylactolaemata these include confluent coeloms
of the epistome, lophophore, and trunk (or a unified coelom with incomplete septa), in
Gymnolaemata—the lophophore and trunk coeloms, connected by narrow ciliated ducts.
In Stenolaemata there is a lophophore coelom and a modified trunk cavity, separated
into two portions, termed endo- and exosaccal cavities. Stenolaemate polypides, unlike
other bryozoans, are surrounded by a membranous sac (described by Borg, 1026), made
of a single coelothelial layer and associated extracellular matrix ECM, and supplied with
delicate muscles (Nielsen and Pedersen, 1979), whereas the epidermal layer is physically
separated, appressed to the skeletal wall. Thus, the main stenolaemate body cavity is split
into two parts: the exosaccal cavity outside the membranous sac, and the endosaccal
cavity (true coelom) inside it (Figure 3.1).

The coelomic lining of the tentacles, the lophophore and the tentacle sheath is similar
in all bryozoan classes, whereas the trunk lining differs across these groups. Phylactolae-
mata have a complete coelothelium, cheilostomates (and possibly ctenostomates) within
Gymnolaemata have lost parts of the ECM and peritoneum, and Stenolaemata have ECM
and peritoneum detached from the trunk epidermis in the form of the membranous sac.

In stenolaemates the membranous sac is necessary for lophophore protrusion. It sep-
arates the zooid body cavity into two compartments, allowing for increase of hydrostatic
pressure within one (by contracting its annular muscles) and redistribution of body fluid
(from the vestibular region proximally) across another (see detailed description in Taylor,
1981). It is suspended in the exosaccal cavity, but not completely detached from the cystid
(Figure 1). The membranous sac is necessarily anchored to the skeleton proximally at the
origin points of the polypide retractor muscles and the funiculus, without which polypide
retraction is impossible. In addition, many species have polypide-cystid attachments in
the distal part of the zooid (e.g. Borg, 1926a; Boardman and McKinney, 1985; Boardman,
1998; Nielsen, 1970; Nielsen and Pedersen, 1979; Schäfer, 1985; Schwaha et al., 2018;
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Figure 3.1: Schematic drawing of the protruded hornerid zooid. Arrowheads
indicate membranous sac-to-cystid attachments shared by all studied species.

Shunatova and Tamberg, 2019). All such anchoring structures provide stability to the
polypide during protrusion and retraction.

The Cyclostomatida is the only living order in the exclusively marine class Stenolae-
mata. Our understanding of the anatomy of cyclostome polypides is mostly based on light-
microscopic studies by Borg (1926a), Boardman (1983, 1998), Boardman et al. (1992),
Schäfer (1985), Nielsen (1970) and recently Schwaha et al. (2018). Only a few publica-
tions have addressed cyclostome ultrastructure using electron microscopy: Nielsen and
Pedersen (1979), Carle and Ruppert (1983), Nielsen and Riisgard (1998), Shunatova and
Nielsen (2002), Nielsen (2013), Temereva and Kosevich (2018) and Shunatova and Tam-
berg (2019). In addition, some confocal laser scanning microscopic studies have examined
the nervous and muscular systems of these animals (Schwaha et al., 2018; Temereva and
Kosevich, 2018; Worsaae et al., 2018).

Although all these studies provided major insights into cyclostome anatomy, they cover
a relatively narrow taxonomic range. A single genus, Crisia (suborder Articulata), is the
most-studied cyclostome; six out of nine recent electron microscopic and confocal studies
listed above explore Crisia eburnea or Crisia elongata. Variations of Borg’s (1926a) and
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Nielsen and Pedersen’s (1979) Crisia autozooid schematics remain the standard depiction
of generalised cyclostome anatomy. Representatives of Tubuliporidae, Lichenoporidae
and Cinctiporidae are much less studied, and other families remain virtually unexplored at
the ultrastructural level.

The cyclostomes from the family Horneridae (suborder Cancellata) differ in several key
respects from the studied species of Crisia. The latter are delicate, usually short-lived, sub-
tidal cyclostomes, whereas hornerids are heavily calcified, long-lived, and typically occur in
oceanic environments at shelf depths and deeper. Recent molecular phylogeny has con-
firmed that the Cyclostomatida is monophyletic and that, within this order, hornerids are
widely separated from articulates (Waeschenbach et al., 2012). For these reasons, a com-
parison of hornerids with Crisia can improve our understanding of the range of anatomical
variation across the Cyclostomatida.

In this paper we explore polypide anatomy and ultrastructure of four hornerid species
from southern New Zealand using light and electron microscopic methods. In particular,
we trace various epithelial layers of the polypide at the ultrastructural level and compare
them to other bryozoans, in order to develop a deeper, more multidimensional under-
standing of the anatomy of this group. This understanding could lead to improved recon-
structions of soft body parts of extinct stenolaemates (see Tamberg and Smith, 2020).

3.2 Material and Methods

We examined four hornerid species from two genera: Hornera robusta MacGillivray, 1883,
Hornera sp. 1, Hornera sp. 2 and Horneridae gen. sp. 3 (see Appendix I). The first three
species, H. robusta, H. sp. 1 and H. sp. 2 were collected annually from 2016 to 2019
from the mid-continental shelf off Otago, New Zealand (90 m depth, 45◦ 47.89’ S, 170◦

54.5’ E; see Batson and Probert, 2000). Hornera sp. 2 was also sampled in 2018 near
Stewart Island (58 m and 77 m; 46◦54.87’ S, 168◦13.06’ E and 47◦07.70’ S, 168◦10.79’
E respectively). The last species, Horneridae gen. sp. 3 (planar and curved forms) was
obtained in 2016 near Snares Islands (151 m; 47◦ 43.20’ S, 167◦ 1.44’ E). Upon collection
some colonies were fixed immediately, while others were transported alive to the lab.

Living colonies of H. robusta and H. sp. 2 were kept in flow tanks in an isothermic
room at ∼13◦C, where they were left to recover from dredging for 3–8 days. Throughout
this time the animals were constantly supplied with a mixture of natural particles and
cultured algae Rhodomonas salina and Dunaliella tertiolecta using a drip feeder system.
Colonies were than examined under the microscope, and fully recovered feeding ones
were relaxed with an isotonic solution of magnesium chloride (∼7.5%) mixed 1:1 with sea
water and fixed. Colonies of H. sp. 1 and Horneridae gen. sp. 3 were fixed immediately
upon collection, so that all polypides are in a retracted state.

We treated the fixed colonies following three processing pathways: paraffin-
embedded material was used for histological examination, epoxy-resin embedded tissue
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was used for semi-thin sections and TEM, and some material was also specifically pro-
cessed and embedded in resin for imaging with serial block-face SEM (SBF SEM).

For paraffin sections, we fixed 16 colonies and colony fragments of H. robusta with
4% formalin in sea water, washed, dehydrated through the graded ethanol series and
embedded in paraffin (Peterfi method). The 5 µm thick serial sections were stained with
hematoxylin-eosin.

To obtain series of semi-thin and ultrathin sections, we fixed samples with 2.5% glu-
taraldehyde solution in 0.1 M PBS supplemented with sucrose to reach 990 mOsmol, and
processed using standard TEM protocols. Material was rinsed in 0.1 M PBS with sucrose
(990 mOsmol), decalcified with 10% buffered EDTA for 9–48 hours and transferred into
1% OsO4 for 1.5 hours. After osmication, the material was washed, dehydrated through
a graded ethanol series and pure acetone, and embedded in Embed 812 epoxy resin. Sec-
tioning was done with a diamond knife on Leica EM UC7 ultramicrotome. Resulting series
of semi-thin sections (1 µm thick) were stained with toluidine blue and imaged with a
light microscope (several Zeiss and Olympus models). Ultrathin sections (80–90 nm) were
stained with 0.5% uranyl acetate and 3% lead citrate and imaged with JEOL JEM 1400
and JEOL 2200FS electron microscopes. A total of 8 combined semi-thin and ultrathin
series (comprising ∼5–15 polypides each) were obtained for H. robusta, 5 (∼5 polypides
each) for H. sp. 1, 6 (∼ 15–20) for H. sp. 2, and 7 series (∼10–15 polypides each) for
Horneridae gen. sp. 3.

In addition, H. robusta was fixed with glutaraldehyde and processed for SBF SEM (pro-
tocol modified from Deerinck et al., 2018). The samples were washed with osmolarity-
adjusted PBS buffer, pre-treated with 0.1% tannic acid in buffer for 45 minutes, washed
with the same buffer, and post-fixed with 1.5% potassium ferrocyanide and 1% osmium
tetroxide mixture on ice for 1.5 hours. All following washes were done with distilled water.
The samples were placed in 1% thiocarbohydrazide solution for 30 minutes at 60◦C, and
in 2% OsO4 for 60 minutes. Samples were then stained consecutively with 1% uranyl
acetate overnight and with lead aspartate solution for 30 minutes at 60◦C. Three 5–7
minute washes were used between each reagent. After the final wash samples were de-
hydrated through graded ethanol series and embedded in Durcupan, ACM resin (Electron
Microscopy Sciences, USA). Four samples from two H. robusta colonies were selected
for SBF SEM examnation. Sectioning and imaging was done with ZEISS Sigma VP 3View
(Sydney University) and Thermo Fisher Apreo with VolumeScope Serial Block Face system
(Queensland University) electron microscopes.

To obtain morphometric measurements of the zooids and polypides, a combination of
sources was used. Some measurements are based on images of semi-thin and ultrathin
sections, whereas others were obtained from temporary whole mounts of the decalcified
colony fragments of Hornera species. The latter were cut with dissecting needles, placed
in sea water, stained lightly with methylene blue and imaged with a cover slip on. No
additional pressure was applied, ensuring no undue flattening of the polypides.
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Electron microscope images are partially represented as negatives converted by Im-
ageMagick 6.9. (The ImageMagick Development Team, 2021), but not altered other-
wise. Tiled montages were aligned with Etomo element of IMOD software (Kremer et
al., 1996). All measurements were done from microphotographs using Inkscape 0.92
(Inkscape project, 2017).

3.3 Results

All hornerid species have tubular zooidal chambers up to 1–2 mm long, 70–100 µm in
internal diameter, narrowing sharply at the proximal end. Regardless of the size and age
of the zooid, the polypide invariably occupies the distal-most position, moving ∼500 µm
up and down the zooid tube when protruding and retracting. This indicates that both
examined genera undergo progressive polypide cycles (sensu Boardman, 1998). There are
at least two points where the polypide is attached to the zooid wall: the origin of the
retractor muscles (∼450–570 µm from the aperture) and the funiculus (∼750–900 µm).
In both the curved and planar forms of Horneridae gen. sp. 3 the polypide is additionally
anchored to the skeletal wall by distal ligaments (i.e. clusters of tendon cells).

When the polypide is protruded, nine 200–300 µm long tentacles curve outwards in a
trumpet-shaped crown. The tentacles protrude from the aperture for 90%–100% of their
length. When retracted, tentacles are straightened and arranged in a cylinder.

The general anatomy of the studied species is relatively uniform and broadly resem-
bles that described in other Cyclostomatida (Figure 3.2). In the morphological descriptions,
given below, we mostly provide new information or address the points of difference. Ap-
proximate zooidal morphometry of the studied species is summarised in Table 3.1.

3.3.1 Tentacles

Tentacles are roughly triangular in cross-section, frontoabfrontal distance is ∼17 µm; max-
imum lateral width is ∼12 µm (including cuticle). Organisation of the tentacles follows the
standard bryozoan plan: a tube of ECM is surrounded by outer epithelial cells arranged in
regular vertical rows, and lined internally with coelothelium. The coelomic cavity is seen
as a series of lacunae in both protruded and retracted tentacles.

The outer epithelial layer includes: [1] an unpaired midline frontal A-cell, [2] two lat-
erofrontal B-cells on either side, [3] two frontolateral C-cells, [4] two lateral D-cells, [5]
two abfrontolateral E-cells and (6) an intermittent row of abfrontal F-cells (Figure 3.3A,B).

A-cells are oval in cross-section, elongated (∼8 µm) along the main tentacle axis, usu-
ally with electron-light cytoplasm. In full agreement with previous observations, A-cells
never bear cilia. In H. robusta the cytoplasm of A-cells often contains numerous vesicles
near the apical tip. In Hornera species 1 and 2 the tips of A-cells bear long (1.2–2.2 µm)
branching microvilli, while in Horneridae gen. sp. 3 they are much shorter (∼0.5 µm).
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Figure 3.2: Decalcified whole mounts of the hornerid polypides. A. H. robusta. B. H. sp. 1. C. H. sp. 2.
ap, aperture; bb, brown body; c, caecum; ca, cardia; f, funiculus; p, pylorus; ph-es, pharyngeal-esophageal region; pv,
proximal vestibulum; r, rectum; rm, retractor muscles; t, tentacle; black arrowhead, origins of retractor muscles.
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Figure 3.3: Ultrastructure of hornerid tentacles. A. Schematic drawing of a tentacle cross-section (frontal side up). B.
Cross-section through the middle part of a protruded tentacle (H. sp. 2, muscles tinted red). C. 3D model of the
laterofrontal ciliary basal complex. D. Transverse section of a laterofrontal cell showing ciliary basal apparatus (H. robusta,
tentacle midline on the left). E. Oblique frontal section of the tentacle showing frontal microvilli and a double row of
laterofrontal cilia (H. sp. 2). F. Transverse section of lateral cells showing the basal apparatus of basal cilia and cell contacts
(H. robusta, frontal side of the tentacle on the left). G. Cross-section of an abfrontal cell showing basal apparatus of the
abfrontal cilia (H. robusta, apical surface at the bottom). H. Cross-section showing the abfrontal part of the tentacle,
abfrontal and abfrontolateral nerves, and abfrontal cilium (H. robusta, abfrontal surface on the left).
A, frontal cell of tentacle epidermis; B, laterofrontal cell; C, frontolateral cell; D, lateral cell; E, abfrontolateral cell; F,
intermittent abfrontal cell; afm, abfrontal tentacle muscle; afn, abfrontal nerve; c, cuticle; ECM, extracellular matrix; fm,
frontal tentacle muscle; fn, frontal nerve; lafn, abfrontolateral nerve; lfn, laterofrontal nerve; pc, peritoneal cell; **,
lophophore coelom; black arrowhead, abfrontolateral nerve; double black arrowhead, abfrontal cilium; white arrowheads,
septate junction.
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Trait (µm) Hornera robusta H. sp. 1 H. sp. 2 Horneridae gen. sp. 3
Polypide measurements
polypide length 517±80 (12) 496±68.7 (13) 474±91.1 (11) 432 (2)
funiculus length 61±36.6 (10) 77±64.2 (10) 54±24.5 (7) 60 (3)
gut length 284±49.1 (14) 265±35.6 (12) 231±59.1 (14) 206 (2)
tentacle length 241±39.3 (12) 242±38.7 (15) 235±38.9 (16) 222±22.9 (3)
tentacle width 17±1.9 (8) 17±4.7 (13) 15±3.4 (6) 16±1.5 (3)
max. membranous
sac diameter

94±19.8 (12) 95±11.1 (10) 83±14.6 (14) 77±5 (4)

Distance from aperture
to atrial spincter 254±91.6 (10) 291±26.9 (9) 282±92.5 (7) 237±38 (3)
to retractor attach-
ment

553±127.7 (8) 577±45.4 (9) 561±109 (6) 460 (2)

to funicular attach-
ment

784±112 (8) 739±40.1 (8) 900±242.3 (4) NA

Table 3.1: Morphometry of the mature zooids from the frontal branch surfaces. Results are given as
mean ± SD (N).

B-cells are of similar size and shape in cross-section, but are much shorter (∼2 µm)
in proximal–distal direction. These are monociliated cells with deeply lobed nuclei and
complicated basal complexes including two kinetosomes and four cross-striated rootlets
(r1-4 on Figure 3.3C,D). On each tentacle, laterofrontal cilia form two closely-spaced rows
(Figure 3.3E). The basal complexes in B-cells on the right and left of the tentacle are mirror-
images of each other. The main kinetosome is attached to the apical cell membrane by
several short microtubules. In addition, it has one axial cross-striated rootlet (r1) and a
basal foot. Both the basal foot and the additional kinetosome are located on the frontal
side, i.e., closer to the midline of the tentacle. An additional kinetosome gives off three
rootlets: two axial ones (r2, 3) and a diagonal one (r4). All axial rootlets (r1, 2, and 3) run
close to each other, straight towards the base of the cell, whereas the diagonal rootlet
extends in a proximal–basal direction.

C-cells cover most of the frontolateral surfaces of the tentacles, and their elongated
flaps point forward, coming up nearly to the apical tips of the B-cells. In proximal-distal
direction C-cells extend for ∼5 µm. C-cells bear numerous long cilia (∼15 µm) which form
the frontal half of the lateral ciliary row (Figure 3.3B). Each cilium has a single basal body
with a basal foot and two cross-striated rootlets (Figure 3.3F, cell on the left). The axial
rootlet extends basally and abfrontally at a steep angle, whereas a very long lateral rootlet
runs underneath the cell membrane in the frontal direction into the cytoplasmic flap. As
in other bryozoans, the basal foot always points abfrontally, in the direction of the active
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ciliary stroke. The microvilli of C-cells are usually short (∼0.2 µm), except for the area
around cilia (∼0.7 µm).

D-cells are much narrower, almost square in cross-section, shorter in proximal-distal
direction. Their frontal side also bears multiple cilia which constitute the second, abfrontal,
half of the lateral ciliary row. The basal complex of these cilia includes a single basal body, a
basal foot and two rootlets, which are arranged identically to those in C-cells (Figure 3.3F,
cell on the right). The axial rootlet also points basally and abfrontally, while the lateral
rootlet runs more sharply downwards and frontally.

E-cells never bear cilia. They are somewhat flattened in shape and extend very short
cytoplasmic flaps over the abfrontal sides of the adjacent D-cells. Together with intermit-
tent F-cells they cover the entire abfrontal surface of the tentacle. At least some of the F
cells are ciliated. The ciliary basal complex may include a single kinetosome anchored to
the apical cell membrane with short microtubules and bearing a cross-striated axial rootlet
which runs diagonally in proximal-basal direction. Sets of two kinetosomes, arranged at
right angles, and cupped by a Golgi apparatus, were also found (Figure 3.3G). Owing to
the low frequency of F-cell cilia, we were unable to establish a more detailed model of
the basal complex or verify if the basal feet are present or missing.

On the apical surface, all cells bear microvilli and a cuticle. In all four species microvilli
are longest on the frontal surface of the tentacle and near the lateral cilia (Figure 3.3B). The
cuticle is two or three-layered. If present, the top layer is an indistinct felt-like structure
composed of fine electron-dense strands attached to the tips of the microvilli. The medial
layer comprises a thin horizontal sheath of electron-dense strands radiating subterminally
from the microvilli tips. The bottom layer is homogeneous and somewhat electron-lucent.
The last two layers may be iterated two or more times along the length of the microvilli
(Figure 3.3D,E). Cell contacts are typical for bryozoans and include belt desmosomes in the
apical position and septate junctions below (Figure 3.3F). The basal and lateral cell surfaces
do not form interdigitating folds (unlike in phylactolaemate bryozoans). Underneath the
outer epithelium we found six basiepithelial nerves: one frontal, two laterofrontal, two
abfrontolateral and one abfrontal (Figure 3.3H).

A tube of relatively thick (∼0.3–0.8 µm) ECM provides axial support to the tentacle.
On the inside it is lined by a coelothelium. In the studied Hornera species it contains
a coelom, at times occluded by somata of peritoneal cells, whereas in Horneridae gen.
sp. 3 we never saw discernible coelomic lumen. As in other bryozoans, the frontal and
abfrontal coelothelial cells are myoepithelial, with contractile portions in contact with the
ECM and anchored to it by hemidesmosomes. In some of the tentacles (only 1–2 per
lophophore) we also saw a small muscle running basiepidermally on the abfrontal surface
of the tentacle (Figure 3.3B, tinted red). These muscles occurred in all studied species and
had no relation to the distance to the tentacle base.

Two lateral coelothelial cells lack ciliation or contractile bundles, but in the distal half of
the tentacle we often found well-developed secretory apparatus in the form of numerous,
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long cisternae of rER arranged in loose circles around the nucleus. We were unable to
find conclusive proof of the existence of the matched ”exposed” and ”enclosed” peritoneal
cells (sensu Mukai et al., 1997) on the lateral sides of the tentacle coelom.

3.3.2 Lophophore base and the mouth region

The individual tentacles merge at the base of the lophophore (Figures 3.4, 3.5): at first
only the epidermal cells come into contact (Figure 3.5A), whereas the respective tentacle
ECMs join more proximally. In both cases the abfrontolateral portions merge first, while
frontal parts remain distinct for longer (Figure 3.4B). The fate of the frontal and abfrontal
structures of the tentacles also differ markedly. The frontal cells transition into the mouth
epidermis, and the frontal ECM forms the roof of the ring canal of the lophophoral
coelom (Figures 3.4A, 3.5). The abfrontal cells are continuous with the outer lining of
the lophophore base (Figure 3.5B), and the abfrontal basement membrane becomes a
thick ECM cylinder—the greatest non-skeletal support element of the polypide—and later
forms the slanting floor of the ring canal (Figures 3.4, 3.5).

Figure 3.4: Lophophore base and mouth region. A. Schematic drawing of a sagittal section through the lophophore base.
Black dotted line shows the approximate position of the section in B. B. Obliquely transverse section through the zooid
tube (black dotted line) and the polypide at the level of the mouth (H. sp. 2).
afe, abfrontal tentacle epidermis; bd, buccal dilator; cnr, circum-oral nerve ring; ECM, extracellular matrix; fe, frontal
tentacle epidermis; g, ganglion; ms, membranous sac; oc, oral constrictor, continuous with pm – the circular muscles of the
pharynx; rm, retractor muscle; s, septum; ts, tentacle sheath; *, exosaccal cavity; **, lophophore coelom; ***, endosaccal
cavity = trunk coelom.

Above the mouth, the A-, B- and C-cell lines continue onto the preoral region, whereas
D-, E- and F-cells appear on the outer surface of the lophophore. As a result, lateral ciliary
rows split into frontal and abfrontal portions (Figure 3.5A). As the C-cells of neighbouring
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Figure 3.5: Lophophore base and mouth region. A. Cross-section of merging tentacles of a protruded polypide (H. sp. 2,
frontal/oral side up). B. Midsagittal section through the mouth and lophophore base of a retracted polypide showing the
origin of the tentacle sheath, the thick ECM collar at the lophophore base, oral and pharyngeal sphincter and
lophophore–trunk septum (H. robusta). Dotted line represents the approximate location of section C. C. Obliquely
transverse section through the tentacle base and mouth region (H. robusta, all ECM blue, nerves green, circular muscles of
the mouth and pharynx red). D. Cross-section through the oral sphincter showing ECM of the lophophore roof folding over
the muscles and continuing onto the pharyngeal wall (H. robusta). E. Sagittal section through the mouth showing buccal
dilator (red) and circum-oral nerve ring (H. robusta).
bd, buccal dilator; cnr, circum-oral nerve ring; lECM, extracellular matrix at the base of the lophophore; ms, membranous
sac; oc, oral constrictor, continuous with circular muscles of the pharynx; ph, pharynx; phe, pharyngeal epithelium; rm,
retractor muscle; ts, tentacle sheath; *, exosaccal cavity; ***, endosaccal cavity; black arrowhead, ECM of the lophophore
roof; white arrowhead, lophophore–trunk septum; double white arrowhead, lophophoral insertion of retractor muscles.
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tentacles come into contact, the density of ciliary cover decreases and ciliation gradu-
ally disappears. Proximally to the last protruding axonemes there are several irregularly
arranged free kinetosomes. Abfrontally, D-cells meet while still bearing cilia, but the cil-
iation ends quickly. No trace of ciliated pits, described in gymnolaemate bryozoans, was
seen, although we observed mitoses at the tentacle bases.

The ECM near the tentacle base develops thick abfrontolateral horns (up to 10 times
thicker than the frontal ECM) which elongate and merge just above the mouth (Figure
3.5B,C). The basement membranes of the frontal tentacle surfaces retain individuality and
continue proximally below the level of the mouth for 5 to 10 µm before merging (Figure
3.5C). After joining together, they abruptly become very delicate and hard to trace even
on TEM images. As the tentacle coeloms open up into the ring canal of the lophophore,
the unified preoral ECM slopes up towards the mouth, folds over the oral constrictor mus-
cles and continues downwards as the basement membrane of the pharyngeal epithelium
(Figure 3.5B,D).

On the abfrontal side, the outer ECM remains thickened for some distance below
the mouth, where it supports the attachment of retractor muscles and buccal dilators. It
also gives rise to the ECM of the tentacle sheath (Figure 3.5B). The latter merges with
the lophophore ECM slightly below the mouth. The thick outer ECM of the lophophore
continues proximally for an additional 10–15 µm (i.e. for ∼25 µm below the mouth). Large
buccal dilator muscles, each consisting of an individual cell, cross the ring canal (Figures
3.4A, 3.5B,E). As they pass between the circular muscles of the oral constrictor, buccal
dilators attach to the ECM of the mouth in several places and run radially towards the thick
outer ECM. Opposite the buccal dilators, in the endosaccal cavity of the trunk, the outer
ECM cylinder also supports the retractor muscles, which attach to its proximal surface
around most of the lophophore perimeter (Figures 3.4B, 3.5B,C).

Below the attachments of the buccal dilators and retractors, the lophophoral ECM
abruptly becomes very delicate and slopes down towards the pharynx or around the gan-
glion (Figures 3.4A, 3.5B,C). This delicate extracellular layer forms the floor of the ring
canal, i.e. the septum separating lophophore and trunk coeloms (Figure 3.4A). The peri-
toneal cells of the endosaccal cavity can occasionally penetrate the delicate septum ECM
and make contact with the coelomic lining of ring canal of the lophophore. The ECM of
the septum does not simply merge with the ECM of the pharynx wall. Instead, it forms
an outer ”leaf”, or layer, covering the circular muscles of the pharynx on the coelomic side
(Figure 3.5C).

The circumoral nerve ring is located in the lophophore coelom, in association with
the ECM (Figure 3.5E). It is, however, impossible to tell exactly how these two structures
correspond, since the ECM is so delicate and hard to trace.

The ganglion is a relatively small, compact structure sitting next to the pharyngeal wall
(Figure 3.6A). The neuropile is located in the distal half of the ganglion pointing diagonally
towards the mouth (Figures 3.4A, 3.6B). The distal boundary of the ganglion coincides with
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the lower parts of the buccal dilators (Figure 3.6A,C), so that the top of the ganglion is
bracketed by two of these muscle cells. More proximally the ganglion acquires two lateral
lobes (compare to lateral ganglia in Cinctipora elegans; Schwaha et al., 2018). The lobes are
compact elongated structures made of cells with electron-dense cytoplasm (Figure 3.6A).
We detected no neuropile and have no immunoreactivity data on these structures, thus
we hesitate to call them lateral ganglia.

Figure 3.6: Ganglion ultrastructure. A. Cross-section through the zooid tube with retracted polypide at the level of the
ganglion, showing the distal portions of the ganglion lobes (Hornerid gen. sp3). Longitudinal pharyngeal nerves tinted
green. B. Midsagittal section through the ganglion of a retracted polypide (H. robusta). The neuropile surrounded by purple
dotted line, circum-oral nerve ring colored green. C. Cross-section of a retracted polypide through the ganglion, showing
buccal dilator, oral sphincter, lophophore–trunk septum and neuropile (H. sp. 2). All ECM layers tinted blue.
afECM, abfrontal tentacle ECM; bd, buccal dilator; fECM, frontal tentacle ECM; g, ganglion; gl, ganglion lobe; ms,
membranous sac; oc, oral constrictor; ph, pharynx; rm, retractor muscle; ts, tentacle sheath; * - exosaccal cavity; black
double arrowhead, distal part of the rectum; white arrowhead, ECM of the septum; white double arrowhead,
hemidesmosomes attaching buccal dilator to the oral ECM.

The tentacle sheath is a cylindrical part of the polypide body wall stretching from the
origin at the base of the lophophore to the end point where it merges with the vestibular
wall and the membranous sac (Figure 3.7A, white dotted line). During polypide protru-
sion and retraction, the origin of the tentacle sheath at the lophophore base (Figure 3.7B)
moves up and down with the lophophore, whereas the end point is relatively stable at ap-
proximately 100–150 µm below the aperture (which corresponds to the cardia–caecum
boundary in a protruded polypide). The tentacle sheath is ∼1–2 µm thick with squamous
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coelothelial and epidermal cells resting on a 15–45 nm ECM. There is no cuticle. Tentacle
sheath musculature is represented by very delicate longitudinal muscles (10–15 fibers per
cell; Figure 3.7C). Although the surface is not ciliated, we found a free kinetosome in one
of the epidermal cells.

The epidermis of the tentacle sheath continues onto the vestibular wall, whereas the
coelothelium goes onto the inside of the membranous sac. The ECM material is equally
thick in all three structures. More details on the composition of the membranous sac,
vestibular wall and terminal membrane is given in Chapter 4.

3.3.3 Retractor muscles

There are about 50 individual retractor muscle cells in a zooid. They originate from paired
semicircular attachment zones on the abanal surface of the zooid wall, about 400 µm from
the aperture, and connect the polypide to the skeletal wall (Figure 3.8A,B). In agreement
with the protrusion distance of the polypide, the retractor muscles undergo substantial
changes in length: from ∼50 µm when contracted to ∼370 µm when relaxed (Figure
3.8A).

The retractor muscles extend distally towards the basal parts of the lophophore ECM
(Figures 3.5B, 3.8C). In retracted polypides they are arranged in a semicircle cupping the
abanal side of the downward branch of the gut, or concentrate in two groups in the space
between gut branches. More proximally, retractor muscles spread out to a near-complete
circumference, and the lophophore-insertion area encloses most of the lophophore, ex-
cept for a gap around the ganglion (Figure 3.6A).

Each retractor muscle is an individual cell with unusually shaped nucleus which forms
numerous interdigitating protrusions at the interface with the contractile bundles (Figure
3.8D). Retractor muscles are enclosed within the membranous sac for their entire length.
Both at the origin and at the lophophore insertion they are anchored to the ECM with
hemidesmosomes (Figure 3.8C).

3.3.4 Digestive system

The digestive system of hornerids has a typical bryozoan composition: a downward branch
(mouth, pharynx + esophagus and cardia: Figure 3.9), a blind sac-like caecum, and an
upward branch (pylorus, rectum and anus: Figure 3.10). Relative to orientation of the
zooid tube within the colony, the downward branch of the gut usually follows the abfrontal
surface of the zooid (i.e. closest to aperture-free colony surface) and the upward branch
runs along the frontal surface (i.e. closest to aperture-bearing colony surface).

The digestive system starts with a round muscular mouth. During normal feeding the
mouth is kept open at ∼25 µm in diameter (it can open even wider for swallowing), while
in fixed material it is usually more contracted at ∼13 µm in diameter. The circular cross-
striated muscles around the mouth make up the oral constrictor. The oral constrictor can
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Figure 3.7: Tentacle sheath. A. Obliquely frontal section through the protruded polypide (H. sp. 2). White dotted line
follows the tentacle sheath. B. Longitudinal section through the base of the tentacle sheath in a retracted polypide,
showing lack of cuticle on the tentacle sheath epidermis (H. robusta). Inset (H. sp. 1) shows septate cell junction similar to
the black frame in figure B. C. Transverse section through the tentacle sheath of a protruded polypide showing longitudinal
muscle (H. sp. 2 endosaccal cavity above, vestibular space below).
c, cardia; ca, caecum; ECM, extracellular matrix; ph, pharynx; rm, retractor muscle; ts, tentacle sheath; ***, endosaccal
cavity; black arrowhead, membranous sac; double black arrowhead, vestibular wall; white arrowheads and white dotted
line, tentacle sheath.
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Figure 3.8: Retractor muscles. A. Sagittal section through colony branch showing two expanded (distal) and one retracted
polypide (proximal), illustrating retractor muscles in the relaxed and contracted state respectively (H. sp. 2). B. Transverse
section through the pharyngeal region of the retracted polypide showing skeletal origins of retractor muscles (H. sp. 2). C.
Details of lophophoral insertion of the retractor muscle showing hemidesmosomes (H. sp. 1). D. Cross-section through the
medial part of the contracted retractor muscle showing nuclear indentations (H. sp. 2).
lECM, lophophoral extracellular matrix; msECM, extracellular matrix of the membranous sac; rm, retractor muscle; *,
exosaccal cavity; ***, endosaccal cavity; black arrowhead, skeletal attachments of retractor muscles; double black
arrowhead, lophophoral insertion of retractor muscles; white arrowhead, hemidesmosomes at lophophoral insertion;
double white arrowhead, membranous sac musculature.

be identified in living polypides by differential contraction during and after swallowing,
but has no boundary with the pharyngeal muscles below (Figures 3.5B, 3.6B). The cell
characteristics of the mouth epithelium differ between the upper and lower parts (Figure
3.6B). The upper part is made of epidermal cells continuous with the frontal cells of the
tentacles. They typically have electron-dark cytoplasm and no ciliation. The lower portion
of the mouth is lined with an occasionally ciliated myoepithelium with distinctly more
electron-lucent cytoplasm and an interior composition similar to pharyngeal cells. Thus,
the mouth has a more functional than anatomical identity.

The pharynx and esophagus are located just below the mouth and have no clear
boundary. The pharynx is located distally and makes a direct continuation of the mouth.
The outer contours of the pharyngeal-esophageal region are oval in cross-section, but the
lumen is Y-shaped. The latter form arises from the uneven height of the cells (from ∼5
µm between ridges to ∼15 µm on the ridge; Figure 3.9B). All cells are myoepithelial, with
the contractile portions arranged along the lateral walls of the cell around the nucleus and
running in an apical–basal direction (Figure 3.9B,C). We saw no structural differences in
the cells in and between ridges and no indication of anchor cells sensu Nielsen (2013).
Their apical surfaces bear long (∼1 µm) and dense microvilli. The pharyngeal-esophageal
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Figure 3.9: Digestive system: downward branch. A. Oblique sagittal section through the partially retracted polypide
showing digestive system (H. robusta). Black dotted lines indicate approximate locations of the following cross-sections. B.
Cross-section through the distal part of the pharynx of a retracted polypide, at the point of merging of the pharyngeal wall
and the septum (H. sp. 2). Note two layers of ECM on either side of circular muscles (blue) and large intercellular spaces.
C. Cross-section through the medial part of the pharyngeal-esophageal region of a retracted polypide (H. robusta),
showing myofibrils in the epithelium, circular and longitudinal (red) muscles of the wall, and a nerve bundle (green) under
the ridge. D. Cross-section through the cardia of a protruded polypide (H. sp. 2). ECM of the membranous sac colored
blue. The inset shows cross-section of a contracted pharyngeal–cardial valve (H. sp. 1).
c, cardia; ca, caecum; m, mouth; ms, membranous sac; p, pylorus; ph, pharynx; r, rectum; rm, retractor muscle; t, tentacle;
*, exosaccal cavity; ***, endosaccal cavity; black arrowhead, circular musculature of esophagus and cardia; white
arrowhead, lophophoral insertion of retractor muscles; double white arrowhead, non-muscular cell in pharyngeal
epithelium.
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Figure 3.10: Digestive system: upward branch. A. Sagittal section of retracted polypide. Dotted lines indicate approximate
positions of the cross-sections (H. robusta). Inset presents rectum near anus (Horneridae gen. sp. 3). B. Cross-section of
the rectum with a fecal pellet (H. robusta). C. Cross-section of the pylorus (Horneridae gen. sp. 3). D. Tangetial section of
the pylorus, demonstrating details of pyloric cilia and microvilli (H. sp. 1). E. Cross-section through the proximal part of
caecum (H. robusta). Inset shows rER stack in the area similar to black frame (Horneridae gen. sp. 3). Whenever practical,
ECM colored blue.
c, cardia; ca, caecum; m, mouth: ms, membranous sac; p, pylorus; ph, pharynx; r, rectum; rm, retractor muscle; t, tentacle;
*, exosaccal cavity; ***, endosaccal cavity; black arrowhead, longitudinal gut musculature; white arrowhead, secondary
lysosomes.
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region is the only region of the gut where we observed cell divisions. A cuticle layer
continues from the tentacle surface over the mouth and onto the pharynx (Figure 3.6B)
and esophagus (Figure 3.9C), and retains its three-layered structure. The cell cytoplasm
contains an elongated nucleus, mitochondria and rER, but no major vacuoles.

The distal part of the pharyngeal-esophageal region, i.e. the pharynx, is marked by
the presence of ciliated cells (Figures 3.6A,B and 3.9A,B). In H. robusta, H. sp. 2 and
Horneridae gen. sp. 3 this comprises 5–15 multiciliated cells located approximately in the
center of each ridge. Each cilium has a single kinetosome, axial and lateral rootlets and a
proximally directed basal foot. In H. sp. 1 the number is smaller: from 1 to 7 cells. We were
unable to positively confirm that they are monociliated, but the basal apparatus includes
two kinetosomes instead of one, which implies a monociliated condition. In the proximal,
esophageal portion, cilia are missing in all of the studied species. The cell ridges tend to be
higher and the lumen smaller. The entire pharyngeal-esophageal region is supplied with
basiepithelial neurite bundles (Figures 3.6A,B and 3.9B,C). In H. robusta there are two or
three major pharyngeal nerves, each located underneath a ridge. In H. sp. 2 we found a
greater and more variable number of nerurite bundles (> 6), not clearly associated with
ridges (Figure 3.9B), and large intercellular spaces.

The pharyngeal epithelium rests on a delicate ECM with embedded cross-striated cir-
cular muscles (Figure 3.8B). This layer of musculature is a seamless continuation of the
oral sphincter. On the outside the pharynx is also supplied with irregular longitudinal mus-
cles (10-20 fibers per cell; Figure 3.8B). In H. robusta and H. sp. 1 the number is low (∼5),
whereas in H. sp. 2 these muscles are more numerous (∼20).

A very narrow constriction or valve, supplied with prominent circular muscles, sepa-
rates the pharynx from a short cardia (Figure 3.9A, inset). The cardia is lined by cuboidal
epithelial cells ∼4–5 µm tall (Figure 3.9C). Apical surfaces of these cells have no ciliation
but microvilli are present. The circular and longitudinal musculature present in the pharynx
continues onto the outer cardial wall (Figure 3.9C).

The caecum is the largest portion of the gut (Figures 3.9A, 3.10). Caecal cells are typi-
cally tall (∼10–20 µm) and bear no ciliation. In the distal part of the caecum the cells often
have electron-dark cytoplasm, low-contrast nuclei and almost no inclusions. In the medial
part of the caecum some cells engage in active biosynthesis as evidenced by enlarged
perinuclear spaces and numerous rER cisternae, often enlarged or else forming densely
packed fields and occupying nearly all the cytoplasm. More proximally, a different type
of cell becomes dominant. These cells have electron-light cytoplasm, high-contrast nuclei
and great numbers of large (up to 5 µm in diameter) organelles which we interpret as sec-
ondary lysosomes with a variety of electron-lucent and electron-dense contents (Figure
3.10A,D). Towards the proximal end of the caecum, the number of cells with secondary
lysosomes increases, and the content of the latter becomes more granulated and electron-
dark. On the sections examined by light microscopy these organelles have a distinctive
orange-brown colouration, indicating the potential presence of lipofuscin. On any given
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cross-section one may see up to 20 such vacuoles per cell. Cells with active rER are also
present throughout the proximal part of the gut and particularly near the origin of the
funiculus (Figure 3.10A,D, 3.11). At no point in the caecum did we observe cell divisions.
The outer caecum wall lacks prominent circular musculature. Several diagonal and ∼30
delicate longitudinal muscles encase the caecum between the ECM and coelothelium.

The pylorus is the shortest segment of the gut (∼10–20 cells in length; roughly equiv-
alent to cardia), lined by cylindrical to cuboidal cells bearing dense ciliary and microvillar
cover (Figure 3.10A,C). The basal complex of a pyloric cilium includes a very prominent
axial rootlet, a basal foot and short lateral rootlet (Figure 3.10C, inset). On the outside
the pylorus is surrounded by fine ECM, delicate longitudinal muscles, and coelothelium
(Figure 3.10C).

The pylorus transitions to the rectum without a valve (Figure 3.10A). The cells lining
the rectum are relatively large and cuboidal (∼6 µm), usually without distinctive apical
structures (Figure 3.10A,B). Some of these cells tend to have electron-lucent cytoplasm
and large secondary lysosomes reminiscent of the caecum wall. Others show signs of
active biosynthesis. Outer layers include the same components: ECM, longitudinal mus-
cles, and coelothelium. Interestingly, no distinctive anal sphincter was seen in any of the
studied species (Figure 3.10A, inset).

3.3.5 Funiculus and trunk coelom

The funiculus of the studied hornerids is a solid ECM cord ∼4 µm by 10 µm in cross-
section, devoid of either lumen or lacunae (Figure 3.11). In a relaxed state it is ∼250
µm long, whereas contracted it is about 50–150 µm. Two funicular muscles are ad-
pressed to the ECM cord (Figure 3.11A,B). At their origin, each muscle cell is anchored to
the membranous sac and — through it — to the cystid at the funicular attachment zone
(Figure 3.11C). In addition, they are attached to the ECM cord of the funiculus itself by
hemidesmosomes. The ECM of the funiculus joins seamlessly with the ECM of the outer
gut wall (Figure 3.11B) as well as the membranous sac (Figure 3.10C). The dimensions of
the funicular attachment area, or footprint, is 40–50 µm in proximal-distal direction and
∼30 µm laterally. We detected no mural pores on the cystid wall at the point of attach-
ment, which suggests that the funiculus does not take part in interzooidal transport or
neural connectivity.

At the base of the funiculus we sometimes saw a group of cells dissimilar from gut
cells (Figure 3.11B). We did not see specific insertion points of the funicular muscles
into the gut wall, so it is possible that they continue along the outer surface of the gut
as longitudinal caecum muscles (as in Crisia eburnea, Worsaae et al., 2018). If so, they
cannot be distinguished from other caecum musculature. The trunk coelom (endosaccal
cavity) contains some coelomocytes and membrane-bounded vesicles (potential cell de-
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Figure 3.11: Ultrastructure of the funiculus. A. Cross-section through the zooidal chamber at the proximal end of the
membranous sac and funiculus, showing the distalmost edge of the funicular attachment ligament (black arrowheads) (H.
sp. 2). B. Longitudinal section through the proximal tip of the gut and the origin of the funiculus (H. robusta). C.
Longitudinal section through the funicular attachment (H. robusta, proximal direction on the left).
ECM, extracellular matrix; fm, funicular muscle; ms, membranous sac; black arrowhead, tendon cell of the funicular
attachment; white arrowhead, sperm cell; *, exosaccal cavity.

bris, especially noticeable in the proximalmost portion of the membranous sac of retracted
polypides; Figure 3.11A).

3.4 Discussion

Polypides of the four studied hornerid species have a relatively conserved anatomy both
among themselves and compared to other cyclostomates. The interspecific differences
in Hornera polypide anatomy are minor and include small dissimilarities in the cell di-
mensions throughout the polypide, number of retractor muscles, patterns of ciliation and
nerve bundles in the pharyngeal-esophageal walls (Figures 3.6, 3.9), and overall polypide
and organ sizes (Figure 3.2, Table 3.1). The present polypide morphometry dataset is too
small to detect intraspecific differences (p > 0.05 in regression analysis), but even if a
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larger dataset were to reveal systematic and statistically significant differences in polypide
dimensions, they probably would be minimally helpful for taxonomic purposes.

At a higher taxonomic level, the broad structure of the organs and body compartmen-
talization, as well as many ultrastructural details, with a notable exception of the funiculus,
are in agreement with studies of other species and often show clear functional linkages.
The range and depth of comparisons, especially among Cyclostomatida, is restricted, how-
ever, by the available information. Few studies have investigated cyclostomate ultrastruc-
ture using electron microscopy, and coverage of different anatomical regions have been
patchy across studies. Commonly, studies employing TEM-scale imaging are focused on
particular questions or body regions—i.e. the cystid (Nielsen and Pedersen, 1979); nutri-
ent transport (Carle and Ruppert, 1983) or sensory structures (Shunatova and Nielsen,
2002). Significantly, the gut has not been systematically investigated at the ultrastructural
scale in any cyclostome — this study representing the first detailed study of this system.

Gross tentacle structure of our studied species is in line with all other examined cy-
clostomes, and, like other members of this order (e.g. species described in Shunatova and
Tamberg, 2019), hornerids lack ciliated pits, recently explored in gymnolaemates (Shuna-
tova and Borisenko, 2020). The general principles of organisation of the basal appara-
tus of laterofrontal and lateral cilia are conservative in bryozoan tentacles. Laterofrontal
cilia always have two kinetosomes and a combination of axial and diagonal rootlets, ar-
ranged similarly relative to the tentacle midline, which implies shared and conserved func-
tion (both motile and mechanoreceptive). The differences in basal complexes of Hornera,
phylactolaemates and gymolaemates are slight. In Phylactolaemata there is an additional
diagonal rootlet (absent in our studied species), but no basal foot (which is present in
hornerids). Images of the laterofrontal cilia in Gymnolaemata by Lutaud (1973) show one
axial rootlet proceeding from the main kinetosome and going through the groove in the
nucleus. An additional kinetosome is displaced toward the tentacle midline. There is a
second axial rootlet, arising from this kinetosome and joining the main axial rootlet, an
arrangement that is similar to what we have found in hornerids. Finally, a third, diagonal
rootlet attaches to the additional kinetosome. Shunatova (2002) also gives excellent de-
scriptions of the basal apparatus of B-cells in Rhamphostomella ovata and Eucratea loricata.
The main kinetosome gives rise to one axial rootlet and a basal foot pointing frontally. The
additional kinetosome is also located frontally and gives rise to one axial and two diagonal
rootlets (going proximally and distally along the tentacle). In addition, there is a microfila-
ment bundle linking the kinetosomes.

Orientation of the basal feet corresponds to the direction of the active stroke of the
motile cilia (e.g., Boisvieux-Ulrich et al., 1985). Although laterofrontal cilia do not take
part in generating water currents, they make occasional flicks in order to intercept and
transport particles back into the center of the feeding current. The location of the basal
foot, if present, is in agreement with this view, since it is always pointing frontally, towards
the midline of the tentacle.
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Organisation of the lateral cilia in hornerids resembles that of gymnolaemates (Gordon,
1974; Lutaud, 1973; Smith, 1973). Lacking, however, are some of the cytoplasmic anchor-
ing mechanisms found in phylactolaemates, i.e. one of the lateral rootlets and a network
of microtubules radiating from the basal feet of lateral cilia (Fawcett, 1958; Tamberg and
Shunatova, 2017). The presence and orientation of the basal feet, however, is universal
in all bryozoans studied so far. The length of the lateral cilia in cyclostomes (∼15–20 µm)
appears comparable to that of gymnolaemates (∼15–25 µm) and potentially smaller than
in phylactolaemates (10–30 µm), although latter measurements are controversial (see data
and references in Table 2 from Tamberg and Shunatova, 2017).

Abfrontal cilia are also found in all bryozoans and are widely considered to be
mechanoreceptive and non-motile. Shunatova and Nielsen (2002) reported only monocil-
iated cells on the abfrontal surfaces of the tentacles in four stenolaemate species (Crisia
eburnea, Crisiella producta, Tubulipora flabellaris and Patinella verrucaria). The same authors
reported that monociliated cells alternate with multiciliated ones which bear 7–15 non-
motile cilia in 17 gymnolaemate species. Gordon (1974) also described both single cilia
and tufts of ten cilia in the gymnolaemate Cryptosula pallasiana. In Rhamphostomella ovata
a basal foot and two rootlets are reported (Shunatova and Nielsen, 2002). In phylactolae-
mates the abfrontal ciliary arrangements are always made of paired monociliated and/or
biciliated cells (Tamberg and Shunatova, 2017), giving rise to tufts of three or four cilia
(Riisgård et al., 2004; Tamberg and Shunatova, 2017).

Ciliated mechanoreceptor cells are known to depolarise when the sensory cilia are
displaced in the direction of the basal foot. In other words, the foot projects from the
kinetosome in the direction of ciliary movement which excites the cell (Barber and Boyde,
1968). If the abfrontal cilia are indeed mechanoreceptive, we can make inferences about
the ciliary displacements they are designed to detect. In Phylactolaemata both upper and
lower cells of the abfrontal pair have distal-facing feet, i.e. they preferentially detect being
displaced towards the tip of the tentacle. Unfortunately, in Gymnolaemata the direction of
the basal feet of the abfrontal cilia has not been described, and in this study, we have not
seen basal feet. Although organisation of the ciliary basal complexes differs somewhat in
cyclostomes, phylactolaemates and gymnolaemates, all these groups share deep structural
similarities.

Tentacle and lophophoral coeloms are completely separated from the trunk by a del-
icate unbroken septum. This observation agrees with previous reports on rectangulates,
articulates and tubuliporines (Shunatova and Tamberg, 2019).

The tentacle sheath of all bryozoans is universally supplied with longitudinal and some-
times circular or diagonal musculature (see e.g. review for ctenostomates by Schwaha and
Wanninger 2018). One of the main roles of these muscles seems to be the execution of
behavioral reactions, such as scanning (presumably locating a preferred feeding position),
optimal positioning of the lophophores around the chimney, colonial cleaning and others
(see Shunatova and Ostrovsky, 2001; 2002 and references therein). In cheilostomatids
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the everted tentacle sheath is fully revealed above the skeleton, and polypides can per-
form a variety of inclines, rotations and bends (Winston 1978; Shunatova and Ostrovsky,
2001; 2002). In cyclostomes, however, only the tentacles protrude from the aperture.
With the tentacle sheath hidden in the skeletal tube, its movements are restricted. For
instance, Shunatova and Ostrovsky (2001) describe no scanning in any of their studied
cyclostome species (Crisia sp., Crisiella producta, Tubulipora flabellaris, Patinella verrucaria,
Disporella hispida). Our observations on living H. robusta and H. sp. 2 are in good agree-
ment: the position of the lophophore may be adjusted, but only slightly, by minute bends
and rotations.

Existing studies and present results indicate that cyclostomes have poorly developed
musculature of the tentacle sheath, which is not surprising. In 1923, Borg reported no
musculature in the tentacle sheath, although in a 1926 study he amended this statement,
describing sparse and very delicate circular and longitudinal muscle fibers (Borg, 1926a).
Nielsen and Pedersen (1979) reported 15 strictly longitudinal muscles in Crisia. Unfor-
tunately, Shunatova and Tamberg (2019) did not describe the tentacle sheath in any of
their studied species (Tubulipora flabellaris, Patinella verrucaria and Crisiella producta). In
this study, the examined species of hornerids also have very fine longitudinal musculature
in the tentacle sheath. The tentacle sheath and tentacles are the only portions of the
cyclostome polypide body wall where we find cellular and extracellular layers typical of
the coelomates. In these regions the epidermis, ECM and coelothelium adhere to form a
unified wall.

The digestive system of cyclostomes was examined by light microscopic methods pri-
marily by Borg (1926a) and later by Worsaae et al. (2018) and Schwaha et al. (2018). At
the EM level the primary source of ultrastructural information remains a study by Gor-
don (1975) on the gymnolaemate Cryptosula pallasiana. The general composition and
arrangement of the gut is typical for cyclostomes with a pharyngeal-esophageal region,
cardia, caecum, pylorus and rectum (e.g. Silén, 1944, Mukai et al., 1997). Unlike some
bryozoans, e.g. Amathia verticillatum (Bullivant and Bils, 1968) or Arachnidium fibrosum
(Schwaha and De Blauwe, 2020), esophagus in examined hornerids is continuous with
the pharynx (meriting the name pharyngeal-esophageal region) and comprises prominent
myoepihtelial cells identical, except for lack of ciliation, to pharyngeal epithelium. In the
latter, the gut epithelium alternates between ciliated and non-ciliated, as well as bearing
or lacking microvillar and cuticular cover. Cuticle is present in the mouth and pharynx +
esophagus only. Ciliation is present in the pharynx, and, more notably, in the pyloric re-
gion. The densely ciliated pylorus in particular resembles that of C. pallasiana. According
to Gordon (1975), pyloric ciliature in this species generates a rotating rod which compacts
the discarded caecum material. This cannot be checked in hornerids, however, because
their opaque skeleton prevents observations of the digestive system at work.

Ciliation of the pharynx is somewhat irregular in hornerids: the number of cilia is un-
stable and all species except one have confirmed multiciliated myoepithelial cells. This is
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different from Crisia eburnea, which possesses a strict one-cell-wide vertical row of cili-
ated but non-muscular cells (Worsaae et al., 2018). Overall, however, the pharynx of the
studied hornerids is organized as a typical ”self-contained” triradiate suction pharynx (see
Nielsen, 2013 for details) with myoepithelial walls — a condition universal for all Myolae-
mata (Schwaha et al., 2020). Typically for bryozoans, intracellular digestion in hornerids
occurs in the caecum; secondary lysosomes with undigested remains also accumulate in
this region (Gordon, 1975). In our observations, cells most vigorously engaged in biosyn-
thesis are concentrated in the caecum and rectum, while myoepithelial cells of the pharynx
mostly produce suction.

The musculature of the digestive tract in studied hornerids resembles that of other
cyclostomes (Worsaae et al., 2018) and, to a degree, C. pallasiana (Gordon, 1975). The
circular musculature of the mouth is continuous with that of the pharynx. The buccal
dilators insert in the small gaps between the circular muscles of the mouth and form a
circle of radial spokes. The distinct circular musculature of the gut disappears past the
cardia (even anal sphincter was not seen), whereas longitudinal muscles surround the
entire digestive system.

The funiculus in cyclostomes is defined as a tubular peritoneal cord with longitudinal
musculature (Schwaha et al., 2020). In C. eburnea (Worsaae et al., 2018), C. elongata (Carle
and Ruppert, 1983), and the hornerid species examined here, there are two funicular
muscles, whereas in Cinctipora elegans this number reaches eight (Schwaha et al., 2018).

Our results regarding the internal composition of the funiculus, however, differ from
other existing accounts. Carle and Ruppert (1983) reported a fluid-filled lumen in the
funiculus of C. elongata, and Schwaha et al. (2018) described it in C. elegans as filled with
cells and lacking an opening (especially clear in their figure 3.6). Our findings are in marked
contrast with both reports: in hornerids the funiculus contains no cells or openings, the
entire core of the funiculus being a solid ECM cord.

The role of the funiculus in interzooidal connectivity is well-documented among gym-
nolaemates, but not in cyclostomes. The intriguing finding of mesenterial cells, connect-
ing the funiculus laterally to the membranous sac and, through it, to the mural pores of
C. elongata (Carle and Ruppert, 1983) remains unreproduced (see review by Schwaha et
al., 2020), although so-called ’mesothelial’ cells of similar function were recently reported
in C. eburnea and Crisiella producta (Nekliudova et al., 2021). The funicular attachment
footprint measured in this study far exceeds the cross-section of the funiculus itself. It
seems that high tensile stresses are transmitted through the funiculus and are distributed
over a large area. We propose contractile function as primary for this organ in hornerids.
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3.5 Conclusions

Morphological evidence from representatives of the previously unexplored suborder Can-
cellata strengthens and supports the unity of the general cyclostomate body plan. The
key similarities involve: (1) tentacle organization (number and composition of epithelial
cell rows, musculature and nerves, ultrastructure of the laterofrontal and lateral cilia), (2)
lophophore base and complete coelomic septum, (3) gut structure (musculature and regu-
lar progression of gut epithelium from ciliated microvillar and cuticled myoepithelial phar-
ynx and microvillar and cuticled myoepithelial esophagus to unciliated microvillar cardia
to partially microvillar caecum to densely ciliated and microvilli-rich pylorus and finally
to the unciliated rectum) and (4) organization of the tentacle sheath, including its weak
musculature. A single notable difference in gross polypide anatomy is the organization
of the funiculus core. In the examined Horneridae species the funiculus core is a solid
ECM cord, in contrast with fluid-filled lumen in Crisia elongata (Carle and Ruppert, 1983)
and cell-packed core in Cinctipora elegans (Schwaha et al., 2018). At the same time, in-
terspecific differences in Hornera polypide anatomy and dimensions are minor and likely
not useful for taxonomy. Possible fruitful directions of future studies include examina-
tion of: (1) hornerid body walls as the non-polypidal but living elements of the colony, (2)
polypide–skeleton interfaces, which may provide insights into the protrusion-retraction
biomechanics, and (3) polypide anatomy from a wider range of distant cyclostome fam-
ilies to consolidate our understanding of variation in the cyclostome polypide body plan
and to help understand some extinct stenolaemates.
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Chapter 4

The epithelial layers of the body
wall in hornerid bryozoans
(Stenolaemata: Cyclostomatida)

4.1 Introduction

Bryozoans are small, colonial invertebrates living in marine and freshwater benthic en-
vironments. The phylum includes three classes: Phylactolaemata, Gymnolaemata and
Stenolaemata. The Cyclostomatida is the only living order of the exclusively marine steno-
laemates. Bryozoan colonies are made of individual asexually budded modules, called
zooids, which are commonly polymorphic, as well as multizooidal/extrazooidal elements.
The feeding autozooids comprise an outer skeletal wall (ectocyst), the living layer/layers
of tissues underlying the skeleton (endocyst), and the polypide—the soft-body part of the
zooid which includes all its organs (Figure 4.1). Bryozoans are coelomic animals with a
tripartite body wall, comprising epidermis, ECM and the coelomic lining.

In terms of epithelial tissue, bryozoans can be conceptualised as ”origami-like” crea-
tures, composed of nested and intricately folded layers. These layers include only three
components: the epidermis of the body wall (including endocyst, and outer colonial walls
in free-walled taxa), gut epithelia and coelothelia. Epithelial layers, regardless of their spe-
cialisation, form one of the four fundamental tissue types (Jonusaite et al., 2016) and
are characterised by three key traits (Figure 4.2): the cohesion through cell contacts, cell
polarisation and basal ECM (reviewed e.g. by Tyler, 2003).

Borg (1926b) identified four components of cyclostome body wall: the cystid, the
terminal membrane, the vestibular walls and the tentacle sheath. The living part of the
cystid—the endocyst—is harder to delineate in cyclostomes than in other bryozoans be-
cause the typical coelomate body wall composition is modified in this clade. The epidermis
remains in association with the skeleton while the ECM and coelothelium have ‘peeled off’
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Figure 4.1: Schematic drawing of a protruded and a retracted hornerid polypide with atrial and
vestibular spaces highlighted purple and blue, respectively. Arrows indicate the levels of membranous
sac to skeleton attachments.

and exist independently as the membranous sac (Nielsen and Pedersen, 1979). Thus, the
main body cavity is split by the membranous sac into two parts: the exosaccal cavity
outside, and the endosaccal cavity (true coelom) inside (Figure 4.1).

In this chapter I focus on the body wall epidermis of four hornerid species using light
and electron microscopic methods. Hornerids are free-walled cyclostomes, characterised
by a veneer of living tissue present on the topological exterior of their calcified colonial
skeletons. Borg (1926a, b) considered the cavity between walls to be coelomic. Working
with the fixed-walled articulate genus Crisia, Nielsen and Pedersen (1979) demonstrated
that the exosaccal cavity was not coelomic in nature and predicted that in free-walled
species the hypostegal cavity is also non-coelomic. Here, I examine this prediction and
explore variability of epithelial and non-epithelial structures of the body wall and exosaccal
cavity.
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Figure 4.2: Schematic drawing of a fragment of the epithelial layer showing three major identifying
characters: cell cohesion, apical–basal polarisation and basally located extracellular matrix (ECM).

4.2 Material and Methods

I examined four hornerid species from two genera: Hornera robusta MacGillivray, 1883,
Hornera sp. 1, Hornera sp. 2 and Horneridae gen. sp. 3 (same as in Chapter 3). The first
three species, H. robusta, H. sp. 1 and H. sp. 2, were collected annually from 2016 to
2019 from the mid-continental shelf off Otago, New Zealand (90 m depth, 45◦ 47.89’ S,
170◦ 54.5’ E; see Batson and Probert 2000). Hornera sp. 2 was also sampled in 2018
near Stewart Island (58 m and 77 m; 46◦ 54.87’ S, 168◦ 13.06’ E and 47◦ 07.70’ S, 168◦

10.79’ E respectively). The last species, Horneridae gen. sp. 3 was obtained in 2016 near
the subantarctic Snares Islands (151 m; 47◦ 43.20’ S, 167◦ 1.44’ E). Upon collection some
colonies were fixed immediately, while others were transported alive to the laboratory.

Living colonies of H. robusta and H. sp. 2 were kept in flow tanks in an isothermic
room at ∼13◦C, where they were left to recover from dredging for 3–8 days. Throughout
this time the animals were constantly supplied with a mixture of natural particles and
cultured algae Rhodomonas salina and Dunaliella tertiolecta using a drip feeder system.
Colonies were then examined under the microscope, and feeding ones were relaxed with
an isotonic solution of magnesium chloride (∼7.5%) mixed 1:1 with sea water and fixed.
Colonies of H. sp. 1 and Horneridae gen. sp. 3 were all fixed soon upon collection.
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Some colonies were processed for paraffin-based histological examination, the rest
were embedded in epoxy resin and used for semi-thin sections and TEM. For paraffin
sections, I fixed the colonies of H. robusta with 4% formalin in sea water, washed, dehy-
drated through the graded ethanol series and embedded in paraffin (Peterfi method). The
5-µm thick sections were stained with hematoxylin-eosin.

To obtain semi-thin and ultrathin sections, samples were fixed with 2.5% glutaralde-
hyde solution in 0.1 M PBS supplemented with sucrose to reach 990 mOsmol, and pro-
cessed using standard TEM protocols. Material was rinsed in 0.1 M PBS with sucrose
(990 mOsmol), decalcified with EDTA and transferred into 1% OsO4 for 1.5 hours. After
osmication, the material was washed, dehydrated through a graded ethanol series and
pure acetone, and embedded in Embed 812 epoxy resin. Sectioning was done with a
diamond knife on a Leica EM UC7 ultramicrotome. Resulting series of semi-thin sections
(1-µm thick) were stained with toluidine blue and imaged with a light microscope. Ultra-
thin sections (80–90 nm) were stained with uranyl acetate and lead citrate and imaged
with a JEOL 2200FS electron microscope.

Tiled montages were aligned using the Etomo element of IMOD software (Kremer
et al., 1996). All measurements were done from microphotographs using Inkscape 0.92
(Inkscape project, 2017).

4.3 Results

The general organisation of the body wall of all studied species is relatively uniform, but
a number of ultrastructural differences sets our studied hornerids apart from other de-
scribed cyclostomes. In particular, I did not find the orificial muscles, and some of the
keystone epithelial traits (or even the very epithelial layers) are missing in various body
wall elements. Table 4.1 summarises epithelial cell types and traits from this study and
Chapter 3 (which detailed the polypide, i.e. tentacles, lophophore base, digestive system
and funiculus).

4.3.1 Terminal membrane and vestibular wall

The terminal membrane forms the frontal wall of a hornerid autozooid, the boundary sepa-
rating it from the external environment. This delicate cuticular membrane stretches across
the skeletal aperture, often with a noticeable depression towards the orificial opening (Fig-
ure 4.3), which can expand from a near-perfect closure to almost the internal diameter of
the zooid tube, accommodating polypide protrusion.

Contrary to expectations, the terminal membrane of all studied hornerids is often rep-
resented by a single cuticle layer devoid of a continuous epidermal layer, although nu-
merous isolated underlying cells are also present (Figure 4.3C). I rarely saw neighbouring
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Type/Location continuity ECM myo/plain apical structures cuticle shape
microvilli cilia

1. Epidermis
tentacles + + plain + +/- microvillar cuboid

tentacle sheath + + plain -
-(free
basal

bodies)
- squamous

proximal vestibular
wall

+ + plain - - smooth
cylindrical,
irregular

distal vestibu-
lar wall, orifice,
terminal membrane

partial - plain - - smooth
squamous,
irregular

zooidal endocyst partial - plain - - - squamous

outer colonial wall partial - plain - - smooth
irregular,

squamous
2. Gut epithelium

pharynx + + myo + + microvillar cylindrical
cardia + + plain + - - cuboid
caecum + + plain +/- - - cylindrical
pylorus + + plain + + - cuboid
rectum + + plain - - - cuboid

3. Coelothelium
tentacles + + myo/plain - - NA cuboid
lophophore/ring
canal

+ + plain - - NA
cuboid,

squamous

membranous sac + + plain - - NA
cuboid,

squamous

gut + + plain - - NA
cuboid,

squamous

Table 4.1: Epithelial types of the studied hornerids. ECM — extracellular matrix; NA — not applicable.
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cells touch, and did not find cell contacts, thus I hesitate to call these cells epidermal.
The cytoplasm of these cells is somewhat electron-lucent and contains a typical set of
organelles but no distinguishing features. The musculature of the terminal membrane is
restricted to some fine muscle strands, which I interpret as potential vestibular dilators
(longitudinal ectodermal muscles). They were occasionally found on the sections near the
terminal membrane, although I never saw their insertion points. I also did not see a de-
fined orificial sphincter musculature in TEM or semithin preparations of any of the studied
hornerid species, even though the orifice is usually closed when the polypide is retracted.

The cuticle of the terminal membrane folds inward at the orifice and extends into the
vestibulum, becoming the lining of the vestibular wall (Figures 4.3, 4.4). At the periphery
of the terminal membrane this unbroken cuticular layer also extends over the peristome
edge and onto the surface of the colony. Often, but not always, the outer colony covering
has a more-complete cell layer underneath the cuticle (see below).

The vestibulum of the zooid continues proximally from the orifice to the atrial sphinc-
ter. The distal portion of the vestibular walls is similar to the terminal membrane, i.e.
partly naked cuticle with occasional (possibly non-epithelial) cells on its inner surface. In
the retracted polypides of Hornera the vestibular space has the shape of a narrow cylinder,
measuring only ∼5 x 15 µm in diameter (Figure 4.4A,B), and lined with folded cuticle. In
Horneridae gen. sp. 3 the vestibular space may be cylindrical or funnel-shaped, starting
at the same width as aperture and narrowing towards the atrium. In the latter case, the
terminal membrane cannot be distinguished from the vestibular wall. In addition, the cells
underlying the terminal membrane in this genus are more numerous compared to all three
Hornera species.

The cuticle of the terminal membrane and vestibulum varies in thickness and compo-
sition between hornerid species, from ∼120 nm in H. sp. 2 to ∼170 nm in H. robusta
and up to ∼300 nm in Horneridae gen. sp. 3. The cuticle is non-uniform in composition,
with an apparently three-layered baseline condition (Figure 4.4i–iv). In all studied species
of Hornera the top layer is made of loose vertically oriented fibrillar material, whereas
Horneridae gen. sp. 3 has a more compact top layer. A thin but well-defined electron-
dense midlayer and irregular fibrillar bottom layer are common in all studied hornerids.
The uppermost layer is almost glycocalyx-like, missing in H. sp. 1 and varying from ∼55
nm in H. sp. 2 to ∼110 in H. robusta. In Horneridae gen sp. 3 the upper layer is denser
and reaches ∼105 nm in thickness. The medial dark layer is more stable in thickness
(∼17 nm in H. sp. 2 and ∼35 nm in all other species). On tangential sections of terminal
membrane cuticle in H. robusta I found circular profiles, reminiscent of ”trapped” microvilli
(Figure 4.4i). The innermost layer is also variable in thickness (from ∼30 nm in H. robusta
and ∼50 nm in H. sp. 1 and H. sp. 2 up to ∼150 nm in Horneridae gen. sp. 3).

In the proximal portion of the vestibulum, the body wall includes a distinct epithelial
cellular component underlying the cuticle (Figures 4.5, 4.6). The proximal vestibular wall is
made of typical epidermis, in its proximal part resting on the basement membrane (tinted
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Figure 4.3: Distal portion of the zooids. A, B. Schematic drawings of the distal portion of the zooid in
Hornera spp. (A) and Horneridae gen. sp. 3 (B). Position of (C) is depicted with a black frame. C.
Obliquely transverse section through the terminal membrane of Horneridae gen. sp. 3.
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Figure 4.4: Distal part of vestibulum. A. Transverse section of the upper vestibulum in H. sp. 2. B. Longitudinal section
through distal portion of a partially retracted zooid (H. robusta). Note the tentacle tip visible at the very bottom, which is a
result of incomplete polypide retraction during fixation. In fully retracted polypides the tentacles are never seen distally of
the atrial sphincter. Putative longitudinal ectodermal muscles are tinted red. Insets demonstrate variability of vestibular
cuticles: i – Hornera robusta, ii – H. sp. 1, iii – H. sp. 2, iv – Horneridae gen. sp. 3; scale bars identical for ii, iii and iv, 200
nm. C, D. Details of the putative longitudinal ectodermal muscles.
c, cuticle; dv, distal vestibulum; pv, proximal vestibulum; s, skeleton; *, exosaccal cavity; black arrowheads, vestibular
cuticle (in all cases the arrows point at the inner surface of the cuticle); red arrowheads, putative vestibular dilator
muscles.
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blue in Figure 4.5A,B). In Hornera the proximal vestibulum has the shape of a folded cylin-
der (Figures 4.3A, 4.5C), whereas in Horneridae gen. sp. 3 it is more spacious and has no
folds, resembling a deep bowl (Figure 4.6A). In retracted polypides of Hornera, proximal
vestibular cells are often tall (up to 15 µm), with unevenly bulging apical tips (Figure 4.5C).
When the polypide is protruded, many of these cells become more flattened (2–6 µm;
Figure 4.6C). The proximal vestibular cells have no elaborations of the cell membranes, or
any apical structures. Nuclei are predominantly found in the apical, not basal position. In
Horneridae gen. sp. 3 apical surfaces are smooth and flat underneath an unfolded cuticle
(Figure 4.6A). In all species, however, vestibular cells bear signs of active biosynthesis: in
older cells I found numerous enlarged cisternae of rER, while younger cells had multiple,
large and deeply curved Golgi complexes (≥10 dictyosomes in a stack; Figure 4.6B).

In many cases I observed a conglomerate of non-epithelial cells and/or non-cellular
material in the distal portion of the polypide, occupying the exosaccal cavity between
the terminal membrane and the lower vestibulum. Similar, but presumably strictly cellular
agglomerations were recently reported as the ’upper cell complex’ in crisiids (Nekliudova
et al., 2021). In addition, loosely arranged cells are located on the exosaccal side of the
proximal, epithelialised, part of the vestibular wall. I did not detect any cell contacts and
ultrastructurally these cells resemble loose epidermal cells of the terminal membrane and
the distal part of the vestibulum. Some of these cells appear to stretch towards the zooid
walls, which implies similarity with ’mesothelial’ cells reported by Nekliudova et al. (2021).

In all examined Hornera species I also found some delicate longitudinal musculature
associated with the proximal part of the vestibular wall (tinted red on Figures 4.4 and 4.5).
I was unable to locate the hemidesmosomes and thus the attachment points of these
muscles, although at least some of them originate some distance below the vestibulum
(see Figure 4.7B). They could either be specific to vestibular wall, or extend beyond it
towards the terminal membrane, or both.

The proximal vestibulum could be misinterpreted as an atrial sphincter, especially with
light microscopy, due to its substantial appearance. However, the true atrial sphincter is
located more proximally.

4.3.2 Atrial sphincter

The atrial sphincter is a muscular ring or cylinder that separates the vestibular space from
the atrium in the retracted polypide (Figures 4.3A,B, 4.7 and 4.8). Both spaces are con-
tinuous with the external environment and cannot be considered internal cavities of the
zooid as they are lined with external body walls. In addition, the atrial space is temporary
in nature and disappears when the polypide is protruded.

The proximal end of the vestibular wall joins the membranous sac and the tentacle
sheath of the polypide in a Y-shaped junction (Figures 4.5B, 4.7). Immediately below the
merging point with the vestibular wall, the tentacle sheath forms a folded cylinder which
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Figure 4.5: Proximal part of vestibulum in Hornera robusta (retracted polypide). A. Longitudinal section. B. Close-up of the
proximal edge of vestibulum, showing ECM of the membranous sac joining ECM of the vestibulum. Note enlarged
cisternae of rER. C. Cross-section of the proximal vestibulum. Inset demonstrates longitudinal muscle of the proximal
vestibulum. ECM tinted blue, atrial sphincter muscles and a putative vestibular dilators tinted red.
ECM, extracellular matrix; ms, membranous sac; ts, tentacle sheath; s, skeleton; *, exosaccal cavity; black arrowheads,
vestibular cuticle, white arrowhead, putative vestibular dilator.
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Figure 4.6: Proximal part of vestibulum. A. Cross-section of Horneridae gen. sp. 3 (retracted polypide). B.
Golgi fields in vestibular cells of Horneridae gen. sp. 3 (area similar to black frame in A). C. Cross-section of
the H. sp 2 (protruded polypide).
ca, cardia (downward gut branch); ms, membranous sac; re, rectum (upward gut branch); rm, retractor muscle;
s, skeleton; *, exosaccal cavity; black arrowheads, vestibular cuticle.
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Figure 4.7: Atrial sphincter in retracted and protruded polypides. A. Tangential longitudinal section of atrial sphincter in H.
robusta (retracted polypide, distal direction on the right). Note the tentacle protruding into the vestibular space due to
incomplete retraction of the polypide during fixation. Inset shows longitudinal section of the same species providing
context and interrelationship between proximal vestibulum and atrial sphincter. B. Longitudinal section of H. sp. 2
(protruded polypide).
a, atrial sphincter; ca, caecum; ms, membranous sac; ph, pharynx; pv, proximal vestibulum; t, tentacle; ts, tentacle sheath;
s, skeleton, *, exosaccal cavity.
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Figure 4.8: Transverse view of the contracted atrial sphincter. A, B. Consecutive sections of H. sp. 1. C.
Section of H. robusta (distal direction to the right). Musculature tinted red, ECM tinted blue.
ms, membranous sac; msECM, extracellular matrix of the membranous sac; s, skeleton; white
arrowhead, putative vestibular dilator muscle; *, exosaccal cavity.
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houses the atrial sphincter. Numerous circular muscles of the sphincter are attached to
the ECM of the tentacle sheath (Figure 4.7). In both the retracted and protruded polypi-
des, the area of the atrial sphincter contains no lumen. Distally all space is occupied by
muscle cells (both their contractile portions and the somata), proximally by the coelothe-
lium (Figures 4.7, 4.8). In H. robusta, the atrial region has the simplest organisation, in H.
sp. 2 it has an additional complication: the ECM of the tentacle sheath just below the
atrial sphincter merges briefly with that of membranous sac for the second time (Figures
4.3A, 4.7B). Thus, the atrial sphincter appears enclosed by a complete layer of ECM: a
loop in a longitudinal section or torus in 3D.

In all three studied Hornera species the atrial sphincter region is only up to 10 µm tall
(see Figure 4.7i) and located terminally at the proximal-most point of the vestibulum. In
Horneridae gen. sp. 3 the atrial region is significantly taller (50–70 µm) and the atrial
opening does not coincide with the bottom of the vestibulum (Figure 4.9). Instead, it is
located ∼10 µm more distally, attaching to one of the sides of the bowl. Epidermal cells
of the atrial area also differ strikingly between genera. In Hornera the epidermis is com-
posed of typical squamous or cuboid cells (e.g. Figures 4.7B, 4.8C), whereas in the other
genus the outer atrial epidermis is strongly modified (compare with Figures 4.9, 4.10).
Epidermal cells are unusually large (some measuring 15–20 µm in apical-basal direction)
and contain several homogeneous inclusions which take the form of very long and flexible
cylindrical rods (Figures 4.9, 4.10). I provisionally interpret these structures as mucoid se-
cretions based on their homogeneous, relatively electron-dense appearance. In addition, I
note numerous shudder marks or tears left by the ultratome knife during sectioning, which
suggests relatively poor resin infiltration compared to other tissues. The diameter of these
rod-like inclusions varies around 3.5 µm, while their length may reach 50µm. The orien-
tation of the rods is predominantly proximal-distal, running along the zooidal axis (Figure
4.9). In the cytoplasm near the inclusions, I found poorly preserved vesicle profiles which
could be enlarged cisternae of ER. Although the rod-bearing cells originate in the atrial
region, their distal tips protrude upwards through the atrial opening and into the vestibu-
lum (Figure 4.9). The voluminous agglomeration of the rod-bearing cells effectively seals
the entrance into the atrium, so the atrial musculature is never contracted as tightly as in
three examined Hornera species.

4.3.3 Membranous sac

The membranous sac is a mostly free, elongated, sock-like structure which encloses the
polypide. It originates at the same point where the vestibular wall joins the tentacle sheath
and continues past the proximal tip of the gut, following the funiculus (Figures 4.1, 4.11A).
It is supplied with fine muscles (Figures 4.11, 4.12) and terminates blindly at the origin of
the funiculus (see Chapter 3). In Hornera species the membranous sac is attached to the
cystid wall at only two points: at the origins of the retractor muscles and the funiculus
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Figure 4.9: Atrial sphincter in Horneridae gen. sp. 3. A. Longitudinal section of the proximal vestibulum showing tangential
cut through the atrial sphincter. Inset demonstrates interrelationships between distal and proximal vestibulum and atrial
sphincter. Note modified epidermal cells with rod-like inclusions protruding distally into the proximal vestibulum. B.
Longitudinal section through the atrial opening showing the merging point of the ECM of proximal vestibulum and the
membranous sac and the transition from atrial sphincter to the tentacle sheath. ECM tinted blue, atrial sphincter muscles
and putative vestibular dilator muscle tinted red.
a, atrial sphincter; dv, distal vestibulum; ms, membranous sac; pv, proximal vestibulum; r, rod-like inclusions of the
epidermal cells; s, skeleton; t, tentacle; ts, tentacle sheath; *, exosaccal cavity; white arrowheads, ECM of the membranous
sac.
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Figure 4.10: Cross-section through the closed atrial sphincter in Horneridae gen. sp. 3. ECM tinted
blue, atrial sphincter muscles tinted red. Note modified epidermal cells containing electron-dense rods.
msECM, ECM of the membranous sac; r, rod-shaped inclusion; s, skeleton; *, exosaccal cavity.
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(Figure 4.13). In Horneridae gen. sp. 3 there is also a well-developed atrial attachment
organ which anchors the membranous sac to the skeleton in the distal portion of the zooid
(Figure 4.14). In this genus the ECM of the membranous sac slopes down from the origin
point above the atrial sphincter towards anchoring sites in the form of a circular diaphragm,
limiting body fluid circulation between the distal and proximal parts of the exosaccal cavity.
Attachment zones are represented by 7–9 individual ligaments evenly spaced around the
zooid chamber (Figure 4.14B,C). All ligaments measure approximately 18–20 µm in both
the proximal-distal direction (Figure 4.14D, E) and laterally. Gaps between ligaments are
of similar size. Numerous muscle cells are embedded in the ECM near the ligaments and
elsewhere in the attachment organ (Figure 4.14D,E). This distinguishes them from other
muscles of the membranous sac which are never embedded in the ECM (Figure 4.12).

The anchoring structures, i.e. the ligaments, of the membranous sac show a striking
uniformity across the species: in all cases specialised epidermal cells of similar morphology
(tendon cells) are interposed between the ECM of the membranous sac and the skeletal
wall (Figures 4.13 and 4.14). The nucleated somata of a tendon cell are displaced sidewise,
like the handle of a frying pan, whereas the central thin portion is sandwiched between
ECM and the skeleton. The interfaces have numerous hemidesmosomes, densely packed
on the apical and basal cell membranes. Bundles of tonofilaments (10–13 nm thick) orig-
inate from the hemidesmosomes and traverse the cytoplasm (Figures 4.13, 4.14; Figure
3.7B in Chapter 3). An irregular arrangement of hemidesmosomes and tonofilaments,
together with pale cytoplasm, gives these cells an unhealthy appearance. The ECM in
contact with the ligament may be slightly thickened, but is otherwise unmodified.

The origins of retractor muscles have particularly large footprints in all examined
species. The ligaments in this area comprise several adjacent tendon cells. The latter
are joined by septate junctions, which, notably, were the only example of cell junctions
observed in the endocyst during this study (Figure 4.14F).

The ECM and the coelothelium of the membranous sac transition seamlessly into those
of the tentacle sheath (Figure 4.7). The peritoneal lining is made of thin, delicate cells with
few cell contacts and no ciliation. The peritoneal cells can occasionally penetrate the ECM
they rest against and make contact with other cell layers: the epidermis of the tentacle
sheath as well as the lining of the lophophore coelom (Chapter 3). The musculature of
the membranous sac is represented by predominantly diagonal (and/or possibly circular)
myoepithelial cells located on the endosaccal surface underneath the coelomic epithelium
(Figure 4.11, 4,12). In H. sp. 2 and Horneridae gen. sp. 3 I also found some longitudinal
muscles in the membranous sac near the origins of the retractor muscles.

I was surprised to find that the outer (exosaccal) surface of the membranous sac is
often covered with squamous cells and smaller membrane contours (Figures 4.7, 4.11,
4.12). These cells do not form a continuous epithelial layer, but nevertheless are common
and numerous (which contradicts expectations based on the detached mesoderm hypoth-
esis of Nielsen and Pedersen, 1979). These cells usually have very pale cytoplasm, sparse
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Figure 4.11: Membranous sac of H. robusta (retracted polypides). A. Longitudinal section of the zooid. B. Cross-section of
the membranous sac, tentacle sheath and tentacles. C. Tangential section of the membranous sac showing diagonal
muscles and ECM, showing area similar to the white frame in (A).
ms, membranous sac; msECM, extracellular matrix of the membranous sac; rm, retractor muscles; s, skeleton; t, tentacle;
ts, tentacle sheath; black arrowheads, extraepidermal cells on the outer surface of the membranous sac; red arrowheads,
diagonal musculature of the membranous sac; *, exosaccal cavity.
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Figure 4.12: Membranous sac. A. Longitudinal section of retracted polypide at the lophophore base (H. robusta, retracted
polypide). B. Cross-section at the level of upper tentacles (H. sp. 1, retracted polypide). White arrowheads indicate the
hemidesmosomes anchoring the muscles of the membranous sac to the ECM. C. Longitudinal section of the zooid proximal
of the polypide (H. sp. 2, protruded polypide).
g, ganglion; msECM, extracellular matrix of the membranous sac; rm, retractor muscles; tsEMC, extracellular matrix of the
tentacle sheath; black arrowhead, extraepidermal cells on the outer surface of the membranous sac; *, exosaccal cavity; **,
endosaccal cavity = trunk coelom.
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Figure 4.13: Proximal attachments in H. sp. 2. A. Cross-section of the retractor muscle attachment zone showing tendon
cell interposed between the ECM and the skeleton. B. Cross-section through the distal portion of funicular attachment
footprint. Note the tonofilament-free portion of the cytoplasm of the tendon cell on the left.
msECM, extracellular matrix of the membranous sac; rm, retractor muscle; s, skeleton.
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organelles (mostly ER, mitochondria and irregularly shaped vacuoles), but no unusual fea-
tures which would indicate active biosynthesis or reveal cell polarisation direction. Some
of these cells appeared to stretch between the outer surface of the membranous sac and
the endocyst lining of the skeleton in retracted polypides (Figures 4.5A, 4.7B).

4.3.4 Endocyst

Hornerids have a free-walled (=interior-walled) outer body wall configuration (Figure
4.15). In all examined species, the epidermal lining of the zooid walls continues out-
wards beyond the zooidal boundaries, over the peristome and onto the outer surface of
the colony. Here this cell layer becomes a component of the outer colonial body wall.
Similarly, the exosaccal cavity of the polypide continues beyond the zooidal chamber and
becomes the extrazooidal space on the topographical exterior of the colony, i.e. the hy-
postegal cavity (Borg, 1926a, b; Batson, P., personal communication).

All studied species demonstrated consistent similarity in the organisation of the cellu-
lar lining of the skeleton. Both within a zooid and in the outer colonial wall, it is a single,
often incomplete epidermal layer, unsupported by the ECM (Figures 4.11B, 4.15, 4.16).
This incompleteness is particularly clear in the inner lining of the zooid and is less common
in the colonial walls. In the latter case, the outer layer of the double wall is additionally
covered by a cuticle, which is continuous with the terminal membrane and resembles
the latter in thickness and composition (Figure 4.15). The exosaccal cavity may contain
extraepithelial cells apparently unattached to any surface. They have a rounded shape
with slightly uneven contours, and an electron-dense cytoplasm (Figure 4.16C).

4.3.5 Interzooidal pores

Adjacent zooidal tubes are connected in a number of places by circular interzooidal pores
measuring∼7 µm in diameter (Figure 4.17). Hornerid autozooids contain numerous pores,
often 50 or more (cf. crisiids with 4–8 interzooidal pores per zooid—Nielsen and Peder-
sen, 1979). Some pores are interzooidal (Figure 4.17A,B), while others connect to cancelli
(Figure 4.17C), thin tubes running through the secondary skeleton which open into the
hypostegal cavity (the hypostegal pores of Batson et al., 2021). The face of the pore is
ornamented by an inward-facing fringe of skeletal spines partially occluding the opening.
Regardless of position within the zooid (proximal or distal) the pore is occupied by a single
pore cell (Figure 4.17). The nucleus is located within one of the connected zooidal cham-
bers and the cytoplasm contains very sparse ER cisternae and few small mitochondria.
The rest of the cell volume is packed with numerous thin (6 nm in diameter) filaments
(Figure 4.17). These filaments show a loosely regular arrangement, stretching from edge
to edge and going over the center of the pore opening. In cross-section the resulting
shape of the filament bundle resembles a lentil, about 5–7 µm thick, with the widest part



89

corresponding to the midline of the pore. I saw no openings or channels within the pore
cell itself, but indentations in one of the surfaces are moderately common (Figure 4.17C).
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Figure 4.14: Distal attachment organ in Horneridae gen sp. 3 (retracted polypide). A. Oblique longitudinal section through
the distal part of the zooid. B, C. Consecutive cross-sections through the attachment organ just distal of the tentacle tips
(b) and more proximally. Note only six tentacles visible at this level. D. Longitudinal section through the attachment organ
(proximal direction on the right, muscles tinted red). E. Longitudinal section through the distal attachment showing the
shape of the ligament and tendon cell (proximal direction up, muscles tinted red). F. Cross-section through the retractor
muscle attachment showing septate junctions (H. sp. 1).
atr, atrial sphincter; ECM, extracellular matrix; pv, proximal vestibulum; s, skeleton; t, tentacle; black arrowheads, proximal
attachments of the membranous sac; white arrowhead, tentacle sheath; *, exosaccal cavity.
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Figure 4.15: Outer (interior frontal) wall and cuticle details. A, B. H. sp. 1. C, D. H. sp. 2. E, F.
Horneridae gen. sp. 3. Figures B, D and F represent the areas similar to those in black frames on A, C
and E, respectively.
c, cuticle; s, skeleton; *, hypostegal cavity.
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Figure 4.16: Details of endocyst in Hornera robusta. A, B. Transverse sections in the proximal half of
the zooid. C. Longitudinal section through the zooid. Note the lack of continuous epidermal cell cover
of the endocyst and large oval extraepidermal cells in the exosaccal cavity.
ms, membranous sac; s, skeleton; white arrowhead, circular pharyngeal muscle; *, exosaccal cavity.
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Figure 4.17: Hornera robusta, interzooidal and hypostegal pores. A, B. Transverse section of the interzooidal pores. Note
the absence of endocyst cells in contact with pore cell in one of the zooids on (B). C. Obliquely longitudinal section of the
mural pore between a zooid and cancellus.
can, cancellus; s, skeleton; z1, z2, autozooids on either side of the pore; blue arrowhead, skeletal spines in the central plane
of the pore; red arrowhead, nucleus of the pore cell.
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4.4 Discussion

4.4.1 Organisation of the hornerid body wall in a wider context

The zooidal elements of the body wall, namely the terminal membrane, vestibular and
atrial walls, are anatomically complex despite their relatively simple appearance. These
structures participate in polypide protrusion and retraction, including a hydrocompen-
satory role and protective sealing off on the vestibular and atrial spaces (e.g. Ryland, 1970).
The overall organisation of these regions is based on a conservative, cyclostome-specific
foundation, but shows variability in structure, position, and indeed presence/absence, of
smaller characters.

The border between atrial and vestibular areas encompasses a three-way merging of
the vestibular wall, membranous sac and tentacle sheath, as well as hosting the distal
attachments of the membranous sac to the cystid wall (when present), the atrial sphincter,
and the origins of vestibular dilators.

The organisation of the merging site of the tentacle sheath and membranous sac and
location of the atrial sphincter is somewhat different among the examined hornerids com-
pared to some other cyclostomes. Our findings agree with those of Borg (1926a), who
reported that the atrial sphincter of Plagioecia patina is located at the distalmost edge of
the tentacle sheath, just below the attachment organ and therefore more proximal than
the merging point of the tentacle sheath and membranous sac. Even though species of
Hornera have no distal attachment organs, and in Horneridae gen. sp. 3 the ligaments are
displaced proximally from the atrium entrance, the atrial sphincter itself is clearly located
just proximally of the three-way junction of the membranous sac, tentacle sheath and the
vestibular wall. A similar orientation was depicted by Boardman and McKinney (1985; Fig.
4a) for an unidentified Alaskan species with Disporella-like morphology, but not in other
bryozoans in their study.

A contrasting account is given in a number of tubuliporid species described by Schäfer
(1985), as well as in C. eburnea (Nielsen and Pedersen, 1979), where the atrial sphincter is
located more distally relative to the splitting point of the tentacle sheath and membranous
sac. Nielsen and Pedersen (1979), in particular, describe a collar-like structure, an upward
extension of the tentacle sheath, in which epidermal cells are situated on one side of the
basement membrane and atrial sphincter muscles on the other. This ”collar” extends dis-
tally above the splitting point of the membranous sac, and transitions into the vestibular
wall. The authors interpret it as a continuation of the tentacle sheath because the epi-
dermal cells lack cuticle, which starts later, on the vestibular wall. No such extension was
seen in hornerids, where the vestibular wall begins directly.

The morphology and arrangement of atrial polypide attachments and ligaments is even
more variable in Cyclostomatida. Examples include a set of small spot-like attachments
(Borg 1926a; Nielsen, 1970; Schäfer, 1985; Shunatova and Tamberg, 2019), a combina-
tion of large and small attachments (Nielsen and Pedersen, 1979), and a single, almost
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circular structure (perimetric attachment organ of Boardman, 1973; Schäfer, 1985; and
Schwaha et al., 2018). In addition, distal attachment organs may be missing altogether
(Boardman and McKinney, 1985). Studies on Crisia eburnea by Nielsen (1970) and Nielsen
and Pedersen (1979) provide different counts of polypide attachments in the atrial region:
eight in the ancestrula and four in fully formed polypides.

The position of the attachment organs determines the position of the polypide within
the zooidal chamber (Boardman, 1998; Boardman et al., 1992). For instance, in Cinctipora
elegans the attachment organ sits ∼700 µm from the aperture (Schwaha et al., 2018).
This places a limit on how far the polypide can protrude during feeding, and the depth to
ligaments is positively correlated with the length of the tentacle sheath (Boardman et al.,
1992). Indeed, the full tentacle length for this species is ∼600 µm, but in feeding animals
more than a quarter of this length may be hidden below the aperture rim (Tamberg and
Smith, 2020).

Boardman (1998) examined several hornerid species from Arctic, Antarctic, Mediter-
ranean and New Zealand. He reported dissimilar distal attachments in different species,
ranging from weak and membranous, to thick and well-developed. Our results are also
variable: in Horneridae gen. sp. 3 the attachment organ is large, with multiple ligaments,
while in the three examined Hornera species it is completely missing. Such a disparity
prompted us to pay extra attention and double-check this observation. Based on a num-
ber of complete serial sections (including a gap-free SBF-SEM dataset from Chapter 3), I
am assured that the distal attachment organ is absent in H. robusta, at least some of the
time. Interestingly, the absence of atrial attachments goes against the general trend re-
ported by Boardman (1998) for cyclostomes with progressive polypide cycles. However,
he also reported a ’fragile’ attachment in an unidentified species of Hornera from Otago
shelf of New Zealand, which he considered to be pulled off the wall (figure 32), but which
may be missing altogether.

The taxonomy of the group is notoriously difficult to unravel (Smith et al., 2008), es-
pecially given the unusually high hornerid diversity in New Zealand waters. In view of
recent research, it is probable that what Boardman considered three New Zealand species
(1998) came from two or more different genera. The magnitude of dissimilarities in his
study agrees with those reported here between Hornera spp. and Horneridae gen. sp.
3. As previously suggested by Schafer (1985) and Boardman and McKinney (1985), the
presence and organisation of the atrial attachments may be a useful taxonomic character.
Present findings point toward the genus level as most informative for Horneridae, but this
may vary for other families.

Vestibular dilators (ectodermal longitudinal muscles) connect the atrial region of the
zooid with the terminal membrane and play a role in opening the orifice and in redistribu-
tion of body fluid during polypide protrusion. These muscles were originally described by
Borg (1926a) and were later found in Crisia (Nielsen and Pedersen, 1979; Worsaae et al.,
2018), but not in Cinctipora (Schwaha et al., 2018). Worsaae et al. related their presence
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to the fixed vs free-walled condition of these respective species. I am able to provisionally
confirm vestibular dilators in hornerids, although I was unable to locate insertion points
of the muscles on the terminal membrane. A confocal laser scanning microscopic exami-
nation with phalloidin staining can best examine this question.

Nielsen and Pedersen (1979) described the vestibular walls as being made of a single,
uninterrupted layer of ectodermal cells, covered with cuticle, but lacking ECM. The same
traits are present in Hornera, but there is also a major difference: distinct epithelium is
only present in the proximal quarter of the vestibular wall, with loose cell aggregations or
naked cuticle extending distally above this point. A similar situation is present in C. elegans
(Fig. 6 in Schwaha et al., 2018; Tamberg Y., personal observations).

Epidermal cells in the proximal part of the vestibulum have a unique appearance com-
pared to the rest of the epidermis. They are engaged in active biosynthesis, as evidenced
by enlarged rER and extensive Golgi fields. I propose that their primary role lies in pro-
duction (or renewal) of the body wall cuticle, especially given the lack of indications of
biosynthesis in the cells underlying the cuticle elsewhere in the zooid or the colony. At
the light-microscopic level, proximal vestibulum is easy to mistake with the atrial sphincter
itself, as did Boardman in his 1998 study (see Fig. 31).

The organisation of the orifice seems to differ considerably among cyclostomes.
Nielsen and Pedersen (1979) described a presumed orificial sphincter made of non-
muscular cells, which are nonetheless rich with contractile microfilaments. Boardman and
McKinney (1985) reported orificial muscles in Pustulopora sp. and in a Tubulipora species,
although there are no photographs and no further information on their composition and
ultrastructure. However, a majority of species in this study are depicted without a distal
closure at the top of the vestibulum. The same applies to Cinctipora elegans (Schwaha et
al., 2018). In these taxa the terminal membrane cannot be distinguished from the vestibu-
lar wall, the vestibular space takes the form of a funnel, and the orifice coincides with the
atrial sphincter. In Horneridae gen. sp. 3 I noticed a similar situation in some zooids,
whereas in the three Hornera species examined here the terminal membrane stretches
more or less transversely across the aperture and the vestibulum exists as a narrow cylin-
drical space. Even without specialised muscles, the orifice in this genus is separate from
the atrial sphincter. Its closure could potentially be effected by redistribution of exosaccal
cavity fluid alone given enough cuticle area.

The terminal membrane has rarely been studied directly. In their 1979 paper Nielsen
and Pedersen describe a layer of large, irregularly-shaped cells underlying the terminal
membrane cuticle, and point out the insertion points of the vestibular dilators. Later
studies on Crisia confirm that the distal, branching ends of these muscles attach to the
terminal membrane but give no further details about its structure (Worsaae et al., 2018).
In hornerids I rarely saw a complete cell layer under the terminal membrane.
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4.4.2 Characteristics of bryozoan epithelia

Cell continuity, implemented by cell junctions, the presence of extracellular supporting
matrix and aligned apical-basal cell polarisation are the three defining traits of any ep-
ithelium (Rieger, 1986; Tyler, 2003; Schmidt-Rhaesa, 2007). All bryozoans examined to
date, including the hornerid species studied here, possess all these signature traits: cell
contacts in the form of belt desmosomes and septate junctions, ECM layers, varying from
fine to robust, and finally, apical structures (cilia, microvilli, cuticle) and secretory granules
unambiguously representing cell polarisation (e.g. Mukai et al., 1997). Yet, in this study I
found unusual epithelial characteristics in the epidermis of the cystid, the terminal mem-
brane and the vestibular wall (but not tentacle sheath). The examined hornerids, and also
some other bryozoans, demonstrate four striking departures from the standard epithelium
model.

Endocyst with missing ECM. Cyclostomates in which the epidermis was missing ECM
were described by Nielsen and Pedersen (1979) and Shunatova and Tamberg (2019). This
situation is also known in gymnolaemates (Banta, 1971; Shunatova and Tamberg, 2019).
These cases, however, are not equivalent. In Gymnolaemata the body wall underlying the
skeleton is missing both ECM and coelothelium; the coelomic lining of the introvert disap-
pears when it meets the skeleton. In Stenolaemata, however, both ECM and coelothelium
of the polypide seem to be preserved in a detached form as the membranous sac.

Shared colonial wall without ECM. Borg (1926a, b) described the outer free colonial
wall as having a thin but distinctive cellular lining (’mesoderm’) under the epidermis, and
considered exosaccal and hypostegal cavities to be coelomic. Later works repeated this
view, re-designating ’mesoderm’ as ’peritoneum’ (e.g. Ryland, 1970). In 1979 Nielsen and
Pederson, after examination of the exosaccal cavity in Crisia, predicted that the hypostegal
cavity in free-walled cyclostomes should be non-coelomic and have the same organisation
as the exosaccal cavity. This prediction, although compelling, has never been checked
before. Our results confirm Nielsen and Pedersen’s expectation, at least in hornerids.
Inasmuch as the hypostegal cavity is the extension of exosaccal cavity beyond the limit of
an individual zooid, the cell linings of the colony wall are the extensions of the endocyst
and the composition of these walls is similar.

At the same time, the original observations by Borg cannot be dismissed, and indeed
were partly confirmed here and also by Nekliudova et al. (2021) in substance if not in
interpretation. Although numerous TEM images confirm the lack of collagenous ECM
supporting much of the epidermis, I saw squamous, seemingly epidermal, cells making up
a loose ’secondary layer’ in various parts of the colony.

It is not clear why epidermis along both outer and inner linings of colony walls (i.e.,
the respective cuticle- and skeleton-secreting membranes) is missing protein components
of ECM (the presence of polysaccharid materials cannot be dismissed, but is not relevant
as an epithelium-defining character). Presumably, the cells secreting skeletal wall do not
need additional structural support from ECM, perhaps because they are in direct contact
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with other robust supporting elements. Cells on the outer wall layer, however, have no
other structural support or barrier except for a remarkably thin exterior cuticle, despite the
fact that basal secretion of the ECM and apical secretion of the cuticle are not mutually
exclusive (Schmidt-Rhaesa, 2007).

Epidermis without cell continuity. Except for the neighbouring tendon cells forming the
attachment zones, no cell contacts were detected in the epithelia lining zooidal chambers
of hornerids (cf. visible cell junctions in the endocyst of C. eburnea, Fig. 3 in Nielsen and
Pedersen, 1979). In mature hornerid polypides, adjacent endocystal cells do not always
touch each other or pore cells. One reason for this low cell density may relate to the lack
of function. The secondary calcification in hornerids occurs on the colony exterior, via the
hypostegal skeleton-secreting epithelium, and thus the need for persistent skeletal repair
and maintenance within zooidal chambers is low. It is possible that endocyst cells may
have little function once the inner skeletal wall has been fully secreted, which takes place
early on in hornerid zooidal development (a comparison of the thickness of interzooidal
walls at the tip and near the base of the colony could verify that). An existing cytolog-
ical model of the growth tip extension in cyclostomes, proposed by Tavener-Smith and
Williams (1972) for cheilostomes and for Crisidia cornuta appears to support this view, al-
though our preliminary observations on the hornerid growing tips contradict their model.

Interestingly, the attachment zones of the membranous sac to the zooid walls are the
only remnants of the baseline coelomate body wall configuration, namely: epidermis in the
form of tendon cells to ECM to coelothelium of the membranous sac (Figure 4.18), and,
as previously noted, the only cell junctions were also found between tendon cells (Figure
4.14F). Note the position of the junctions: they occur in the apical parts of the cells (next
to the skeleton), which indicates that—at least in this part of the epidermis—the original
cell polarity is preserved (see Tyler, 2003). One may argue that cell junctions between
tendon cells are retained because of the need for coherence of the ligament in the face of
high tensile stresses, although the septate junctions I observed appeared relatively weak
(for detailed interpretation consult Jonusaite et al., 2016).

Another, but very different, example of non-continuous cell cover is found in
phylactolaemates—specifically, in their podocyte-like coelothelial cells in the forked canal,
the epistome and the bases of the anal tentacles. In this case the cell cover has a normal
density, but the lateral sides are interdigitated and there are narrow gaps between them,
revealing the ECM beneath. This configuration is suggestive of an ultrafiltration role (Gruhl
et al., 2009; Tamberg and Shunatova, 2017).

Two-layered coelothelium. Some studies report a curious departure from a one-cell-
thick epithelium in a variety of bryozoans. The lateral sides of the tentacle coelom are
lined with two coelothelial cell types. Subperitoneal cells are in contact with the tentacle
ECM and presumably extend (as single cells) from the base all the way to the tentacle
tip. The apical surface of a subperitoneal cell never comes in contact with coelomic lu-
men of the tentacle. Instead, this cell is completely covered by epiperitoneal cells. The
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Figure 4.18: Schematic drawings of the coelomate body wall organisation in Phylactolaemata (typical)
and Cyclostomatida (modified).

latter also come in contact with ECM (on either side of subperitoneal cell) and face the
tentacle coelom. Epiperitoneal cells have normal dimensions, so that numerous cells fit
along the tentacle length. This arrangement has been reported in some phylactolaemates
(Mukai et al., 1997; Gruhl et al., 2009; Tamberg and Shunatova, 2017); gymnolaemates
and stenolaemataes (Shunatova and Tamberg, 2019).

Non-epithelial cells of the body wall and exosaccal cavity. In addition, in the present
study I found a number of non-epithelial cellular elements in the non-coelomic exosac-
cal/hypostegal cavities. The most striking example is the outer cellular covering (and po-
tential partial epithelisation) of the membranous sac. Others include oval-shaped free cells
with electron-dense cytoplasm found in the exosaccal cavity, and loose ’secondary layers’
of squamous cells sometimes associated with the epidermis of the proximal vestibulum,
the outer body wall and distal vestibular wall. The non-coelomic body cavity cells (vari-
ously termed amebocytes, haemocytes, etc) are well-known in pseudocoelomates, e.g. in
nematodes (Bird and Bird, 1991) and priapulids (Storch, 1991). As for the cells in apparent
association with various surfaces (most notably the membranous sac), one may raise the
question of their potential epithelial status. Some of these cells resemble ’upper cell com-
plex’ and ’mesothelial’ cells recently described by Nekliudova et al. (2021) in two crisiid
species. The ’mesothelial’ cells, which are presumed to work as non-coelomic mesente-
ria and assist in nutrient transport across crisiid colonies, deserve additional attention. In
this study, similar cells were observed in the exosaccal cavity, seemingly touching both the
membranous sac and the endocyst of all hornerid species. However, they were most com-
monly and clearly seen in retracted polypides, where the exosaccal cavity is reduced to a
narrow gap between the membranous sac and the zooid wall. A high-magnification study,
especially a gap-free dataset obtained with serial block-face SEM, of protruded polypides
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could best confirm the existence of the proposed ’mesothelial’ cells in Horneridae and in
other cyclostomes.

It is possible that some cell contacts are present in these cells but were not detected
here. A more reliable detection mechanism would involve an immunolabeling study, tar-
geting specific proteins. It is known that cell polarisation is determined by the localisation
of membrane-associated proteins responsible for cell–cell contacts and anchoring to ECM
(Tyler, 2003). A study detecting such proteins may determine polarity of the extraepider-
mal cells adhering to various surfaces inside the exosaccal cavity, as well as the cells of
the endocyst and outer body wall, which are missing ECM.

4.4.3 Implications for nutrient transport

The manner of nutrient transport within feeding zooids (intrazooidal), and from them to
budding zones, gonozooids and other non-feeding heteromorphs (intracolonial), has at-
tracted the attention of researchers investigating all bryozoan classes. In the absence
of a specialised circulatory system, movements of the body cavity fluid and the funicu-
lus/funicular network have been proposed to perform transport. One potential mecha-
nism is common to all members of the phylum—fluid mixing in the body cavity induced by
protrusion and retraction of the polypide. Otherwise, different bryozoan groups employ
these systems differently.

To examine intrazooidal transport, we need first to look at the source of the nutri-
ents. The principal source is the gut, but epidermal cells in direct contact with sea wa-
ter (such as tentacle sheath lining) also uptake dissolved organic molecules: amino acids
and simple sugars (see Gordon et al., 1987 and references therein; Johnson and Wendt,
2007). I assume, however, that this source alone cannot fulfill all nutritional requirements
of the epidermis. It is reasonable to infer that metabolite transport has to reach every
part of the zooid with living cells, likely even the tentacles. In phylactolaemates the is-
sue of intrazooidal transport is resolved by flow of coelomic fluid. All the body cavities
are confluent and massive peritoneal ciliation facilitates the flow (e.g. Gruhl et al., 2009).
Gymnolaemates have only two compartments in their soft body: lophophoral coelom and
trunk cavity. The latter are connected by two ciliated ducts (Shunatova and Tamberg,
2019). Finally, in cyclostomes lophophoral and endosaccal coeloms are fully separated by
a septum (but note that a few coelothelial cells penetrate the septum and make contact
with the lophophore coelom; reported here and in Shunatova and Tamberg, 2019). Ad-
ditional compartmentalisation is brought about by the membranous sac. Nutrients need
to traverse different boundaries depending on their destination: a peritoneal septum on
the way to the lophophore (coelothelium–ECM–coelothelium), and a membranous sac
(coelothelium–ECM) on the way to zooid wall epidermis, vestibular wall and atrial sphinc-
ter.
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Apparently, despite their obvious role in separating compartments, septa and the mem-
branous sac are not insurmountable barriers to the nutrient transfer. In all cases the
coelothelial cells and underlying ECM are very thin (∼10 µm), presenting little hindrance
to diffusion. In addition, Nielsen and Pedersen (1979) reported presumed pinocytosis in
the coelothelium of the membranous sac and Nekliudova and colleagues (2021) described
cell projections penetrating its ECM.

Intracolonial transport presents greater challenges in terms of distance and direction-
ality of movement. Among gymnolaemates, the Ctenostomatida have a richer set of traits
facilitating intracolonial transport (Schwaha et al., 2020): circulation of coelomic fluid is
assisted by peritoneal cilia and contraction of transverse muscles in the stolon, whereas
pore-cell complexes regulate transport through the funiculus. Cheilostomates likely rely
on their complex funicular network for these purposes. Dense peritoneal ciliation present
in large zooids of Phylactolaemata can potentially assist in the mixing of coelomic fluid on
the colony scale.

In cyclostomes the set of available intracolonial-transport-facilitating methods is lim-
ited, because the funiculus is not connected to interzooidal pores and thus cannot fa-
cilitate transport outside the zooid, while the exosaccal/hypostegal cavity has no inward-
facing ciliation (and no obvious trace of muscular structures). Cyclostome mural pores may
be partially open (as in distal interzooidal pores in Crisia; Nielsen and Pedersen, 1979) or
occluded by specialised cells (as reported here). In free-walled cyclostomes there is a con-
tinuous hypostegal cavity that provides fluid access to all parts of the colony (see Batson
et al., in press).

The exosaccal/hypostegal cavity seems like the best pathway for intracolonial metabo-
lite transport in hornerids, but it shows no obvious anatomical traits to support this func-
tion. The free outer body wall, especially the ”naked” cuticle unsupported by epidermal
cells, seems an insufficient boundary against the leakage of small-molecular-size nutrients
from the body fluid, although in Horneridae gen. sp. 3 the top cuticular layer is denser
and more solid compared to studied species of Hornera. To prevent significant loss, nu-
trients may be stored (i.e. immobilised) inside specialised storage cells. But if so, how is
metabolite transport, storage and liberation performed and regulated? Clearly, our cur-
rent understanding is insufficient to answer this question. Equally clearly, however, and
despite the apparent limitations listed above, hornerid bryozoans successfully accomplish
ongoing secondary calcification, colonial growth and reproduction, often in parts of the
colony a long distance from the nearest feeding autozooids.
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Chapter 5

Discussion

”All models are wrong, but some are useful.”

— G. E. P. Box

Stenolaemate bryozoans, and especially Cyclostomatida—the only surviving order of this
once-thriving class—urgently need study (Smith et al., 2017) for us to make sense of
these living bryozoans and their innumerable fossil relatives, of which little is known but
their skeletons. Setting aside the intrinsic value of examining previously unexplored cy-
clostomes, palaeostomates can be more meaningfully reconstructed with comprehensive
understanding of their closest living relatives. The present study was designed to address
some of the gaps in knowledge of this group.

When available information is limited, specific findings are often extrapolated to cover
a much wider range of unstudied subjects. Sometimes it is completely justified, e.g., when
traits are conserved and animals or conditions are very similar. In other cases, profound
differences may be hidden when unrelated subjects are lumped together, and one may
wait a long time for them to be separated. So what will we find if we look carefully at some
of the models and assumptions about cyclostomes? Will they hold? Will they require al-
terations, or even significant updates? In this study I started with a broad examination of
skeletal and polypide morphometry in cyclostomes and later narrowed the focus down to
one of the more exciting and enigmatic groups of living cyclostomes—the family Horner-
idae. Hornerids provide an excellent counterpoint to the most intensely studied genus of
cyclostomes: Crisia. A detailed examination of multiple hornerids, contrasted with crisiids,
can reinforce the unity and highlight the differences within Cyclostomatida, and improve
our ability to model extinct stenolaemates.

More specifically, in Chapter 2 I examined relationships between soft and hard body
parts of 13 species from 8 cyclostome families with a view to explore the limits and pos-
sibilities of inferring polypide parameters from skeletal features. In Chapters 3 and 4, I
investigated in detail the anatomical and ultrastructural traits of the polypides and body
walls of four hornerid species: three species of Hornera, and one species belonging to
another hornerid genus (Horneridae gen. sp. 3; see Appendix I). This approach enabled
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nested comparisons: (1) comparison among three species within one hornerid genus, (2)
comparison between two hornerid genera, and (3) comparisons at the family level be-
tween Horneridae and other, phylogenetically distant, cyclostome families (predominantly
Crisiidae). These nested comparisons—conducted at the ultrastructural level for the first
time within the Cyclostomatida—provide a useful and independent appraisal of the degree
of morphological conservatism within this suborder. In doing so, this study supplements
previous comparative surveys within the Cyclostomatida, including investigations of skele-
tal ultrastructure (Taylor and Weedon, 2000) and the gross anatomy of soft/hard parts
(Boardman, 1998). Section 5.1 of this Discussion examines key findings in this context.

As the sole surviving stenolaemate suborder, the cyclostomes have utility as analogues
of the Palaeostomata, and have long been employed for this role. Hornerids, in particular,
have been considered good analogues of trepostomes (Taylor and Jones, 1993) and fen-
estrates (Tavener-Smith, 1969). With this in mind, in section 5.2 I will survey some existing
palaeoreconstructions and point out, whenever possible, their limitations or avenues for
improvement.

5.1 Bryozoan comparisons

5.1.1 Species-level and genus-level characteristics in Horneridae

Findings in Chapters 3 and 4 suggest that hornerids have a coherent, uniform polypide
body plan (Figure 3.2). The structure of the tentacles, digestive system, membranous
sac, funiculus and retractor muscles is stable across species. Coelomic cavities of the
lophophore and trunk are separated by a complete septum, and in all studied species
there are accumulations of extraepithelial material (both cellular and non-cellular) in the
exosaccal cavity.

The interspecific differences in Hornera polypide anatomy are minor and include small
dissimilarities in the cell dimensions throughout the polypide, number of retractor muscles,
the thickness and composition of the cuticle (Figure 4.4.B insets, 4.15), patterns of ciliation
of the pharyngeal walls (Figures 3.6, 3.9), and overall polypide and organ sizes (data from
Table 3.1, Figures 5.1, 5.2). The present polypide morphometry dataset is too small to
detect intraspecific differences (p> 0.05 in regression analysis), but even if a larger dataset
would reveal systematic and significant differences in polypide dimensions, they would
not be helpful in identification of any given zooid. Taxonomic applicability of all such traits
appears small if not negligible.

There are, however, significant differences, both anatomical and ultrastructural, be-
tween examined species of Hornera and a representative of a different genus, designated
as Horneridae gen. sp. 3. Indeed, they can be readily distinguished by polypide anatomy
alone, particularly by differences is the organisation of the atrial area (Figure 4.3). Zooids
of Horneridae gen. sp. 3, have: (1) a pronounced perimetric attachment organ comprising



104

Figure 5.1: Box-and-whiskers plot illustrating the interface between zooidal and polypide morphometry in Hornera
robusta, H. sp. 1, H. sp. 2 and Horneridae gen. sp. 3: distances from aperture to the atrial-vestibular boundary, retractor
and funicular origins. Sample sizes for each species are given in brackets.

Figure 5.2: Box-and-whiskers plot illustrating details of polypide morphometry in Hornera robusta, H. sp. 1, H. sp. 2 and
Horneridae gen. sp. 3. Sample sizes for each species are given in brackets.
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7–9 large ligaments (Figure 4.14), (2) modified epidermis of the atrial–vestibular border
with large rod-like inclusions (compare figures 4.7, 4.8 and 4.9, 4.10), and (3) an unusual
shape and ultrastructure of the cells in the proximal vestibular wall (compare figures 4.5
and 4.6). All these traits are easily seen on histological sections. In addition, vestibular and
outer colonial cuticle in Horneridae gen. sp. 3 is ∼2 times thicker than that of Hornera
spp.

Admittedly, the number of species and genera examined here is small. Since there
is only one examined representative of the genus other than Hornera, stable and variable
characters within this genus cannot be distinguished. A greater taxonomic coverage would
verify the utility of the atrium organisation as a taxonomic character at this level. Partial
evidence for usefulness of atrial attachment organisation comes from the study on a newly
described deep-water species Hornera currieae (Batson et al., 2021). In this hornerid a
near-perimetrical set of 8–9 large ligaments attaches the membranous sac to the skeletal
wall in the distal area slightly below the atrial sphincter (Figure 5.3). Although the species
is described as Hornera, the authors indicate that it most closely resembles Horneridae
gen. sp. 3 (referred therein as ’Hornera cf. caespitosa’) in morphology, and that genus
reassignment is likely (Batson et al., 2021).

Figure 5.3: Atrial attachments in Hornera currieae n. sp. (obliquely transverse semi-thin section of the
distal part of the zooid slightly below the atrial sphincter).
al, ligament of the atrial attachment; ms, membranous sac; t, tentacle; ts, tentacle sheath.
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5.1.2 Hornerids and other cyclostomes

Hornerid morphometry reveals that the group is embedded in the morphospace of other
living cyclostomes (Figure 5.4, modified from 2.3) and do not fall away from other bry-
ozoans (Figure 5.5, modified from 2.8). Hornerids have predominantly trumpet-shaped
tentacle crowns and lophophore parameters (tentacle crown diameter, tentacle length,
mouth diameter, etc.) in the lower portion of the normal cyclostome range. Morphomet-
ric parameters alone cannot reliably distinguish hornerids from other cyclostomes.

Within each species, hornerids show weak relationships between soft-body and skele-
tal traits, in line with other examined cyclostomes (Figure 5.6, modified from 2.4). The
reasons for this, discussed in Chapter 2, include early onset of feeding in developing
polypides, as well as constant cycling of the polypides within existing zooid tubes. Com-
bined, they explain why there is no strictly regulated co-occurence of larger polypides in
larger zooid tubes.

The anatomy and especially soft tissue ultrastructure of cyclostomes is best known in
species of Crisia and more generally in the Crisiidae (Nielsen and Pedersen, 1979; Carle
and Ruppert, 1983; Nielsen and Riisgard, 1998; Nielsen, 2013; Temereva and Kosevich,
2018, Worsaae et al., 2018). Naturally, this family provides the primary point of compari-
son with the Horneridae, explored in detail in Chapters 3 and 4. The basic assumption of
comparative anatomy, much like a null hypothesis in statistics, is that animal organisation
is considered to be similar unless proven different. In terms of gross polypide anatomy
and some aspects of the ultrastructure, hornerids are indeed very similar to other cy-
clostomes. The key similarities involve: (1) tentacle organisation (number and composi-
tion of epithelial cell rows, musculature and nerves, ultrastructure of the laterofrontal and
lateral cilia), (2) lophophore base and complete coelomic septum, (3) gut structure (mus-
culature and regular progression of gut epithelium from ciliated microvillar and cuticled
pharynx to unciliated microvillar cardia to partially microvillar caecum, to densely ciliated
and microvilli-rich pylorus and finally to the unciliated rectum) and (4) organisation of the
tentacle sheath, including its weak musculature. All these commonalities underscore the
morphological unity of the order.

A single notable difference in gross polypide anatomy is the organisation of the fu-
niculus core. In Horneridae the funiculus core is a solid ECM cord, whereas Carle and
Ruppert (1983) reported a fluid-filled lumen in Crisia elongata, and Schwaha et al. (2018)
described a core packed with cells in Cinctipora elegans. More species need to be examined
to determine the distribution of funicular anatomy across cyclostome families.

The organisation of the atrial region, which may possess or lack distal attachments of
the polypide to the zooid wall, is extremely variable among Cyclostomatida (Borg, 1926a;
Nielsen, 1970; Boardman, 1973; Nielsen and Pedersen, 1979; Boardman and McKinney,
1985; Schäfer, 1985; Schwaha et al., 2018; Shunatova and Tamberg, 2019). Present find-
ings place the studied Hornera species and Horneridae gen. sp. 3 within the continuum,
together with other cyclostomes. Although organisation of atrial attachments appears
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Figure 5.4: (modified from Figure 2.3). Hornera robusta (violet) and Hornera foliacea (orange) highlighted in descriptive
plots of selected polypide parameters. A. Tentacle crown diameter. B. Tentacle crown symmetry. C. Tentacle number. D.
Mouth diameter.
On every plot the X-axis lists the studied species in alphabetical order: 1 — Cinctipora elegans, 2 — Diaperoecia
purpurascens, 3 — Diaperoecia sp., 4 — Disporella pristis, 5 — Disporella sp., 6 — Doliocoitis cyanea, 7 — Favosipora rosea,
8 — Hornera foliacea, 9 — Hornera robusta, 10 — Idmidronea sp., 11 — Microeciella sp., 12 — Platonea sp., 13 — Telopora
lobata. ET stands for equitentacular crown, OT – for obliquely truncated lophophore shape.



108

Figure 5.5: (modified from Figure 2.8). Hornera robusta (violet) and Hornera foliacea (orange)
highlighted in the results of nMDS plotted in two main axes (stress = 0.122). Variables used in the
analysis include zooid tube width, crown diameter, tentacle length and number. Frontal zooid wall
types apply to cyclostomes only.

to be a promising trait for family-level taxonomy, the most comprehensive study to-date
(Boardman, 1998) is limited to relatively low magnification images. Both a broad-scale and
a high-resolution study are needed to verify the value of this trait.

At the ultrastructural level, the composition of the body wall epithelia and exosaccal
cavity are very different in hornerids, diverging from expectations based on other works.
The original study by Borg (1926a) described a body wall epidermis with an underlying
layer of cells which he called ‘mesodermal’. Borg’s original interpretation was that the
exosaccal and hypostegal cavities were coelomic in nature. This assertion was based on
transmitted-light microscopy. As later become clear, only more powerful electron mi-
croscopy can unequivocally resolve the nature of the body cavity through identification
of basement membranes and epithelial vs non-epithelial cells (e.g. McLean, 1984). The
very first transmission electron microscopic examination of the cyclostome body wall re-
vealed the non-coelomic nature of the exosaccal cavity (Nielsen and Pedersen, 1979).
This study demonstrated a lack of ECM and coelomic epithelium in the endocyst, and the
exosaccal cavity was termed pseudocoelic as opposed to coelomic (a view often repeated
in later publications).

A recent model describing pseudocoel, or primary body cavity formation calls this
position into question. According to Schmidt-Rhaesa (2007; also see Ruppert, 1991),
the primary body cavity originated as a series of slits forming within the ECM matrix of
the organism and enlarging with increase in body fluid volume/pressure. Thus, the entire
cavity has to be lined by ’naked’ ECM to be rightly called pseudocoel. In cyclostomes,
the ECM is only present in one of the walls of the cavity, i.e. the membranous sac. Other
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Figure 5.6: (modified from 2.4). Hornera robusta (violet) and Hornera foliacea (orange) highlighted in the linear regressions
showing relationships between dependent variables (tentacle crown diameter, height, mouth diameter and tentacle length)
with a single independent variable — zooid tube width. Regression lines are plotted for all species combined (dotted black
lines with confidence interval as a gray band).

walls (endocyst and vestibular wall for exosaccal cavity, inner and outer layers of the outer
colonial wall for hypostegal cavity) are made of epidermal cells unsupported by basement
membrane (Chapter 4). One may speculate that the latter had been lost, but further
studies, especially of zooid formation and polypide regeneration, are needed for better
understanding.

The crisiid body wall epidermis itself, as depicted in Nielen and Pedersen’s 1979 study,
is nevertheless an uninterrupted epithelium, connected with distinct cell contacts in all
portions of the zooid. This situation was strikingly different from the hornerids in this
study, where epidermal cells sometimes lacked cell contacts and even cell continuity
(Chapter 4). The character of the hornerid body wall appears very unusual, but to gauge
its relative rarity, examination of more cyclostome suborders is essential. Functional inter-
pretations are also needed, although a standard TEM-based approach alone is probably
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insufficient. Possible issues to address include the mechanisms of skeleton secretion, the
cell polarisation and the regulation of molecule transfer across the colonial walls.

5.2 Bryozoan palaeoreconstructions

5.2.1 Some theoretical considerations

The ultimate purposes of palaeoreconstruction may range from purely biological (how
were soft tissues organised in a particular fossil bryozoan or group?) to environmental
(what were the conditions in which these bryozoans lived?) to ecological (how did these
bryozoans interact?). All of these questions can be advanced by attaining a clearer un-
derstanding of polypide anatomy. Since autozooids are the primary food-gathering units
of the colony, their composition directly dictates its trophic performance. Given this uni-
fied anatomical underpinning, it is difficult to separate one type of reconstruction from
another.

Borg’s (1965) discovery of the free-walled nature of palaeostomates, and understand-
ing of the implications of this wall configuration was an indispensible step toward mean-
ingful fossil interpretations (Tavener-Smith, 1969; Cowen and Rider, 1972). Since that
seminal finding the history of palaeoreconstructions of bryozoans has unfolded as a se-
ries of approximations that were at each iteration more refined, and from single parameter
to multifactorial approaches. However, reconstructions have to consider not just a body
part or a module, but a living, functioning whole, a colony that was equipped to withstand
and exploit its environment, engage in ecological interactions, and fulfill its life cycle roles:
to survive, develop, grow and reproduce.

Over the history of palaeoreconstructions of bryozoans, researchers have developed
a number of approaches falling into three broad categories: (1) based on species diversity
and interactions for environmental and ecological reconstructions, (2) based on individual
zooids, and (3) based on colony architecture for biological and ecological purposes (see
below for examples).

Necessarily, there are only two main sources of information for bryozoan palaeorecon-
structions: the living cyclostomes (and to a lesser degree other bryozoans) and preserved
fossil remains (partly summarised in Table 1 of Boardman, 1999). Although fossilisation
is detrimental to preservation of soft parts, some remarkable findings were made across
a number of palaeostomates, including putative brown bodies and degenerated polypi-
des collectively termed brown deposits (Morrison and Anstey, 1979; Boardman, 1999;
Ernst and Voigt, 2002; Key et al., 2008), membranous surfaces (McKinney, 1969) and
even polypide feeding structures (Boardman and McKinney, 1976). As for the living cy-
clostomes, there is always an assumption that insights gleaned from these animals are
applicable to palaeostomates, which may or may not be true.
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Ecological approaches to reconstructions. In line with the original approach developed
by Stach (1936), more recent studies linked environmental conditions with predominant
colony forms (Hageman et al., 1997; 1998; Amini et al., 2004).

A study by Reid and Tamberg (2021; Appendix II) exemplifies an ecological approach,
where the lophophore dimensions were used as proxies for trophic partitioning. This
work made use of two inference methods: regression models based on skeletal param-
eters of the individual zooids and on interzooidal distance. Although the study used ab-
solute inferred values, it mostly concerned the interrelationship between reconstructed
lophophore sizes and thus between trophic capabilities of Permian bryozoan faunas,
mostly avoiding the dangers of highly speculative inference methods. Another fruitful
approach to ecological reconstructions comes from direct evidence of bryozoan colonies
contacting and/or overgrowing each other (e.g. Barnes and Dick, 2000; Liow et al., 2016;
2019) with inferences potentially reaching beyond strictly spatial competition to hydro-
dynamically mediated trophic interactions (see Buss, 1979; McKinney, 1992).

Reconstructions based on zooid-specific traits. Such reconstructions exploit the mod-
erately strong and stable relationships between skeletal and soft-body characters to infer
lophophore parameters and often the water-pumping capacity of extinct bryozoans. The
relationships across and within hard and soft parts were explored a number of times for
various living groups using regression analyses. Predictive power of such models varies
from ∼0.5–0.6 to as high as 0.9 for some character pairs (e.g. McKinney and Boardman,
1985; McKinney and Jackson, 1989; Winston, 1981), but they are based on only a few
measurements per species and each data point in a regression represents a species av-
erage. I wanted to find out if this situation could be improved with greater resolution,
accumulating measurements from many zooids of every species. As the results in Chap-
ter 2 demonstrate, there is too much variability between individual polypides to allow
within-species predictions. Even in cases when regression models were significant, they
had negligible predictive power (R2 ∼0.1).

Nevertheless, at a species level I have replicated the findings of previous studies, and
formulated a number of moderately powerful predictive models. Thus, it makes sense to
limit the number of measurements per species to a relatively small number, as long as the
zooids measured are fully functional mature ones. A list of skeletal predictors, commonly
used in such reconstructions includes: zooidal aperture diameter, zooid chamber length
and distance to nearest neighbour.

Several studies cover lophophore reconstruction based on simple distance to the near-
est neighbour (e.g. Madsen, 1987; Snyder, 1991; McKinney, 1993). An elaboration on
this approach comes from recognising the separate roles of proximal-distal and lateral
distances in the polypide arrangement as well as its dimensions (Starcher and McGhee,
2000; cf. Ryland and Warner, 1986 for Recent bryozoans). There is a limitation in the
applicability of such models, however: they work best for colonies with densely packed
polypides. One should keep in mind that the same distance to the neighbour in a single



112

chain of zooids, in a fenestellid-like perforated ’fabric’ and in an encrusting sheet translate
into very different hydrodynamic conditions.

A reconstruction based on zooid-specific traits, i.e. aperture diameter and zooid length,
is more independent and potentially can work for many growth forms. Predictive models
developed in Chapter 2 fall into this subcategory. Specifically, in this part of the thesis I
looked at the polypide morphology in relation to the width of individual zooid apertures.

An essential trait of the modern cyclostome zooid is its tubular proportions: zooid
length far exceeds its width (Boardman, 1999). Cyclostomes examined here share a very
similar arrangement of a retracted polypide in the zooid tube: the tentacles and digestive
system are usually aligned on either a straight or slightly curved line (or a gentle zigzag in
Telopora). From this trait stems the main limitation of this and many other studies: it can
best be applied to extinct stenolaemates with long tubular zooids, uninterrupted by septs
and hemisepts (see below).

In the cyclostome species studied here, the length of the zooid tube is presumably
not a limiting factor for polypide length, especially in the younger parts of the colony. As
the zooid grows older, the proximal portion of the chamber becomes filled with brown
bodies (see Figure 2 in Boardman, 1998) and the tube can potentially become too full to
house a full-sized polypide. Although whole mounts of decalcified zooids of Hornera spp.
show that frontal zooids are usually short and fully occupied by polypides, the polypides
themselves show no sign of folding, squeezing or other misalignment within a tube (Figure
3.2).

Bends that place parts of the digestive system at a right angle, or even facing in the op-
posite direction from tentacles, are, however, common in ctenostomes and cheilostomes
(Kluge, 1975; Schwaha and De Blauwe, 2020). Indeed, the digestive system has to be
organised differently to permit such bending: very long tubular cardia/esophagus and
rectum are not uncommon in gymnolaemate bryozoans (Kluge, 1975; Ryland, 1970). For-
mulas developed for tubular zooids have to be assumed inapplicable to bryozoans with
such an arrangement of retracted polypides until checked.

In addition, it is necessary to consider the angle and curvature of the tentacles in
feeding position. For tentacles of the same length held straight, a greater angle from
the vertical axis will produce a larger outer lophophore diameter. Moreover, tentacles
are rarely held straight: outward curving or S-shaped positions are very common (Win-
ston, 1977; Chapter 2), producing non-linear relationships between tentacle length, outer
lophophore diameter and height. For instance, a strongly splayed lophophore would pro-
duce a wide outline and a disproportionately small height for the given tentacle length. In
addition, asymmetrical tentacle crowns are much more common in cyclostomes then was
previously believed (see Chapter 2).

Zooid length, or more specifically living chamber length, is particularly relevant in in-
terpretations of the species with different chamber shapes and invites the considera-
tion of the stationary and progressive polypide cycles, a concept developed by Boardman
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(1998). Among living cyclostomes, zooid length is usually identical to chamber length (ex-
cept for ’Heteropora’ neozelanica; Taylor et al., 2015, which possesses basal diaphragms).
By contrast, in many palaeostomates the zooid tubes, although long, may be variously
interrupted. The fossil record preserves a variety of living chamber shapes, ranging from
simple long tubes lacking any septs or diaphragms, to very short cylinders floored by basal
diaphragms, to flask-shaped chambers riddled with cystiphragms, and to tubes with com-
plex inner topography dictated by hemiphragms and ring diaphragms.

For the hornerids, which have a progressive polypide cycle, tentacle length ≈ gut
length ≈ distance from aperture to atrial sphincter. Distal attachments are somewhat
deeper than that in H. sp. 3, but in other cyclostome species they are usually at the same
level (Boardman, 1998). The reason behind the stable interrelationship between tentacle
length and distance from aperture to atrial-vestibular boundary comes from the stenolae-
mate polypide protrusion mechanism. Being limited to the use of their own body fluid for
compensation, cyclostomes must have the volume of the vestibular part of the exosaccal
cavity equal to the volume of the lophophore. Even though membranous sac musculature
pays a crucial role in protrusion, body fluid must move from the distal to proximal part of
the zooid to compensate for the displacement (Taylor, 2020). Vestibular length cannot be
shorter than lophophore length in progressively cycling polypides, and it is usually much
longer in stationary cycling ones (Boardman, 1998).

Among internal structures altering the living chamber shape and size, basal diaphragms
of trepostomes are probably the most straight-forward, but even so, soft-body infer-
ences are far from easy. Each ’primary’ basal diaphragm (sensu Boardman, 2001) is usually
formed over just one brown deposit (Key et al., 2008), which corresponds to one polypide
cycle.

These trepostome polypides must have had the size and dimensions to both fit in
the living chamber and to efficiently feed. Madsen (1987) made one of the influential
reconstructions of such polypides. If correct, her interpretation implies a vestibular space
so foreshortened as to be nearly missing. It means that zooids did not have much body
fluid to compensate for protrusion, and thus protrusion was likely compensated for by
seawater, much like modern ctenostomes. In addition, this means that tentacle sheaths
were exposed after protrusion and lifted the tentacle crowns further above the colony
surface, since tentacle length is tightly correlated with tentacle sheath length (r = 0.9,
McKinney and Boardman, 1985). Another, albeit very unlikely, possibility to consider is
location of the orifice. Living cyclostomes have the orifice in the middle of the aperture,
but it could theoretically be displaced laterally, providing more space for the zooid inside.

More-complex internal elaborations of the zooid chambers, such as cystiphragms and
funnel cystiphragms or lightly calcified layered orificial walls (Boardman, 1999 Fig. 3.1–
3.3) are harder still to incorporate into meaningful polypide models. Cystiphragms clearly
reduce the internal volume of the zooid, but the reasons for their formation are not known.
As for multiple funnel cystiphragms present within a polypide-bearing living chamber, they
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seem to obstruct its normal functioning, i.e., the redistibution of the body fluid during
protrusion. Since they presumably attach to the entire internal perimeter of the zooid and
reach far towards its center, there is no obvious way through or around them. Still, the
proposed calcification of the orificial and vestibular walls seems possible, given histological
composition of this area in living cyclostomes. Both terminal membrane (orificial wall) and
vestibular wall are made of cuticle-secreting epidermis, which can without difficulty switch
to secretion of skeleton (as evidenced by taxa in which exterior frontal walls are present).
The atrial attachments do not have the apparent potential to calcify because they are
made only of ECM and coelothelium.

Reconstructions based on colony-wide architecture. The degree of functional integra-
tion of the colony is directly correlated with the predictability of its morphogenesis, i.e.
the number, position and properties of all its modules. For highly integrated colonies the
range of existing hydrodynamically efficient configurations is relatively limited. This is why
some recurring colony forms, such as foliose or reticulate, are reproduced across different
bryozoan taxa, often appearing convergently (Taylor, 2020). This functional unity, dictated
by the pursuit of hydrodynamic efficiency, is the foundation supporting reconstructions
of entire colonies.

Some of the most striking examples of whole-colony inferences are ones about fenes-
trates: lyre-shaped species (McKinney, 1977), spiral colonies of Archimedes (Cowen and
Rider, 1972; McKinney and Raup, 1982) and more generally reticulated cups, cones and
fans of fenestellids (Cowen and Rider, 1972; Starcher and McGhee, 2000). Another ex-
ample is monticle-forming colonies, with their predictable and repeated excurrent flow-
based architecture (Pachut and Anstey, 1979; Key et al., 2002; 2011). In a 1972 study,
Cowen and Rider made an insightful and likely correct interpretation of the primary func-
tional unit of fenestellid colony, i.e. the fenestrule, whereas their model of Archimedes
feeding currents is likely wrong. Misinterpretation of the tip of the colony as a funnel,
whereas in reality it is tapered (McKinney and Raup, 1982), affects the entire flow system.
In addition, their model (Fig. 4 in Cowen and Rider, 1972) depicts improbably sharp flow
direction changes, especially for the excurrents, between branch layers.

5.2.2 Application of anatomical knowledge to existing reconstructions

Bryozoan anatomy is both plastic and conservative, depending on the parameters con-
sidered. The benefit of a detailed anatomical knowledge of cyclostomes and other bry-
ozoans (of the kind provided in Chapters 3 and 4) lies in helping to identify more- and less-
plausible scenarios (similar to likely and unlikely morphospaces modelled and explored by
Starcher and McGhee, 2000). In the remaining part of this section I examine two hypothe-
ses concerning soft body reconstructions in the light of conservative traits in cyclostome
and bryozoan body plans.
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Example 1. Brown bodies suspended in long zooids of trepostomes. Ernst and Voigt
(2002) described brown bodies suspended throughout the zooids of Hemiphragma sp.
which have alternating hemiphragms, but no sealing-off basal diaphragms. Distance be-
tween brown bodies is large (∼1.2 mm, Fig. 4 in Ernst and Voigt, 2002), far exceeding
those in, e.g., living hornerids. The authors describe preserved brown bodies as hanging
in autozooecial chambers and propose that ”soft tissues such as funicular muscles” were
supporting them at various places in the zooid chamber in life.

Present observations appear to support the proposition that cell lining of the entire
zooid persists throughout its life, regardless of the age (but note that hornerids have in-
terzooidal pores, lacking in most palaeostomates). It is, however, clear from examination
of the hornerid polypide (Chapter 3), that the funiculus cannot support brown bodies. Fu-
niculus, like other parts of the polypide, is fully enveloped in the membranous sac, which is
disconnected from existing brown bodies. During degeneration all parts of the polypide,
including funiculus, degenerate together and each resulting brown body is wrapped in
the remnants of its original membranous sac (personal observation). Each new polypide
develops its own membranous sac and its own funiculus anew.

Instead of funicular support, I propose a different mechanism, which could potentially
account for the fixed positions of brown bodies, suspended in the zooid chamber rather
than piled at the bottom. Brown bodies could potentially remain suspended through con-
tinued connection of the membranous sac or brown body envelope to the zooid wall via
ligaments. In polypides of living cyclostomes there are two or three areas that attach
polypides to the skeleton: the optional atrial attachment and obligatory retractor and fu-
nicular attachments. Since brown bodies are only found in the basal portions of the zooid,
below the polypide, presumably they were once attached to the zooid wall, but at some
point the ligaments let go and the brown bodies moved down (see also description in
Boardman, 1998). It is not impossible that in e.g. Hemiphragma sp. brown bodies main-
tained their connection to the zooid wall and thus their position. If so, it is possible to
further speculate about which particular ligaments might have remained. In living horner-
ids the retractor muscles have the largest attachment footprint and presumably persist
the longest during polypide degeneration (a study of brown bodies is needed to explore
their attachment and detachment in living species). Similarly massive retractor attachment
seems more likely to persist in palaeostomates. If true, the position of brown bodies could
correspond directly with the level of retractor origins.

Another useful clue available from brown body distance, especially if they were indeed
secured to the zooid walls, is the information recorded on distance between polypide
generations. This does not translate into polypide length but puts an upper limit on it,
and, cross-correlated with polypide reconstructon based on skeletal traits, could indicate
the growth rate.

It is possible that detachment of the brown body from the zooid wall opened the
way to larger polypides and also permitted more polypide cycles per unit of zooid length.
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Whereas, in species with diaphragms and/or retained brown body attachment to skeletal
walls, the zooid space occupied by brown bodies is completely and irretrievably lost. In
hornerids and other living cyclostomes this space is partly recovered when the brown
body is compressed, detached and dropped (Boardman, 1998; personal observations).
Two potential outcomes of this shift are: (1) the potential for having larger polypides,
and/or (2) potential for having more polypide cycles without correspondingly elongating
the zooid tube.

Example 2. Putative narrow polypides in trepostomes with ring diaphragms or laterally
offset hemiphragms. The model proposed by McKinney (1969) for Tabulipora cestriensis,
and later repeated and expanded by Ernst and Voigt (2002) for trepostomes with ring
diaphragms and unilateral hemiphragms (e.g. Nipponostenopora karatauensis) depicts an
extremely long and narrow polypide. In Ernst and Voigt’s model the polypide is thought
to pass through all the ring septa or alongside all unilaterally located hemiphragms, reach-
ing the very base of the zooidal chamber. A key consequence of this configuration is
that both ring diaphragms and hemiphragms severely restrict available zooid width. The
long-and-narrow polypide hypothesis potentially conflicts with the generally constrained
nature of polypide proportions in stenolaemates. In particular, the least negotiable region
of the polypide in terms of diameter is the lophophore base in the mouth region. The
lophophore base comprises a thick ECM cylinder (Figure 3.4), which supports buccal dila-
tors and retractors, and it cannot be arbitrarily compressed. The polypide cannot be nar-
rower than the minimum viable diameter of the lophophore, which is in turn constrained
by its functional requirements, i.e., feeding efficiency of the tentacles and a sufficiently
wide mouth diameter. In other words, a very narrow lophophore may not be ’fit for pur-
pose’. My data suggests that for living cyclostomes the approximate lower limit of the
diameter of the lophophore base is about 15 x 2 + 20 = 50 µm, where ∼15 µm is the
minimal frontal–abfrontal distance of a tentacle and ∼20 µm is the mouth diameter.

In the absence of well-fossilised polypides in trepostomes, it is hard to distinguish
between alternative interpretations, i.e., between long-and-narrow and short-and-wide
polypides occupying the distal-most portion of the zooid chamber (as described by Mad-
sen, 1987 for Tabulipora, see her Fig. 2). In the case of species with ring diaphragms,
however, regression models based on contrasting predictors can be used to assess the
aforementioned hypotheses. To do this, the following approach can be used. First, using
living cyclostomes, a relationship needs to be established between outer lophophore base
diameter and polypide parameters such as mouth diameter (MD) or tentacle length (TL).
Then, assuming the inner diameter of the ring diaphragm is roughly equal to the diam-
eter of the lophophore base, tentacle length or mouth diameter can be estimated from
this measure using the cyclostome-based predictive model. Second, the same traits (TL
or MD) can be inferred using existing formulas based on two other predictors, namely
aperture diameter and distance to nearest neighbour. Finally, the estimates from differ-
ent sources can be compared. While not perfect, such comparisons benefit from taking
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into account underlying biological realities, such as the strong likelihood that trepostomes
employed near-optimal spacing of lophophores with respect to lophophore size.

Another, minor example of application of anatomical knowledge to check a proposition
about soft tissues in palaeostomate comes from a study by Cowen and Rider (1972). They
proposed that ”the edges of the fenestrule might have been ciliated to help water flow”,
that there could have been ”ciliated epithelium covering and secreting the central screw”
and ”outward, centrifugal flow of water immediately under the ’decks’ of Archimedes [...]
would have been generated by cilia on the reverse surfaces” (Cowen and Rider, 1972).
Undoubtedly, such a ciliary arrangement would have improved flow. However, it is unlikely
given the very conservative pattern of body wall ciliation among living Bryozoa. In all
three bryozoan classes, the only region of post-metamorphosis body wall where flow-
generating cilia are located is the lophophore (sensory cilia are known on the surface of
the tentacle sheath — Shunatova and Nielsen, 2002). In free-walled cyclostomes, the
outer body wall covering the colonial elements is overlain with cuticle quite distinct from
microvillar, glycocalyx-like cuticle of the ciliated tentacles (compare Figures 3.3 and 4.4).
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Summary and future directions

1. Single-predictor models of soft-body characters, such as the regressions in Chapter
2, have limitations in predictive power and applicability. Inferences derived from
them are best cross-correlated with reconstructions based on other evidence, e.g.
distance to nearest neighbour.

2. Overall organisation of soft body parts appears to be very stable among Cyclostom-
atida based on comparisons between two disparate clades, the hornerids and crisi-
ids. Other, phylogenetically distant cyclostome suborders need to be examined to
verify this conclusion.

3. The structure of the atrial polypide attachment emerged as a potentially useful soft-
part trait in cyclostomate taxonomy during this study. As such, this structure merits
further investigation at the ultrastructural level across many species.

4. Organisation of the hornerid body wall was described in Chapter 4. Some aspects
of wall structure, especially disrupted cell layer continuity, seem highly unusual for
a coelomic animal. Studies on larger set of phylogenetically distant cyclostomes and
in-depth examination of body wall functioning are needed.

5. Advances in bryozoan palaeoreconstructions lie in embracing an ever-more complex
approach based on combining and cross-correlating multiple lines of evidence. One
possible direction of future study lies in examination of skeleton–polypide interfaces,
i.e. membranous sac anchoring sites, in relation to inner zooidal sculpturing. A more
robust understanding of polypide and zooid proportions and stationary/progressive
polypide cycles would also be beneficial.

The findings presented here increase our general understanding of living and fossil bry-
ozoans, combining multiple lines of evidence and bringing a biologist’s perspective to
stenolaemate palaeoreconstruction. While no single study can decisively address every-
thing, the present work has settled some questions and posed more. Further study will
no doubt continue to refine and improve our understanding of this fascinating group of
bryozoans.
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Riisgård, H. U., Okamura, B., & Funch, P. (2010) Particle capture in ciliary filter-feeding gym-
nolaemate and phylactolaemate bryozoans — a comparative study. Acta Zoologica, 91,
416–425.

Rogick, M. D. (1949). Studies on marine Bryozoa. IV. Nolella blakei n. sp. The Biological Bulletin,
97, 158–168.

Ruppert, E. E. (1991) Introduction to aschelminth phyla. A consideration of mesoderm body
cavities and cuticle. Pp 1–17 in: Harrison, F. W. and Ruppert, E. E. (Eds.) Microscopic
anatomy of invertebrates, Vol. 4. Wiley-Liss, New York.

Ryland, J. S. (1967). Crisiidae (Polyzoa) from western Norway. Sarsia, 29, 269–282.
Ryland, J. S. (1970). Bryozoans. Hutchinson University Library, London.



126

Ryland, J. S. (1975). Parameters of the lophophore in relation to population structure in a
bryozoan community. Pp. 363–393 in: Barnes, H. (Ed.) Proceedings of the 9th European
Marine Biology Symposium. Aberdeen University Press, Oban, Scotland.

Ryland, J. S. (1976). Physiology and ecology of marine bryozoans. Advances in Marine Biology,
14, 285–443.

Ryland, J. S., & Hayward, P. J. (1991). Marine flora and fauna of the Northeastern United
States: erect Bryozoa. National Oceanic and Atmospheric Administration technical report
NMFS series, Vol. 99. U.S. Department of Commerce, Springfield.

Ryland, J. S., & Warner, G. F. (1986). Growth and form in modular animals: ideas on the size
and arrangement of zooids. Philosophical Transactions of the Royal Society of London. B,
Biological Sciences, 313(1159), 53–76.

Sanderson, W. G., Thorpe, J. P., & Clarke, A. (2000). Aspects of structure and function in the
feeding of the Antarctic cheilostomate bryozoan, Himantozoum antarcticum (Calvet). Pp.
355–364 in: Herrera Cubilla, A., and Jackson J. B. C. (Eds.), Proceedings of the 11th In-
ternational Bryozoology Association Conference. Smithsonian Tropical Research Institute,
Balboa.

Schack, C. R., Gordon, D. P., & Ryan, K. G. (2019). Modularity is the mother of invention: a
review of polymorphism in bryozoans. Biological Reviews, 94(3), 773–809.

Schäfer, P. (1985). Significance of soft part morphology in the classification of recent tubu-
liporoid cyclostomes. Pp. 273–284 in: Nielsen, C., and G. P. Larwood (Eds.), Bryozoa:
Ordovician to Recent. Olsen & Olsen, Fredenborg, Denmark.

Schwaha, T., & De Blauwe, H. (2020). Morphology of ctenostome bryozoans: 1. Arachnidium
fibrosum. Journal of Morphology, 281(12), 1598–1606.

Schwaha, T. F., Handschuh, S., Ostrovsky, A. N., & Wanninger, A. (2018). Morphology of the
bryozoan Cinctipora elegans (Cyclostomata, Cinctiporidae) with first data on its sexual re-
production and the cyclostome neuro-muscular system. BMC Evolutionary Biology, 18(92),
1–28.

Schwaha, T. F., Ostrovsky, A. N., & Wanninger, A. (2020). Key novelties in the evolution of the
aquatic colonial phylum Bryozoa: evidence from soft body morphology. Biological Reviews,
95(3), 696–729.

Schwaha, T. F., & Wanninger, A. (2018). Unity in diversity: a survey of muscular systems of
ctenostome Gymnolaemata (Lophotrochozoa, Bryozoa). Frontiers in zoology, 15(1), 1–18.

Schmidt-Rhaesa, A. (2007). The evolution of organ systems. Oxford University Press.
Shunatova, N. N. (2002). The feeding behavior and features of the morphological and func-

tional organization of the feeding apparatus in marine bryozoans (Bryozoa, Gymnolae-
mata) Candidate of Biological Sciences Dissertation. St. Petersburg (Russia): St. Peters-
burg State University, 254 p. in Russian.

Shunatova, N., & Borisenko, I. (2020). Proliferating activity in a bryozoan lophophore. PeerJ,
8, e9179.



127

Shunatova, N. N., & Nielsen, C. (2002). Putative sensory structures in marine bryozoans.
Invertebrate Biology, 121(3), 262–270.

Shunatova, N. N., & Ostrovsky, A. N. (2001). Individual autozooidal behaviour and feeding in
marine bryozoans. Sarsia, 86, 113–142.

Shunatova, N., & Ostrovsky, A. (2002). Group autozooidal behaviour and chimneys in marine
bryozoans. Marine Biology, 140(3), 503–518.

Shunatova, N., & Tamberg, Y. (2019). Body cavities in bryozoans: functional and phylogenetic
implications. Journal of Morphology, 280(9), 1332–1358.

Silén L. (1944). On the division and movements of the alimentary canal of the Bryozoa. Arkiv
för Zoologi, 35A, 1–41.

Silén, L., & Harmelin, J. G. (1974). Observations on living Diastoporidae (Bryozoa Cyclostom-
ata), with special regard to polymorphism. Acta Zoologica, 55, 81–96.

Smith, L. W. (1973) Ultrastructure of the tentacles of Flustrellidra hispida (Fabricius). Pp. 335–
342 in: Larwood G. P. (Ed.), Living and fossil Bryozoa. Academic Press, New York

Smith, A. M., Taylor, P. D., & Spencer, H. G. (2008). Resolution of taxonomic issues in the
Horneridae (Bryozoa: Cyclostomata). Pp. 359–412 in: Wyse Jackson, P.N. & Spencer
Jones, M.E. (Eds), Annals of Bryozoology 2, Aspects of the History of Research on Bry-
ozoans. Dublin, Ireland.

Smith, A. M., Taylor, P. D., Waeschenbach, A., Liow, L. H., Porter, J. S., Ostrovsky, A., & Jenkins,
H. (2017). Cyclostome bryozoans: research strategy and call for action. International
Bryozoology Association Bulletin, 13, 16–18.

Snyder, E. M. (1991). Revised taxonomic procedures and paleoecological applications for
some North American Mississippian Fenestellidae and Polyporidae (Bryozoa). Palaeonto-
graphica Americana, 58, 1–191.

Stach, L. W. (1936). Correlation of zoarial form with habitat. The Journal of Geology, 44(1),
60–65.

Starcher, R. W., & McGhee, G. R. (2000). Fenestrate theoretical morphology: geometric con-
straints on lophophore shape and arrangement in extinct Bryozoa. Paleobiology, 26(1),
116–136.

Storch, V. (1991). Priapulida. Pp. 333–350 in: F. W. Harrison & E. E. Ruppert (Eds.), Micro-
scopic Anatomy of Invertebrates (Vol. 4). New York: Wiley-Liss.

Strathmann, R. R. (1973). Function of lateral cilia in suspension feeding of lophophorates
(Brachiopoda, Phoronida, Ectoprocta). Marine Biology, 23, 129–136.

Tamberg, Y., & Shunatova, N. (2017). Tentacle structure in freshwater bryozoans. Journal of
Morphology, 278, 718–733.

Tamberg, Y., & Smith, A. M. (2020). In search of predictive models for stenolaemate mor-
phometry across the skeletal–polypide divide. Paleobiology, 46, 218–236.

Tamberg, Y., Batson, P. B., & Napper, R. Polypide anatomy of hornerid bryozoans (Stenolae-
mata: Cyclostomatida). Preprint lodged as BIORXIV/2021/433978.



128

Tavener-Smith, R. (1969). Skeletal structure and growth in the Fenestellidae (Bryozoa).
Palaeontology, 12(2), 281–309.

Tavener-Smith, R., & Williams, A. (1972). The secretion and structure of the skeleton of living
and fossil Bryozoa. Philosophical Transactions of the Royal Society of London. B, Biological
Sciences, 264(859), 97–160.

Taylor, P. D. (1981). Functional morphology and evolutionary significance of differing modes
of tentacle eversion in marine bryozoans. Pp. 235–247 in: Larwood, G. P., & Nielsen, C.
(Eds.) Recent and fossil Bryozoa. Olsen & Olsen, Fredensborg.

Taylor, P. D. (2020). Bryozoan Paleobiology. Wiley Blackwell, Hoboken.
Taylor, P. D., & Jones, C. G. (1993). Skeletal ultrastructure in the cyclostome bryozoan Hornera.

Acta Zoologica, 74(2), 135–143.
Taylor, P. D., & Waeschenbach, A. (2015). Phylogeny and diversification of bryozoans. Palaeon-

tology, 58(4), 585–599.
Taylor, P. D., Waeschenbach, A., Smith, A. M., & Gordon, D. P. (2015). In search of phylogenetic

congruence between molecular and morphological data in bryozoans with extreme adult
skeletal heteromorphy. Systematics and Biodiversity, 13(6), 525–544.

Taylor, P. D., & Weedon, M. J. (2000). Skeletal ultrastructure and phylogeny of cyclostome
bryozoans. Zoological Journal of the Linnean Society, 128(4), 337–399.

Temereva, E. N., & Kosevich, I. A. (2018). The nervous system in the cyclostome bry-
ozoan Crisia eburnea as revealed by transmission electron and confocal laser scanning
microscopy. Frontiers in Zoology, 15(1), 48.

Thorpe, J. P., Clarke, D. R. K., & Best, M. A. (1985). Natural variation in tentacle number in
marine bryozoans and the possible effects of intraspecific and interspecific competition
for food. Pp. 319–327 in Nielsen, C., and G. P. Larwood (Eds.), Bryozoa: Ordovician to
Recent. Olsen & Olsen, Fredenborg, Denmark.

Tyler, S. (2003). Epithelium—the primary building block for metazoan complexity. Integrative
and Comparative Biology, 43(1), 55–63.

Von Dassow, M. (2006). Function-dependent development in a colonial animal. The Biological
Bulletin, 211, 76–82.

Waeschenbach, A., Cox, C. J., Littlewood, D. T. J., Porter, J. S., & Taylor, P. D. (2009). First
molecular estimate of cyclostome bryozoan phylogeny confirms extensive homoplasy
among skeletal characters used in traditional taxonomy. Molecular Phylogenetics and Evo-
lution, 52(1), 241–251.

Waeschenbach, A., Taylor, P. D., & Littlewood, D. T. J. (2012). A molecular phylogeny of
bryozoans. Molecular Phylogenetics and Evolution, 62(2), 718–735.

Wendt, D. E., & Johnson, C. H. (2006). Using latent effects to determine the ecological im-
portance of dissolved organic matter to marine invertebrates. Integrative and Comparative
Biology, 46(5), 634–642.

Winston, J. E. (1977). Feeding in marine bryozoans. Pp. 233–271 in: Woollacott, R. M., & R.
L. Zimmer, (Eds.), Biology of Bryozoans. Academic Press, London, New York.



129

Winston, J. E. (1978). Polypide morphology and feeding behavior in marine ectoprocts. Bul-
letin of Marine Science, 28(1), 1–31.

Winston, J. E. (1979). Current-related morphology and behaviour in some Pacific coast bry-
ozoans. Pp. 247–268 in: Larwood, G. P., & M. B. Abbott (Eds.), Advances in Bryozoology.
Systematics Association Special Volume No 13. Academic Press, London, New York.

Winston, J. E. (1981). Feeding behaviour of modern bryozoans. Pp. 1–21 in: Broadhead, T.
W. (Ed.), Studies in Geology 5: Lophophorates. Notes for a short course. University of
Tennessee.

Wood, A. L., Probert, P. K., Rowden, A. A., & Smith, A. M. (2012). Complex habitat gener-
ated by marine bryozoans: a review of its distribution, structure, diversity, threats and
conservation. Aquatic Conservation: Marine and Freshwater Ecosystems, 22(4), 547–563.

Wood, T. S. (2021). Digestion and nutrition in freshwater bryozoans (Phylactolaemata). Inver-
tebrate Biology. https://doi.org/10.1111/ivb.12314

Worsaae, K., Frykman, T., & Nielsen, C. (2018). The neuromuscular system of the cyclostome
bryozoan Crisia eburnea (Linnaeus, 1758). Acta Zoologica, 101(2), 133–146.



130

Appendix I. Hornerid
morphotypes investigated during
this study

The work in Chapters 3 and 4 was carried out on members of the Horneridae currently
under taxonomic study. They are expected to be described and published in the near
future. This Appendix illustrates the species for reference purposes, but it should not be
regarded as a published description. Data is reproduced here with permission of A. M.
Smith from the article in preparation:

Smith, A.M., Batson, P.B., Waeschenbach, A., Taylor, P.D., Jenkins, H.L., Gordon, D.P.
in prep. Molecular and morphological techniques show bryozoan family Horneridae (Cy-
clostomata: Cancellata) in southern New Zealand is unexpectedly diverse.

Hornera robusta MacGillivray, 1883

Colonies up to 10–15 cm, tall and fan-like
Branch and peristomal anastomoses common
Colony made of flat fan-like branch systems
Colour uniform, cream at the base, pale orange distally
Abfrontal surface with regular longitudinal ridges
Gonozooids with 1–3 lobes, orange

A. Abfrontal view of a live colony. B. Abfrontal calcification with
long regular ridges.
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Hornera n. sp. 1

Colonies up to 8 cm, tree-like
Branch anstomoses rare
Abfrontal wall ‘dimpled’, with occasional ridges
Old colonies with long, bare stems
Colour non-uniform on abfrontal surface:
basal branches off-white with bright orange dots
scattered along midlines on abfrontal surfaces

A. Bleached colony. B. Abfrontal wall of living colony, showing
orange dots along branch midline.

Hornera n. sp. 2

Colonies 1–4 cm, compact
Colonies often made of ‘floret’ branch systems
Branch anastomoses rare, adventitious struts absent
Older colonies with heavily calcified central zone
Abfrontal wall striations irregular,
in thick basal branches forming swirling patterns
Colour uniform, deep orange
Gonozooids very large, multilobed

A. Bleached colony showing ’florets’. B. Abfrontal view of live
colony with heavy secondary calcification and irregular striae.

Horneridae n. gen., n. sp. 3.

Colonies small, gracile
Branch anastomoses absent
Frontal nervi subdued, abfrontal nervi developed
Colonies off-white, sometimes with porcellanous sheen
Detached colonies undergo reverse-polarity branch
regeneration
In erect form gonozooids short, densely cancellate
In planar form no complete gonozooids found

Bleached colonies. A. Erect morphotype on left, planar form on
right. B. Abfrontal view showing nervi.
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Abstract: Bryozoans are epibenthic suspension-feeders and

use their ciliated tentacles to generate feeding currents. Mod-

ern bryozoan mouth size limits the size of the particles that

can be ingested, and lophophore diameter is correlated with

water pumping rates. In fossil bryozoans these soft parts are

absent, however mouth and lophophore dimensions can be

inferred from preserved skeletons. Gondwanan Permian

palaeostomate bryozoans show distinct order-level trophic

partitioning across warm to cold-water faunas. In diverse

warm-water faunas of southern Thailand, fenestrate bry-

ozoans consumed the smallest food particles, cryptostomes

and trepostomes consumed mid-size particles, and cystopo-

rates consumed the largest, and widest range, of particles. In

contrast, in low diversity cold-water faunas of eastern Aus-

tralia, where cystoporates and cryptostomes are uncommon,

fenestrate bryozoans again consumed the smallest food parti-

cles, however the abundant trepostomes had much larger

mouths than their warm-water counterparts and consumed

the largest food particles. This variation in mouth size, espe-

cially in the trepostomes, suggests that within a regional

fauna mouth size is not controlled only by higher level sys-

tematics and that sessile benthic organisms are trophically

structured to utilize different sized food particles from a sus-

pended food source. Gondwanan Permian palaeostomates

had much larger mouth and lophophore sizes than modern

stenolaemates (cyclostomes) and are more comparable to

gymnolaemate (cheilostome) bryozoans. This suggests that

palaeostomates were able to access and consume the same

range of food resources as modern gymnolaemate bryozoans,

and feed at similar rates, prior to the marine environmental

changes at the close of the Palaeozoic.

Key words: palaeostomate, stenolaemate, lophophore, bry-

ozoan, Gondwana, trophic partitioning.

BRYOZOANS are colonial suspension feeding invertebrates

with an extensive fossil record (Taylor 2020; Ernst 2021).

They were conspicuous components of the Palaeozoic

marine epibenthos and abundant globally from warm to

cold waters (Taylor & Allison 1998; Taylor & Sendino

2010). As tiered suspension-feeders, they often formed

thickets elevated above the substratum supporting other

smaller and soft-bodied organisms. Palaeozoic bryozoans

all belonged to the class Stenolaemata, and almost all dis-

appeared during or soon after the end-Palaeozoic extinc-

tion (McKinney & Jackson 1991) (Fig. 1). The late

Palaeozoic stenolaemates, or Palaeostomata of Ma et al.

(2014), include the Cryptostomata, Fenestrata, Cystopo-

rata and Trepostomata, that existed alongside the sparse

but only surviving stenolaemates, the Cyclostomata. The

cyclostome stenolaemates flourished in the mid Mesozoic,

but reduced in diversity and abundance following the

appearance of the now dominant Cheilostomata in the

latest Jurassic (Taylor 1994).

Bryozoans are active feeders with a diverse range of

behaviours enabling them to select and reject suspended

particles (McKinney 1990; Riisg�ard & Manr�ıquez 1997;

Shunatova & Ostrovsky 2001, 2002). Modern bryozoans

primarily feed on phytoplankton, along with bacteria and

zooplankton (Winston 1977; McKinney & Jackson 1991),

with the size of ingested food particles limited by the size

of the mouth (Winston 1977, 1978; McKinney & Jackson

1991; Sanderson et al. 2000). The food particles are

brought toward the mouth by water currents generated by

the ciliated tentacles of the lophophore (e.g. Nielsen &

Riisg�ard 1998). Overall feeding success is often seen as

dependent on a number of zooidal and colony parameters.

Some are positively correlated with zooid size; for example,

the rates of water pumping and clearance efficiency are

higher in bryozoans with greater current-generating capa-

bilities (i.e. those with larger lophophores; Best & Thorpe

1986; Riisg�ard & Manr�ıquez 1997). Others include the

degree of coordination of the intra-colonial currents (Shu-

natova & Ostrovsky 2002) and position relative to external

currents (Okamura 1984; Eckman & Okamura 1998). Soft-

body zooidal parameters are usually positively correlated,

so that the animals with larger lophophores tend to have
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larger mouths (Winston 1977). This allows them to simul-

taneously access both a wider size range and greater abso-

lute number of particles, although a larger body necessarily

brings greater metabolic cost. Nevertheless, bryozoans with

larger mouths are able to access more particles across a

wider size range than species with smaller mouths; modern

cyclostomes, with their smaller mouths, cannot feed on as

broad a size range of food as modern cheilostomes

(McKinney & Jackson 1991).

Within modern bryozoan species with larger mouths

and lophophores, the skeletal aperture is also correspond-

ingly larger. Since zooidal parameters of the cystid and

the polypide are positively correlated (Winston 1981;

McKinney & Boardman 1985; Tamberg & Smith 2020),

one can infer these soft-body traits from skeletal remains

of the fossil bryozoans. It is important to keep in mind,

however, that all such inferences contain large margins of

error and should be treated cautiously.

Previous attempts to estimate soft-part morphology in

stenolaemate Palaeozoic bryozoans (i.e. Snyder 1991)

were based on calculations derived from gymnolaemate

cheilostomes, as this is the most widely studied modern

group. Recent work by Tamberg & Smith (2020) devel-

oped stenolaemate (cyclostome) based regressions for

reconstructing soft-part metrics from fossil material and

these are applied here to assess soft-part morphology in

Permian bryozoans faunas. While cyclostomes are the

closest relatives to palaeostomates, the latter differ in

aspects of reproductive biology and wall structure, and

potentially have a smaller polypide (Taylor 2020). Thus

reconstructions of palaeostomate biology based on that of

cyclostomes should be made with caution. However it is

reassuring, with respect to feeding structures, that excep-

tionally preserved palaeostomates reveal the same number

of lophophore tentacles as would be expected of a cyclos-

tome of the same skeletal dimensions (Boardman &

McKinney 1976; Tamberg & Smith 2020).

The dataset used in this study is based on early Per-

mian Gondwanan faunas where oceanographic and latitu-

dinal differences drove order-level bryozoan diversity

dynamics (Reid & James 2008). In Permian high southern

latitudes, cold-water bryozoan faunas are overwhelmingly

dominated by Fenestrata and Trepostomata (Crockford

1945; Reid 2003) in contrast to warmer water lower lati-

tude faunas of Tethyan affinity that comprise all late

Palaeozoic bryozoan orders (Ross 1995; Gilmour &

Morozova 1999; Reid & James 2008).

This study aims to establish mouth and lophophore

sizes of late Palaeozoic faunas, to examine partitioning in

mouth sizes between orders and the impact of diversity

dynamics on trophic structuring. We also compare these

results to modern bryozoan mouth and lophophore data

to investigate similarities and differences between Permian

and modern faunas.

F IG . 1 . Approximate diversity and ranges of stenolaemates and gymnolaemates through the Phanerozoic. Cross hatched shading dis-

tinguishes the cyclostome stenolaemates from the palaeostomates of Ma et al. (2014). Gymnolaemates are shown in paler grey. After

McKinney & Jackson (1991), Taylor & Waeschenbach (2015) and Ernst (2018). The Cryptostomata here includes the Ptilodictyina,

Rhabdomesina and Timanodictyina following Ernst (2018).
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GEOLOGICAL SETTING AND
BRYOZOAN FAUNAS

The Gondwanan region was located near the southern

pole during the Late Palaeozoic ice age (Li & Powell

2001). Glaciomarine depositional settings were present

throughout the Carboniferous and into the earliest Per-

mian (Sakmarian) in the southern Tethyan terranes and

Western Australian basins, and persisted through to the

late early Permian (Artinskian) in eastern Australia

(Crowell 1999; Frank et al. 2015).

Eastern Australia

In eastern Australia the Tasmania Basin was located at

approximately 75°S, and the Sydney–Bowen Basin centred

at approximately 60°S (Li & Powell 2001) (Fig. 2). Gla-

ciation is recorded by well-developed diamictites and/or

pebbly mudstone of glacial origin in the Tasmania and

Sydney basins in the Late Carboniferous to earliest Sak-

marian (Domack et al. 1993; Eyles et al. 1998; Fielding

et al. 2010). Glacial activity continued throughout the

Permian in eastern Australia, including the Bowen Basin

(James et al. 2009), as short sharp glacial and interglacial

phases, and was more protracted than elsewhere in Gond-

wana (Frank et al. 2015).

In the glaciomarine setting of eastern Australia, bra-

chiopods, bryozoans, crinoids and the bivalve Eurydesma

thrived and accumulated in fossiliferous limestones and

siltstones. Bryozoan fossils are abundant, but of low

diversity, and faunas are dominated by fenestrates and

trepostomes (Crockford 1945; Reid & James 2008, 2010).

In the Tasmania Basin cystoporate bryozoans are extre-

mely rare, with a very low abundance of cryptostomes

existing alongside the very abundant fenestrates and often

large colonies of trepostomes (Crockford 1951; Reid 2003;

Reid & James 2008). Northward in the Sydney Basin

diversity increases slightly in all groups, but fenestrate

and trepostome forms still dominate the bryozoan fossil

assemblage (Crockford 1951; Reid 2003). Further north,

Permian bryozoan fossil assemblages in the Bowen Basin

remain dominated by fenestrates and trepostomes, how-

ever diversity and abundance of cystoporates and cryp-

tostomes is slightly higher (Wass 1968; Reid & James

2008, 2010).

Western Australia

In Western Australia depositional settings were glaciomar-

ine throughout the Carboniferous and into the Sakmarian

(Mory et al. 2008), however, while glacial dropstones

continued in places, rapid warming is recorded by the

end of the Artinskian (Haig et al. 2014, 2017). In the

Canning Basin of the northern Western Australian mar-

gin, brachiopod faunas show Tethyan affinities and were

warm temperate in origin (Haig et al. 2017). Similarly,

further south in the Carnarvon Basin, in warmer deposi-

tional settings of the Artinskian, brachiopod faunas show

increasingly Tethyan affinities (Archbold & Shi 1995; Haig

et al. 2017).

The bryozoan fossil assemblages of Western Australia

are notable for cosmopolitan and endemic cystoporate

genera, but they also contain diverse fenestrates, trepos-

tomes and cryptostomes (Crockford 1951). Overall, faunal

diversity is higher than in eastern Australia (Reid & James

2008) and in general more complex; there is increased

diversity in morphological form and zooid structures in

fenestrates, as well as more abundant and diverse cryp-

tostomes and cystoporates. Cystoporate colonies are also

notably abundant, and forms more diverse, in Western

Australian bryozoan faunas in comparison to eastern Aus-

tralian faunas. Like brachiopod faunas, bryozoans show

affinities with Tethyan faunas (Reid & James 2008).

Southern Thailand

Many east and south-east Asian terranes, including the

Sibumasu Terrane, had their origins on the northern mar-

gin of Gondwana (Metcalfe 2013). The Sibumasu terrane,

now cropping out in Burma, peninsular Thailand and

Malaysia, and western Sumatra, includes Carboniferous

and earliest Permian glaciomarine rocks (Metcalfe 2013)

overlain by younger Permian warm-water limestones

(Chinoroje 1993). The Sibumasu Terrane rifted from the

western Australian margin in the early Permian and fau-

nal affinities become progressively more tropical as the

Sibumasu Terrane rapidly drifted northwards (Shi &

Archbold 1998; Metcalfe 2002). The Rat Buri Limestone,

cropping out in the southern Thailand portion of the

Sibumasu Terrane, contains brachiopods indicating an

Artinskian–Kungurian (late early Permian) age (Shi &

Archbold 1998), along with large benthic foraminiferans,

tabulate corals and ooids indicative of warm-water ramp

and platform carbonate settings (Chinoroje 1993). The

bryozoan fauna of the Rat Buri Limestone is diverse and

includes abundant cystoporates, cryptostomes and fenes-

trates, along with frequent trepostomes (Reid & James

2008).

METHOD

Zooecial aperture dimension and apertural spacing data

were gathered from measurements provided in systematic

descriptions of Permian bryozoans of eastern Australia
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(Crockford 1941a, b, 1943, 1945; Wass 1968; Reid 2003;

Morozova 2004), Western Australia (Crockford 1944a, b,

c, 1957; Ross 1963) and the Rat Buri Limestone of south-

ern Thailand (Sakagami 1966, 1968a, b, c, 1970, 1971,

1973, 1975, 1999; Reid 2001). The data for apertural size

and closest spacing (centre to centre) were used in the

form of averages, either directly as reported by the source,

or calculated from maximum and minimum if only the

range data were available. Where spacing data were not

available in measurements, they were either taken from

figured material, or calculated from quoted number of

apertures in a given distance, or are left missing.

We examined whole regional faunas as well as orders

Cryptostomata, Cystoporata, Fenestrata and Trepostom-

ata. The Timanodictyina, considered to be an independent

order by some authors (e.g. Goryunova 1994; Ma et al.

2014) are here included within the Cryptostomata as they

are only represented by a single unnamed and question-

able Timanodictya species in the southern Thailand fauna

(see Sakagami 1973).

Expected polypide mouth size was calculated from

mean skeletal aperture size (Fig. 3) using the regression

formula of Tamberg & Smith (2020) derived from mod-

ern stenolaemate bryozoans. Palaeozoic systematic descrip-

tion measurements are traditionally expressed in millimetres,

and the regression model of Tamberg & Smith (2020) (orig-

inally expressed in microns) was converted to millimetres

using the equation

MD ¼ 0:22� ½ðAWþ ALÞ=2� þ 0:011

F IG . 2 . Location map of relevant basins in the late early Permian (Artinskian–Kungurian). A, relative position of continents globally.

B, detail of southern Gondwana in the early Permian, with crossed hatched grey shading showing the position of the Tasmania and

Sydney–Bowen basins of eastern Australia, the Perth, Carnarvon and Canning basins of Western Australia, and the relative position of

the Sibumasu block in the early Permian following rifting from the north-west Australian margin. Palaeocurrent direction arrow for

the southern Tethys and eastern Australian Gondwanan margin after Archbold (1998). Base map modified after Scotese & McKerrow

(1990), Metcalfe (2002) and Ziegler et al. (1998).
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where MD is mouth diameter in a protruded polypide

during normal feeding, AW aperture width and AL aper-

ture length. Tamberg & Smith (2020) also produced a

regression model for stenolaemate lophophore diameter

(crown diameter) using the skeletal orifice as the predic-

tor. As with mouth size, the regression model of Tamberg

& Smith (2020) was converted from microns to millime-

tres and is expressed by the equation

LD ¼ 1:9� ½ðAWþ ALÞ=2� þ 0:1639

where LD is lophophore diameter in millimetres. It is

important to keep in mind that formulae in Tamberg &

Smith (2020) were developed for animals with tubular

zooids, in which the length of the cystid rarely limits

polypide length. Thus, it will give most reliable results for

species of similar geometry. As aperture size is the predic-

tor in both equations, the equation of Snyder (1991) to

calculate lophophore diameter is also applied in this study

as it uses an alternative predictor and removes linear rela-

tionships when displayed against mouth diameter. Snyder

(1991) derived the equation

LD ¼ 1:5� AS

from the modern gymnolaemate Cryptosula pallasiana data

of Winston (1977), where AS is apertural spacing. The

apertural spacing of the closest neighbours was used by

Snyder (1991), and this is followed in this study where

possible (i.e. across the branch in fenestrates). Nearest

neighbour spacing was shown to be correlated to lopho-

phore size by McKinney & Jackson (1991) and allows the

most conservative estimate of lophophore size. When

unavailable, however, the average apertural spacing was

used instead. All calculated mouth and lophophore diam-

eters are presented in Reid & Tamberg (2021).

Mouth and lophophore diameter measurements of living

cheilostome and cyclostome bryozoans were gathered from

published literature (Borg 1944; Rogick 1949; Ryland 1967,

1975, 1977; Winston 1977, 1978, 1979; Best & Thorpe

1986; Pouyet & Herrera-Anduaga 1986; Ryland & Hayward

1991; Riisg�ard & Manr�ıquez 1997; Nielsen & Riisg�ard 1998;

Gordon & Taylor 2001; Shunatova & Ostrovsky 2001;

Ramalho et al. 2009; Ryland et al. 2009), obtained from

Tamberg & Smith (2020) and new measurements collected

by YT (see Reid & Tamberg 2021). The values of all input

parameters are arithmetic means. In the latter two sources

the means are based on numerous measurements of zooids

with feeding polypides (mature and young) and incorpo-

rate wide intraspecific variability (for details see Tamberg &

Smith 2020). Lophophore diameter may be listed as tenta-

cle crown diameter in publications on modern bryozoans,

and is presented here in the same terminology as is stan-

dard in Palaeozoic stenolaemate systematics.

All statistical analyses were performed, and plots gener-

ated, in Excel and R v.4.0 (R Core Team 2020), and

are presented in Tables 1 and 2. For general assessment

of the reconstructed variables, we performed Pearson

correlation tests and linear regression analyses of the

lophophore versus mouth data, as well as lophophore

diameters reconstructed with different formulae. Since two

soft-body variables are independent in origin (recon-

structed from other regressions) and neither can be seen as

F IG . 3 . Schematic diagrams of relevant skeletal and polypide components. A, trepostome tangential view that represents apertural

dimensions and spacing for large branching, encrusting, foliose and massive trepostomes, cystoporates and cryptostomes. B, tangential

schematic of a fenestrate mesh that represents apertural parameters and spacing for fenestrate forms, and thin branched cryptostomes

and trepostomes; AL, apertural length; AS, apertural spacing; AW, apertural width. C, cross sectional view of the living polypide

within the skeleton; LD, lophophore diameter; MD, mouth diameter.
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TABLE 1 . Mean, median, range and standard deviation (all in mm) of calculated palaeostomate mouth and lophophore measure-

ments.

Mean Min. Max. SD Median N

Mouth diameter (mm)

Eastern Australia 0.060 0.033 0.114 0.018 0.057 45

Western Australia 0.057 0.029 0.114 0.019 0.054 78

Southern Thailand 0.049 0.027 0.092 0.015 0.048 80

Lophophore diameter (mm)

Eastern Australia 0.544 0.326 1.250 0.145 0.531 43

Western Australia 0.602 0.285 1.155 0.179 0.578 56

Southern Thailand 0.551 0.326 0.855 0.134 0.498 64

Mouth diameter (mm)

Cryptostomata 0.050 0.033 0.080 0.010 0.050 38

Cystoporata 0.069 0.040 0.114 0.019 0.063 46

Fenestrata 0.041 0.027 0.063 0.009 0.040 67

Trepostomata 0.062 0.034 0.114 0.017 0.063 529

Lophophore diameter (mm)

Cryptostomata 0.602 0.435 0.855 0.138 0.600 27

Cystoporata 0.755 0.495 1.250 0.162 0.735 31

Fenestrata 0.476 0.326 0.681 0.080 0.467 67

Trepostomata 0.549 0.285 0.800 0.112 0.545 38

Mouth diameter (mm)

Southern Thailand

Cryptostomata 0.048 0.033 0.060 0.008 0.050 26

Cystoporata 0.069 0.040 0.092 0.015 0.065 17

Fenestrata 0.038 0.027 0.059 0.008 0.036 23

Trepostomata 0.047 0.036 0.063 0.009 0.046 14

Western Australia

Cryptostomata 0.057 0.043 0.080 0.013 0.054 9

Cystoporata 0.070 0.043 0.114 0.021 0.058 28

Fenestrata 0.038 0.029 0.050 0.006 0.037 23

Trepostomata 0.062 0.044 0.080 0.011 0.062 18

Eastern Australia

Cryptostomata 0.043 0.040 0.047 0.004 0.044 3

Cystoporata 0.062 0.062 0.062 – 0.062 1

Fenestrata 0.049 0.033 0.063 0.008 0.048 21

Trepostomata 0.073 0.034 0.114 0.018 0.070 20

Lophophore diameter (mm)

Southern Thailand

Cryptostomata 0.573 0.435 0.825 0.126 0.510 20

Cystoporata 0.711 0.540 0.855 0.080 0.705 14

Fenestrata 0.447 0.326 0.552 0.060 0.449 23

Trepostomata 0.510 0.405 0.600 0.075 0.495 7

Western Australia

Cryptostomata 0.741 0.645 0.855 0.098 0.731 4

Cystoporata 0.762 0.495 1.155 0.170 0.743 16

Fenestrata 0.486 0.357 0.681 0.087 0.476 23

Trepostomata 0.568 0.285 0.800 0.161 0.546 13

Eastern Australia

Cryptostomata 0.612 0.495 0.825 0.185 0.516 3

Cystoporata 1.250 1.250 1.250 – 1.250 1

Fenestrata 0.496 0.326 0.666 0.085 0.513 21

Trepostomata 0.550 0.375 0.749 0.079 0.545 18

See Reid & Tamberg (2021) for individual species data.

Mouth diameter calculated using Tamberg & Smith formula; lophophore diameter calculated using Snyder formula.
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a meaningful predictor to the other, we assigned them

arbitrarily. Mouth diameter was treated as a predictor and

lophophore as response purely in order to complete the

regression. No regression formulae are reported, since both

variables can be calculated from skeletal parameters, and

with a greater accuracy, than when inferred from each

other. In all subsequent analyses lophophore and mouth

diameter were treated separately.

To compare the morphometries of the fossil communi-

ties from different regions and of different taxonomic

positions, two-way and three-way ANOVAs were performed

separately for the lophophore and mouth diameters,

respectively. Three groups had very few observations (1

cystoporate and 3 cryptostomates in eastern Australia, 4

cryptostomates from Western Australia) and thus were

excluded from the analysis. To compare fossil faunas with

modern cheilostomes and cyclostomes, three one-way

ANOVAs were done separately for lophophore diameter as

calculated with Snyder’s formula, Tamberg & Smith’s for-

mula, and for mouth diameter. When significant effects

were found, we performed post-hoc Tukey HSD tests to

identify dissimilar groups.

RESULTS

Permian forms

For all bryozoan species, unified across regions and

groups, mouth diameter (Tamberg & Smith formula) and

lophophore diameter (Snyder formula) have a weak posi-

tive correlation (r = 0.46), with lophophore diameter

increasing with mouth size (Fig. 4A). The same pattern

holds, with small variations, within the geographical

regions (r = 0.38, 0.53 and 0.56). Although each region

demonstrates notable variation in data distribution, all

regression models are statistically significant (p < 0.05),

albeit with relatively low r2. The slopes of regression lines

are also positive and statistically significant (p < 0.05).

For each of the soft body parameters we performed

ANOVAs using region and taxonomic positions as predic-

tors. For lophophore diameter, both predictors had signif-

icant effects (p = 0.011 and p < 0.001 for location and

taxonomic position, respectively). For the measures of the

mouth, two predictors as well as the interaction term had

significant effects (p < 0.001 for location and taxonomic

position, p < 0.01 for interaction term). We identified

specific groups that differed significantly from the rest

using Tukey’s HSD test. Lophophore diameter was largest

in the bryozoan communities of Western Australia, and

differed significantly from eastern Australia (p = 0.026)

and Thailand (p = 0.028). Average mouth size from east-

ern Australian communities was largest and also differed

significantly from that of Thailand (p < 0.001) and Wes-

tern Australia (p = 0.011).

Considering taxonomic position, significant differences

were present in lophophore diameters between all orders

except Trepostomata and Cryptostomata (Tukey HSD

p = 0.3). For mouth diameter, all orders demonstrated

significant differences (Fig. 4B). Two orders which

demonstrated the most contrasting mouth and lopho-

phore sizes were Fenestrata and Cystoporata (difference

between means �0.24 and �0.03 mm for lophophore

and mouth sizes respectively). Despite some overlap of all

groups, fenestrates occupied the smallest mouth and

lophophore morphospace, trepostomes had small lopho-

phores in comparison to other groups, but routinely

exhibited the largest mouths, and cystoporates had both

larger mouths and lophophores (Fig. 4B; Table 1).

Analysis of each individual region reveals more

restricted ranges for most groups (Fig. 5A–C). In warm-

water southern Thailand faunas, the fenestrates have the

smallest mouth and lophophore sizes, cystoporates as a

group possessed the largest mouths and lophophores, and

trepostomes and cryptostomes occupied morphospace

between these groups (Fig. 5A). In cooler-water Tethyan

Western Australian faunas (Fig. 5B) fenestrates again had

the smallest mouths and lophophores, the range of mouth

and lophophore size expanded in the cystoporates, and

the cryptostomes no longer overlapped fenestrates. In

eastern Australian cold-water faunas (Fig. 5C) the fenes-

trates again occupied the smallest mouth and lophophore

morphospace, however trepostomes show an expanded

range of mouth sizes and exhibit the largest mouth sizes

TABLE 2 . Mean, median, range and standard deviation (all in

mm) of modern mouth and lophophore measurements, and

palaeostomate lophophore diameter calculated using Tamberg &

Smith (2020) model.

Mean Min. Max. SD Median N

Modern mouth diameter (mm)

Cheilostomata 0.046 0.025 0.091 0.016 0.046 26

Cyclostomata 0.025 0.015 0.052 0.010 0.023 18

Modern lophophore diameter (mm)

Cheilostomata 0.585 0.261 1.044 0.167 0.581 36

Cyclostomata 0.395 0.244 0.627 0.110 0.355 31

Permian lophophore diameter (mm; Tamberg & Smith

formula)

Cryptostomata 0.500 0.354 0.758 0.087 0.501 38

Cystoporata 0.667 0.411 1.057 0.161 0.610 46

Fenestrata 0.425 0.305 0.616 0.075 0.411 67

Trepostomata 0.604 0.270 1.051 0.151 0.615 52

Eastern Australia 0.581 0.270 1.051 0.160 0.565 45

Western

Australia

0.562 0.316 1.057 0.167 0.539 78

Southern

Thailand

0.495 0.305 0.861 0.129 0.485 80

See Reid & Tamberg (2021) for full list of species and new data.
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in this fauna. When southern Thailand and eastern Aus-

tralian faunas are overlain on each other (Fig. 5D) the

ranges of fenestrate mouth and lophophore sizes broadly

overlap, however, eastern Australian lophophore diameter

is larger.

Interestingly, an interplay between location and taxo-

nomic position produced statistically significant effect on

the mouth diameter, which means that at least one taxo-

nomic group had dissimilar mouth sizes at different loca-

tions. An examination of the Tukey HSD matrix revealed

that trepostomes of eastern Australia differed from those

of southern Thailand (difference between means 0.027 mm,

p < 0.001) and Western Australia (difference between means

0.014 mm, p = 0.045). The mouth size of the trepostomes

in the cold-water eastern Australian faunas was distinctly

larger than that of the warm-water southern Thailand tre-

postomes, but similar to southern Thailand cystoporates

(Fig. 6). The latter is supported by a very small difference

between means (0.002 mm) and a high Tukey HSD p-value

(~1).

Comparison of Permian and modern forms

Derived mouth diameters for Permian palaeostomates for

each region are comparable to the total range shown in

physical measurements of modern forms; however, mean

diameters for each region are larger than the average for

modern faunas (cheilostome and cyclostome combined)

(Fig. 7A; Table 2). The mean mouth diameter in Permian

forms also increased slightly from warm-water southern

Thailand faunas to cold-water eastern Australian faunas

(Fig. 7A). The available data for modern forms (Reid &

Tamberg 2021) reveals that cyclostomes have significantly

smaller mean mouth diameters than every other group,

including cheilostomes (Fig. 7B; Table 2) with all Tukey

HSD p-values below 0.001. In Permian palaeostomates

differentiation is also shown within groups (Fig. 7B),

where fenestrates had the smallest range of derived mouth

sizes, and a mean diameter greater than modern cyclos-

tomes (difference between means 0.015 mm, p < 0.001),

but similar to modern cheilostomes (p > 0.6). Likewise,

cryptostomes show a mean derived mouth diameter simi-

lar to modern measured cheilostomes (p > 0.9). Two

other groups, Cystoporata and Trepostomata, had signifi-

cantly larger mean mouth diameters than Cheilostomata

(p < 0.001), even though the absolute values show a nota-

ble overlap.

As expected, lophophore diameters for Permian forms

inferred from the apertural spacing (Snyder 1991) and

the apertural diameter (Tamberg & Smith 2020) pre-

sented different absolute values (Fig. 8A). There are no

correlations between the two sets of estimates for Cysto-

porata and Cryptostomata (|r| < 0.12, p > 0.5), but positive

F IG . 4 . Plots of calculated mouth diameter (Tamberg & Smith regression model) and lophophore diameter (Snyder calculation) in

Palaeozoic stenolaemates. A, plotted by region. B, plotted by systematic group where all regions are grouped. Note as plots are

restricted by lophophore data point availability the min and max mouth data points of Table 1 may not be shown.

562 PALAEONTOLOGY , VOLUME 64



and moderately strong correlations for fenestrates (r = 0.42,

p < 0.001) and trepostomes (r = 0.58, p < 0.001). All inter-

group differences were significant except for Trepostomata–
Cryptostomata if reconstructed with Snyder’s formula

(p > 0.2), or Trepostomata–Cystoporata if based on the

model of Tamberg (p = 0.06). Nevertheless, for both meth-

ods, fenestrates have the smallest mean values and cystopo-

rates the largest, with cryptostome and trepostome means

F IG . 5 . Plots of calculated mouth diameter (Tamberg & Smith regression model) and lophophore diameter (Snyder calculation) in

Palaeozoic stenolaemates. A, southern Thailand bryozoans segregated by systematic group. B, Western Australian bryozoans segregated

by systematic group. C, eastern Australian bryozoans segregated by systematic group. D, overlay of southern Thailand and eastern Aus-

tralian systematic groupings. Note as plots are restricted by lophophore data point availability the minimum and maximum mouth

data points of Table 1 may not be shown.
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falling in between regardless of the formula used. Permian

fenestrates do not differ from modern cyclostomes in lopho-

phore diameter (p > 0.8 for Tamberg method), whereas

cryptostome, cystoporate and trepostome lophophore diam-

eters are significantly different (all p < 0.001). Permian tre-

postomes have similar lophophore diameters to modern

cheilostomes (p > 0.9 for Tamberg method), while the other

three groups demonstrate statistically significant differences

(p < 0.05). Cystoporates in particular have the largest mean

lophophore diameters.

As aperture diameter is the predictor for both lopho-

phore and mouth diameter in the Tamberg & Smith

(2020) model, the distribution of results is the same for

derived Permian mouth and lophophore diameters,

although absolute values differ. However, despite similar-

ity in overall lophophore size results, the Snyder (1991)

and Tamberg & Smith (2020) methods of deriving

lophophore diameters use different predictors, and the

data differ in detail. When comparing the derived lopho-

phore diameter within each region (Fig. 8B), fenestrates

from Western Australia have overall larger lophophores

when calculated using the Snyder formula, however east-

ern Australian and southern Thailand fenestrates reveal

similar results with each method. Western Australian

cystoporates and cryptostomes also have larger derived

diameters than southern Thailand faunas; data for these

groups in eastern Australia is sparse. Within the trepos-

tomes, the range of derived lophophore diameters is sim-

ilar for each method for southern Thailand and Western

Australian faunas, but eastern Australian faunas show

larger lophophores using the Tamberg & Smith (2020)

regression.

DISCUSSION

The strength of the correlation between lophophore and

mouth diameter found in this study was relatively low

compared to the correlation between the same soft-body

parameters in Tamberg & Smith (2020) (i.e. 0.46 vs 0.67).

The most likely reasons for this discrepancy are the

probabilistic nature of the reconstruction (note large pre-

dictive intervals in Tamberg & Smith 2020) and particu-

larly the nature of the Snyder’s formula. His model was

based on an encrusting cheilostome, but applied here

for a variety of stenolaemates. It is, however, the only

predictive model based on interzooidal distances, and, as

such, is indispensable. Even with these considerations,

however, inference-based correlations in this study and

measurement-based correlations in Tamberg & Smith

(2020) both produced moderately strong positive correla-

tions. We believe that our inferences are biologically mean-

ingful, even if not very accurate.

The overall range of mouth and lophophore sizes

shown in bryozoan faunas from warm-water southern

Thailand through to cold-water eastern Australian reveals

that bryozoan faunas of these regions consumed food

particles over broadly similar size ranges, although mean

diameter increased with latitude. The differing mouth size

range of each bryozoan order, however, shows that

trophic partitioning is occurring between bryozoan taxa.

Across all studied Gondwanan faunas, the Fenestrata

occupy morphospace with the smallest mouths and

lophophores, the Cryptostomata and Trepostomata show

a broad morphological range and the Cystoporata have

larger average mouth and lophophore sizes than other

F IG . 6 . Calculated mouth dia-

meter only (Tamberg & Smith

regression model) for Palaeozoic

stenolaemates in each region, subdi-

vided by group. Box and whisker

shows median (horizontal line),

25th and 75th percentiles (box) and

1.5 times the interquartile range

(whisker).
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groups (Fig. 4B; Table 1). These groups possess a variety

of morphologies, but all include upright erect rigid forms

tiered above the sediment-water interface and capable of

feeding on a suspended supply of food particles, to which

they should all be exposed.

The partitioning of mouth size indicates a partitioning

of trophic resources within bryozoans, whereby fenestrates

in particular are restricted to the smallest food particles,

and other groups are able to consume a wider range of food

particles, as has been shown by Winston (1977) for modern

bryozoans with larger mouths. Similarly, as the lophophore

size approximates relative pumping rates (Riisg�ard & Man-

r�ıquez 1997), the cystoporates and many trepostomes must

have had much greater pumping rates than fenestrates.

Trophic structuring by region

The mouth and lophophore sizes are very clearly parti-

tioned in the most diverse fauna studied here (the warm-water

southern Thailand), where all major Permian orders were

present (Fig. 5A). The fenestrates occupied the smallest

mouth and lophophore morphospace, the cystoporates

had the largest mouths and were therefore consuming the

largest range of food particles, and the cryptostomes and

trepostomes occupy mid-range mouth size morphospace

(Fig. 5A). In the least diverse faunas, those of cold-water

eastern Australia, where cystoporates were rare and faunas

are overwhelmingly dominated by fenestrates and trepos-

tomes (Crockford 1945; Reid 2003; Reid & James 2010), the

partitioning of resources between each group is quite differ-

ent. Cold-water fenestrates again had the smallest mouths

and lophophores (although greater than their warm-water

counterparts; Fig. 5C; Table 1) and were consuming the

smallest food particles. By contrast, in the absence of abun-

dant cystoporates, the trepostomes expanded their range

and had much larger mouth sizes (Fig. 6). In these cold-

water faunas they were likely to consume the largest food

particles, a niche left open by the absent cystoporates. In

eastern Australian faunas, cryptostomes were present in low

numbers and exhibit similar mouth sizes to those of south-

ern Thailand faunas.

F IG . 7 . Comparison of measured mouth diameter in modern groups with calculated mouth diameter of Palaeozoic bryozoans. Mod-

ern mouth diameter data from Tamberg & Smith (2020) and compiled from earlier literature for most cheilostomes, Palaeozoic data

from this study. A, Palaeozoic bryozoans plotted by region, modern bryozoan plotted by group, each with mean and standard devia-

tion shown. B, Palaeozoic bryozoans plotted according to systematic group, modern bryozoans plotted by group with a combined

mean and standard deviation shown.
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The diverse Western Australian faunas, influenced by

Tethyan ocean circulation (Archbold 1998; Reid & James

2008) despite being cooler-water, show a similar mor-

phospace distribution to the warm-water southern Thai-

land faunas with respect to fenestrates and cystoporates.

Both the cryptostomes and trepostomes occupy larger

mouth size morphospace than in southern Thailand fau-

nas and probably competed with the cystoporates, despite

the abundance and diversity of this later group in the

Western Australian fauna. One explanation may be that

food resources differed in these cooler waters and there

were a greater abundance of larger food particles. Modern

phytoplankton size structure varies globally with typically

larger cells at higher latitudes, linked to nutrient supply

rather than temperature (Mara~n�on 2015).

The differing mouth sizes between warm-water diverse

faunas and cold-water low diversity faunas, especially in the

trepostomes, and less so within the cryptostomes and fenes-

trates, indicate a high degree of variability within the zooid

size in these groups. Clearly the trepostomes had capacity

for producing zooids with larger mouths and lophophores,

as shown by eastern Australian species, but it is possible

that competition with cystoporates in warm-water diverse

faunas results in a more restricted feeding range. Trophic

structuring was well defined by bryozoan order in warm-

water diverse faunas where competition for space and food

may be higher, but is less defined in cooler water settings

where faunas were less diverse, though no less abundant.

Feeding in Permian forms

When considering bryozoan trophic structuring within

Permian faunas, as above, the absolute mouth and

F IG . 8 . Comparison of measured lophophore diameter in modern groups with calculated mouth diameter of Palaeozoic bryozoans.

Palaeozoic data from this study. Lophophore diameter for Palaeozoic forms is shown for both the Tamberg & Smith (2020) and

Snyder (1991) model. A, modern cyclostomes and cheilostomes, and Palaeozoic stenolaemates by systematic group. B, Palaeozoic

bryozoans plotted by region.
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lophophore size is of little importance, as the main con-

sideration is trophic partitioning with respect to each

other. However, to better understand the true feeding

abilities of Palaeozoic bryozoans, comparison needs to be

made to modern forms, where feeding abilities can be

directly measured. Until recently most modern studies

focused on the gymnolaemate cheilostomes rather than

the less numerous cyclostomes that, like Palaeozoic forms,

belong to Stenolaemata. Although there are biological dif-

ferences between cyclostomes and palaeostomates (Taylor

2020) they remain the most appropriate modern ana-

logue.

The mouth diameters of Permian faunas derived using

the regression from Tamberg & Smith (2020), while

broadly similar across regions, are in absolute average size

larger than their modern counterparts, and average

mouth size increased with increasing latitude in Gond-

wanan faunas (Fig. 6). In particular, Permian stenolae-

mate mouth sizes were larger than modern stenolaemate

cyclostomes. Although issues of preservation enlarging

skeletal apertures cannot be ruled out, the impact of this

would be minimal as measured taxonomic descriptions of

species are usually made on the most representative and

best preserved material. A likely explanation may be in

differing food particle sizes in the Palaeozoic and post-

Palaeozoic as the diatoms, coccolithopores and dinoflagel-

lates, which dominate modern oceans, did not appear, or

appear in significant numbers, until the Mesozoic (Falk-

owski et al. 2004, Knoll et al. 2007). Cyanobacteria and

green algae formed a major component of Palaeozoic

planktonic marine food resources, along with red algae,

fungal spores and organic walled microfossils (acritarchs)

of unknown affinity (Knoll et al. 2007) that persisted to

the end of the Permian (Lei et al. 2013). Of particular rel-

evance to Gondwanan bryozoan faunas is the notable

abundance of the green alga Tasmanites in southern

Gondwana in the late Palaeozoic and its association with

sea ice environments (Domack et al. 1993; Revill et al.

1994). This alga varies in size and may be over 60 lm
(Revill et al. 1994), which is larger than the generally

accepted food size of <50 lm for modern marine

bryozoans (Winston 1977; McKinney & Jackson 1991).

One should keep in mind, however, that larger, non-

equidimensional food sources, such as pinnate diatoms,

are also ingested by modern bryozoans (Tamberg et al.

2013) as the mouth is flexible and can open wide to con-

sume outsized particles. It is possible that differing food

resources influence the absolute mouth size for bryozoans

as a group in the Palaeozoic, and that regional food

resources drive the higher average mouth size in cold-

water Gondwanan faunas.

The partitioning of mouth sizes and therefore food

particle ranges within Permian groups (Fig. 5), as well as

comparison with modern forms (Fig. 6), reveals not only

that palaeostomates could be trophically partitioned, but

that it is likely that they had larger mouths and consumed

larger particles than modern cyclostome stenolaemates.

Palaeostomates were heavily impacted by the late Permian

environmental crisis and extinction, and only the cryp-

tostomes and trepostomes survived into the Triassic

before finally succumbing. The cyclostomes, never com-

mon in the Palaeozoic, diversified in the Mesozoic and

for a time were the dominant bryozoan group. Cheilos-

tomes appeared in the late Jurassic (Taylor 1994) and

continued to increase in abundance and diversity

throughout the late Mesozoic and Cenozoic, and now

dominate modern bryozoan faunas (McKinney & Jackson

1991; Bock & Gordon 2013). They also possess larger

mouth diameters (Fig. 7B) and can thus consume food

particles over a greater range than cyclostomes. Palaeozoic

stenolaemates clearly had the capacity for larger mouths

and consumption of larger food particles. Although cur-

rently untested in the literature, the smaller mouth size in

modern cyclostome stenolaemates may be due to the suc-

cess of the cheilostomes, restricting the food size niche of

cyclostomes to particles much smaller than those that

Palaeozoic stenolaemates could have accessed (McKinney

& Jackson 1991).

Feeding efficiency in Permian forms

The protrusion of lophophores for feeding in modern

cyclostome stenolaemates is restricted by the volume-

compensating capabilities of the membranous sac and

body cavities (Taylor 1981). The tentacle sheath almost

never protrudes above the aperture, severely limiting the

behavioural repertoire of these animals (Shunatova &

Ostrovsky 2001, 2002). Cyclostome tentacles possess the

lateral cilia responsible for feeding current generation,

and laterofrontal cilia which may participate in particle

trapping, but lack the frontal cilia (variously developed in

cheilostomes) that may be involved in particle transport

to the mouth (Riisg�ard & Manr�ıquez 1997; Nielsen &

Riisg�ard 1998). The volume of water that can be pumped

through the lophophore for particle capture depends on

current-generating capacity of the lophophore (i.e. num-

ber and length of the lateral cilia or, less directly, the ten-

tacle length) and the area of the inhalant opening of the

lophophore (approximated by lophophore diameter)

(Riisg�ard & Manr�ıquez 1997). The limited protrusion in

cyclostomes may partly limit their pumping rates, as ten-

tacles, and their lateral cilia, may not be fully exposed

above peristomes (Taylor 1981; Tamberg & Smith 2020).

However, the results of Riisg�ard & Manr�ıquez (1997)

show that cyclostome tentacle-specific pumping rates,

expressed in ml/h per 1 cm of the tentacle length, are

low but not dramatically different from examined
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cheilostomes. Indeed, an estimated value of 0.88 ml/h/cm

for Crisia eburnea is located in the 26th percentile of the

total range (0.55–3.24 ml/h/cm; Riisg�ard & Manr�ıquez

1997). Therefore, it may be expected that palaeostomates

with larger lophophores may also have had correspond-

ingly higher pumping rates.

Modern cyclostome lophophores are smaller than

cheilostome lophophores (Fig. 8), but more likely to

have obliquely truncated crowns spread across the col-

ony (Tamberg & Smith 2020) rather than restricted to

discrete parts of the colony, as in cheilostomes, where

they produce exhalent currents (Lidgard 1981; Winston

1981; Shunatova & Ostrovsky 2002). Asymmetrical

lophophores are linked with increased velocity of cur-

rents (Lidgard 1981; Winston 1981; McKinney 1990)

and the increased efficiency of truncated lophophores in

cyclostomes may allow them to compensate for their

smaller polypide size compared to cheilostomes. In mod-

ern bryozoans, truncated lophophores are known across

encrusting, branching and fenestrate colonies (McKinney

1990). The shape of the lophophore in Palaeozoic steno-

laemates is not preserved, but asymmetrical lophophores

could be expected in at least some colonies, especially

those with maculae (Banta et al. 1974). Previous theoret-

ical analysis of fenestrate morphospace by Starcher &

McGhee (2000) reveals that forms with more than two

rows of zooecia would require truncate lophophores in

lateral rows to maintain the optimum feeding arrange-

ment. Additionally, in modern cyclostomes, as the num-

ber of tentacles increases, the general dimensions and

shape of the lophophore approaches that of the cheilos-

tomes (Tamberg & Smith 2020). Likewise tentacle num-

ber generally increases with mouth size in modern

cyclostomes (Tamberg & Smith 2020) and thus it is

likely that tentacle number was higher in the larger

mouthed palaeostomates. Rare soft-part preservation

and apertural ornamentation also indicate that tentacle

number in fossil stenolaemates is similar to modern

bryozoans (Boardman & McKinney 1976; McKinney &

Jackson 1991). In summary, it seems likely that many

palaeostomates, with larger lophophores than modern

cyclostome stenolaemates (Fig. 8), may have had similar

feeding capacity to modern cheilostomes. In the absence

of data it must be assumed that palaeostomates pos-

sessed the same restricted lophophore protrusion and

absence of frontal cilia as modern cyclostomes, suggest-

ing limited feeding efficiency. However, the larger size

of lophophores determined here in Permian forms, and

the relationship to higher pumping rates in modern

bryozoans (Riisg�ard & Manr�ıquez 1997), alongside the

recent finding of increased widespread asymmetric

lophophores in modern forms (Tamberg & Smith 2020)

associated with increased current velocity (Lidgard 1981;

Winston 1981), again suggests that feeding capacity in

palaeostomates, apart from perhaps Fenestrata, may have

matched that of modern cheilostomes.

The rate at which modern bryozoans ingest particles

from the surrounding water is not uniform. In particular,

it has been shown that the speed of feeding currents

(Sanderson & Thorpe 1996) and clearance rate (Menon

1974; Riisg�ard & Manr�ıquez 1997) increases with temper-

ature and responds to changes in particle concentration

(Bullivant 1968; Best & Thorpe 1986; Riisg�ard & Man-

r�ıquez 1997). This may also mean that warmer-water bry-

ozoans are more efficient at gathering food particles, and

as clearance rates decrease in colder-waters, the amount

of food ingested per unit time will decrease if species have

too narrowly restricted size ranges. It is necessary to be

cautious with such interpretations, because the increased

range of mouth sizes in Palaeozoic cold-water eastern

Australian forms (Fig. 6), especially the trepostomes, may

stem from a number of possible causes. Increased mouth

size may simply derive from increased polypide size, and

zooid size of Ordovician forms have also been shown by

Jim�enez-S�anchez et al. (2013) to increase in colder waters.

However this in itself may be caused by the need for

more powerful pumping (to overcome stronger external

currents, to get a competitive advantage against other

suspension-feeders, or to compensate for particle-depleted

water or temperature-related decrease in ciliary beat).

Alternatively, size increase might have been driven by

greater availability of larger, nutritionally valuable food

particles, which would represent a morphological change

originating from feeding preference. Either way, however,

larger mouth size allowed zooids to ingest more of the

particles that are captured.

It is worth noting that despite palaeostomates as a

whole having larger mouths and lophophores, and there-

fore higher feeding rates, than modern cyclostome steno-

laemates, the Palaeozoic fenestrates are closest to their

modern relatives. This suggests that with further study

other characters of modern cyclostomes may be applied

to fenestrate palaeostomates with some confidence.

CONCLUSION

Permian palaeostomates across warm to cold-water

regions of Gondwana exhibit trophic partitioning by

order. Fenestrate bryozoans consume the smallest food

particles in all regions; however, among other groups the

accessibility of food resources was influenced by the

diversity and dominance of groups present. In the diverse

warm-water southern Thailand fauna cystoporates con-

sumed the largest, and greatest range, of food particles,

fenestrates the smallest range of particles, and cryp-

tostomes and trepostomes shared mid-range particles. In

cold-water eastern Australian faunas, however, the
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trepostome bryozoans had notably larger mouth and

lophophore size than their warm-water southern Thailand

counterparts. This variability in mouth and lophophore

size allowed this group to take advantage of food

resources made available by lack of significant numbers of

cystoporates and cryptostomes. Average mouth size in

Gondwanan palaeostomates was larger than in modern

cyclostomes and cheilostomes, and, preservation issues

notwithstanding, this may be linked to differing food par-

ticle sources in the Palaeozoic. Palaeostomate mouth size

was distinctly larger than modern stenolaemate cyclos-

tomes, consistent with this later group being trophically

restricted by the more abundant and dominant modern

cheilostomes. Palaeostomate lophophore size is similar to

modern cyclostomes and cheilostomes, indicating that

feeding capacity and pumping rates are comparable

between modern and Palaeozoic forms.
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