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Abstract.—Clusters of associated colony fragments discovered weathering out of bedding planes in the Upper Ordovician
of the Cincinnati, Ohio, region provide a rare opportunity to quantify intracolony variation in ramose stenolaemate
bryozoans. Sixteen colonies were reassembled as completely as possible from 198 fragments, and the following
colony-level characters were measured: colony dimensions, branch link length and diameter, and branch order. Results
indicate that branch link length and diameter systematically decrease as colonies grow via branch bifurcation. Branching
ratio (i.e., the number of distal ﬁrst-order branches divided by the number of immediately proximal second-order branches)
appears to be more genetically than environmentally controlled and to be consistent among orders of stenolaemates and
perhaps across the phylum. Colonies with endozones mined out by endoskeletozoans result in broken branches as opposed
to pristine growing tips. This varies stratigraphically, perhaps in response to the distribution of the boring animals.
The rarity of borers and the systematic proximal increase in branch diameter in these colonies suggest the zooids in the
proximal portions of the colonies were alive at the time of colony death. If the time and effort can be invested in reassembling colonies, these morphometric data can then be applied to taxonomic, phylogenetic, and paleoenvironmental studies.

Introduction
Branching is ubiquitous in nature (Fleury et al., 2001), especially
in the biosphere (Sánchez et al., 2004). Scalable self-similar
branching patterns (i.e., fractals) commonly occur in colonial
organisms. Compared to solitary organisms, colonial organisms
contain an additional hierarchical level of characters (i.e., at the
colony level) that are useful in taxonomy, systematics, and
ecology (Harper et al., 1986). This applies to bryozoans, but in
fossils, colony-level characters such as branching pattern are
difﬁcult to infer due to postmortem fragmentation (McKinney
and Jackson, 1991). Working on relatively complete fossil
colonies allows exploitation of not just zooecial-level characters
but also colony-level characters (Hageman et al., 2011).
These colonies are unique in their completeness. This study uses
reassembled fossil bryozoan colonies to quantify colony-level
characters that are impossible to acquire from colony fragments.
Reassembling bryozoan colonies has a variety of scientiﬁc
applications. Reassembled bryozoan colonies permit analysis of
the spatial distribution of epibionts and endoskeletozoans across
colonies (unpublished data, Wyse Jackson and Key). They allow
the study of colony–environment interaction that is not entirely
possible with fragments (Waugh and Erickson, 2002). Many
organisms exhibit intraspeciﬁc ecophenotypic plasticity. For
example, stromatolite morphology changes in response to depth
and current velocity (Andres and Reid, 2006; Jahnert and Collins,
2012). Coral morphology varies with nutrients and current

velocity (Filatov et al., 2010; Chindapol et al., 2013). Tree
morphology varies with light and wind speed (Mitton, 1985;
Niklas, 1986), including branching pattern (Minoletti O. et al.,
1995). In bryozoans, colony morphology varies with a variety of
environmental parameters, including water depth (Stach, 1935;
Wyse Jackson et al., 1991; Hageman et al., 1997; Reid, 2010).
This has been documented speciﬁcally in Cincinnatian bryozoans
(Ross, 1984; Waugh et al., 2005) as well as in other groups.
In the trilobite Flexicalymene, a shift in the position of eyes is
partially interpreted as a response to water depth (Webber and
Hunda, 2007). In the bivalve Ambonychia, shell size decreased in
lower-energy, deeper environments (Daley, 2004).
Since the taxonomic pioneers in the late nineteenth and early
twentieth centuries (Cuffey et al., 2002), the type-Cincinnatian
bryozoans have received extensive work on their biostratigraphy
(Utgaard and Perry, 1964; Boardman and Utgaard, 1966; Anstey
and Perry, 1973; Singh, 1979; Brown and Daly, 1985; Anstey
and Rabbio, 1989; Pachut and Fisherkeller, 2002), their
paleoecology (Key et al., 2010; Wyse Jackson et al., 2014), and
their use as paleoenvironmental indicators (Pachut and Anstey,
1979; Anstey et al., 1987; Key, 1987; Ross and Ross, 2002) and
for constraining paleobiogeographic hypotheses (Anstey, 1986;
Tuckey, 1990; Anstey et al., 2003). Data regarding colony form
were not gathered, but in many cases crude information about
branch size and cross-sectional shape was provided in taxonomic
accounts or tabulated as in at least one study (Karklins, 1984,
table 8). Despite this considerable volume of research, largely due
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to colony fragmentation and postmortem transport, we still
have a poor understanding of the type-Cincinnatian bryozoan
colony-level morphology (Waugh et al., 2005).
Although some colony-level information can be gleaned
from fragmentary material (e.g., Cheetham et al., 1981; Cuffey
and Cheetham, 1982), reassembled colonies are the best, and
often only, way to quantify intracolony variation of colony-level
characters such as colony size, branch diameter, internode
distance, and branching angle. The need to quantify intra- and
intercolony variation before deﬁning valid species has long been
known (Cumings, 1904; Stach, 1935). Boardman (1960)
and Cheetham et al. (1980) showed that some colony-level
characters are species speciﬁc in some clades and thus useful for
taxonomy and systematics.
There are a few drawbacks of using reassembled bryozoan
colonies. First, it is a time-consuming and sometimes frustrating
process to reassemble the fragments. Second, due to the labor
involved in the reassembly, the owner or repository of a specimen
generally does not permit thin sectioning for proper species
identiﬁcation. Since the work of Ulrich (1882), thin sections
have been routinely used for the identiﬁcation of Cincinnatian
trepostome faunas (Utgaard and Perry, 1964; Karklins, 1984;
Brown and Daly, 1985). Third, due to the rarity of proper preservational conditions and the labor involved in reassembly,
studies involving reassembled colonies are always based on few
specimens. Ulrich (1883, pl. 14, ﬁg. 4) illustrated a reassembled
portion of a Constellaria ﬂorida Ulrich, 1882 var. plana colony
that had been in three parts, but no discussion on the colony form
of this taxon was provided. There has been one published attempt
at quantifying colony morphology from fossil ramose bryozoan
colonies by Boardman (1960), who reassembled colonies of three
Devonian trepostome Leptotrypella species. Conversely, there
have been more studies and reports involving the more robust, and
thus less fragmented, frondose colonies of the Ordovician
trepostomes Peronopora (Hickey, 1988), Heterotrypa patera
Coryell, 1921 (McKinney, 1971), and H. frondosa (d’Orbigny,
1850) (Erickson and Waugh, 2002; Waugh and Erickson, 2002;
Waugh et al. 2005; Cuffey and Fine, 2005, 2006).
This study focuses on reassembled ramose fossil bryozoan
colonies. By ramose, we mean rigid, unjointed, erect, branching
arborescent colonies sensu Stach’s (1936) and Schopf’s (1969)
vinculariform as well as Smith’s (1995) erect, rigid, robust
branching habit. The ramose colony growth habit in bryozoans
is selectively advantageous for exponentially increasing surface
feeding area higher in the water column (Cheetham and Hayek,
1983; Cheetham, 1986).
Ramose colonies are more challenging to reassemble due to
their relative ease of breakage and rare anastomosing branches
compared to more robust frondose colonies. The one previous
study that did use reassembled ramose colonies (Boardman,
1960) used a combination of reassembled colonies and clusters
of associated fragments assumed to be from the same colony.
This current study is based only on reassembled colonies.
We use the terminology of Waugh and Erickson (2002) to
distinguish between reassembled and reconstructed colonies.
This study involves reassembled colonies, which encompasses
gluing together broken fragments. This is in contrast to reconstructed colonies, which includes the additional step of adding
inferred missing fragments using some ﬁller compound.
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One question that has challenged trepostome paleobryozoologists is how much of a ramose colony was alive at any
one time. Are only the branch tips growing and the rest of the
colony dead due to burial in sediment or zooid senescence?
Boardman (1960) was the ﬁrst to attempt to constrain this by
measuring the ratio of endozone diameter to branch width (i.e., the
axial ratio). He showed that axial ratio decreases away from the
growing tip. Knowing the relative frequency of growing branch
tips versus dead branches can help answer this question.
Reassembled colonies can provide data on these relative
frequencies, but the situation is complicated by branches whose
endozones have been mined out by endoskeletozoans (Erickson
and Bouchard, 2003; Wyse Jackson and Key, 2007).

Materials and methods
This study was based on 16 colonies, which constitute the
world’s largest single collection of reassembled fossil ramose
stenolaemate bryozoan colonies examined in a scientiﬁc study.
The 16 colonies included one cystoporate and six trepostome
genera (Table 1, Fig. 1). Colonies embedded in friable calcareous shale were good candidates for reassembly because at
some locations the fragments were not widely distributed and
were easily removed from the surrounding matrix. Relatively
undisturbed colony fragments made this possible; it would have
been impossible if the fragments had been transported and
mixed with multiple colonies. The proximity of the delicate
branch fragments to their original position indicates minimal
transport due to displacement from burial and compaction. The
colonies must have been deposited in quiet water and/or rapidly
buried so there was no opportunity for the branch fragments to
scatter. Horizons with almost perfectly intact fossils due to very
rapid burial are called obrution beds (Seilacher et al., 1985; Brett
and Seilacher, 1991). In the Cincinnatian, they are attributed to
rapid deposition of mud following storm events (Kohrs et al.,
2008).
The preservation of these colonies was excellent, as
evidenced by the lack of both recrystallization and inﬁlling of
internal zooecial cavities by sparry calcite cement. The
dominant diagenetic process affecting these colonies was
postdepositional compaction of the entombing shale by the
lithostatic overburden pressure. This compaction led to brittle
deformation of a few branches, and these stress relief breaks
were later imperfectly cemented during diagenesis (Fig. 2.1).
Due to the rarity and minimal displacement (≤ 1 mm) of the
cemented branches, we did not attempt to break and reglue such
breaks as done by Waugh et al. (2005).
Reassembly.—Colonies were reassembled from fragments
using the following six-step process: (1) photography of in situ
clusters of associated colony fragments discovered weathering
out of their enclosing matrix on bedding planes; (2) recovery of
the fragments in and around the cluster for removal; (3) cleaning
of the fragments in an ultrasonic water bath to remove adhering
residual sediment; (4) drying of the fragments; (5) ﬁtting
together of fragments based on the previously mentioned
photographs and matching up fragments based on branch
cross-sectional area, two- and three-dimensional branch crosssectional shape, and ﬁnally any branch surface characteristics

Journal of Paleontology 90(3):400–412

402

Table 1. Stratigraphy, locality, and sample identiﬁcation information for the Upper Ordovician (Cincinnatian) ramose stenolaemates bryozoan colonies
in this study. CMC = Cincinnati Museum Center’s Museum of Natural History and Science’s Geier Collections and Research Center; OSUN = Ohio State
University at Newark.
North American Stage Formation

Member

Locality

Species

Repository ID
number

Richmondian

Arnheim

Sunset

Flat Run Quarry; immediately adjacent to the intersection
of Ellis Road and Fry Road, far-southern Clay
Township, far-southwestern Highland County, just
east of Sicily, east of Mt. Orab, southwestern OH,
USA; 39.027933°N, 83.84745°W

Batostomella gracilis

OSUN1, OSUN 2

Maysvillian

Fairview

Mount Hope

Northwestern corner of the intersection of U.S. Rt. 62/68
(Clyde T. Barbour Parkway) and Kentucky Rt. 3056
(Germantown Rd.) in Maysville, KY; on bench above
Pickett Ln; 38.674014°N, 83.799353°W

Constellaria ﬂorida

CMC IP72750

Edenian

Kope

McMicken

Northern corner of the intersection of Rt. 9 (AA
Highway) and Kentucky Rt. 1019 (Lenoxsburg Foster
Rd.) south of Foster, KY; on bench over Rt. 9;
38.774825°N, 84.206678°W

Hallopora andrewsi
Homotrypa obliqua

CMC IP72752
CMC IP72753,
CMC IP72754

Edenian

Kope

Southgate

Western corner of the intersection of Rt. 9 (AA Highway)
and Kentucky Rt. 709 (U.S. 27–AA Highway
Connector Rd.) adjacent to Alexandria, KY; on slope
leading down to Rt. 709; 38.988753°N, 84.396203°W

Hallopora andrewsi

CMC IP72749,
CMC IP72755,
OSUN 6
CMC IP72751,
OSUN 7,
OSUN 8
OSUN 3
OSUN 4, OSUN 5
OSUN 9

Dekayella ulrichi
Homotrypa obliqua
Dekayia aspera
Stigmatella sp.

such as color and macular size, shape, and position (when there
was any doubt with the match, it was left unglued); (6) gluing
together matching fragments into their pre–surface exposure
position (Fig. 2.1) with cyanoacrylate glue.

Branching numeric.—We use the bryozoan colony branching
terminology of Cheetham et al. (1980) with a link being the
portion of a branch between successive bifurcations; a bifurcation is the division of one branch into two; distal is toward the
growing tips and proximal toward the colony base; a growing tip
is the distal extremity of a branch; the branching ratio is the
number of ﬁrst-order branches divided by the number of secondorder branches. Cheetham et al. (1980) used the Horton-Strahler
branch-ordering method as originally proposed by Horton
(1945) and modiﬁed by Strahler (1957). This method assigns an
order to each branch. A ﬁrst-order branch is one that has no
distal bifurcations. Terminal broken branches were assigned a
ﬁrst order. This should not skew the branching ratio results
unless there is a systematic change in branching ratio toward
the colony base. This has been documented in a few trees
(Steingraeber and Waller, 1986) but not in bryozoans
(Cheetham et al., 1980). Where two ﬁrst-order branches
converge, the result is a second-order branch. A third-order
branch is the result of two second-order branches merging, and
so on. We compare this Horton-Strahler branch-ordering
method to the Shreve (1967) magnitude method (Fig. 3). In this
latter method each branch without a distal bifurcation is
assigned a magnitude of one. When two branches meet, the
resulting branch is given a magnitude of the sum of the two
connecting branches (Fig. 3.2). In this method, a lower-order
branch can combine with a higher-order branch; however, in the
Horton-Strahler method, the order of the branch will not change
unless it is of equal order (Fig. 3.1). The pros and cons of the
various methods are reviewed by Key et al. (2011).

Morphometrics.—Colony height was measured as the linear
distance from the base of the colony to the distal end of the
longest branch. Colony width was measured as the maximum
linear distance perpendicular to the basal link of the colony.
Colony depth was measured as the thickness of the colony when
lying on its side. Branch diameter was measured at the midpoint
of each link as the mean of two mutually perpendicular
diameters. On one link, it was not measured due to the presence
of an epizoic encrusting bryozoan colony, which made the
branch thicker. All characters were measured with a digital
micrometer to the nearest 0.1 mm.
The branches were counted and classiﬁed as either
unbroken or broken at their distal end. An unbroken branch
should have a hemispherical pristine growing tip (Fig. 2.2),
sensu Key (1990, ﬁg. 1). Broken branches were classiﬁed as
either fresh or old. A fresh break had no perceptible surface
weathering. They tended to have a ﬂatter end, generally
perpendicular to the growth axis of the branch, with more
jagged edges (Fig. 2.3). These surfaces had a more yellow-gray
color and were possibly attributed to collecting but more likely
due to breakage from recent weathering out of the shale outcrop.
Weathering of the shale matrix through hydration, expansion,
and erosion of the outcrop broke the colonies into fragments.
Rapid weathering of the type-Cincinnatian shales in road cuts
(Ohio Department of Transportation, 2011) suggests fresh
breaks are less than a few years old. Fresh breaks were those
that allowed reassembly. By contrast, an old break had more
rounded edges with a darker gray color (Fig. 2.4). An old break
was attributed to breakage before or at the death of the colony.
Old breaks lacked matching fragments for reassembly. Broken
branches were additionally classiﬁed as either mined or
unmined. The former is indicated by the bluish-gray matrix
inﬁlling of the endozonal domichnia of the endoskeletozoan
that made the ichnofossil Sanctum laurentiensis (Erickson and
Bouchard, 2003, ﬁg. 2; Wyse Jackson and Key, 2007, ﬁg. 3).
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Figure 1. Examples of reassembled colonies from the seven species used in this study. (1) Batostomella gracilis, OSUN 2. (2) Stigmatella sp., OSUN 9.
(3) Dekayia aspera Milne-Edwards & Haime, 1851, OSUN 4. (4) Constellaria ﬂorida, CMC IP72750. (5) Hallopora andrewsi (Nicholson, 1874),
CMC IP72749. (6) Homotrypa oblique Ulrich, 1882, OSUN 3. (7) Dekayella ulrichi (Nicholson, 1881), CMC IP72751.
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Figure 2. Details of reassembled colonies used in this study. (1) Compaction-induced stress relief break that was imperfectly cemented during diagenesis
(white arrows) and a fresh break that was glued during reassembly (black arrows) in Hallopora andrewsi, CMC IP72749. (2) Pristine growing tip in
Batostomella gracilis, OSUN 1. (3) Fresh break with more jagged edges in Homotrypa obliqua, CMC IP72753. (4) Old break with more abraded edges in
Homotrypa obliqua, CMC IP72754. (5) Old break revealing mined out endozone ﬁlled with matrix in Hallopora andrewsi, CMC IP72752. (6) Collapsed branch
whose endozone has been mined out in Hallopora andrewsi, CMC IP72749.
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Figure 3. Comparison of (1) the Horton (1945) as modiﬁed by Strahler
(1957) branch-ordering method and (2) the Shreve (1967) magnitude method.

Mined out old breaks have a distinctive concave, indented,
dimpled shape (Fig. 2.5) as illustrated in longitudinal cross
section by Erickson and Bouchard (2003, ﬁg. 2.6, 2.15), which
suggests healing and continued postbreakage growth of the
branch.
Sources of error.—There are four potential sources of error in
the data when using reassembled colonies. The obvious one
involves erroneously gluing together mismatched branch fragments. In this study, the methodology was designed to minimize
this, but it is still possible. Second, anastomosing branches, if
misinterpreted, can affect morphometric and branching order
data. Of the 376 branch links analyzed in this study, 11
anastomization events were recorded for a frequency of < 3%.
Intracolony branch intersections are normally avoided by sessile
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modular organisms (Bell, 1986), but when they do occur and
branches fuse, it is an indication of physiological integration of
the component modules (Franco, 1986). In such cases, we
arbitrarily but consistently attributed the larger diameter distal
branch to the larger diameter proximal branch. In two colonies,
branches touched but did not fuse. This may indicate an absence
of interbranch fusion in those colonies or that the branches did
not touch during life, only after diagenetic compaction.
Third, due to possible dispersal of some fragments at the
outcrop, the colonies have an unknown number of ﬁrst- and
perhaps higher-order branches missing. This has the effect of
skewing the terminal branches toward lower branching orders.
For example, a broken branch could have been a ﬁrst- or secondorder branch, but based on the described methodology, it would
be classiﬁed as a ﬁrst-order branch. If it was a second-order
branch or higher, it skewed our results toward lower branch
orders. In the extreme case, what we reassembled as a smaller
colony may simply have been a distal portion of a larger colony.
This is not likely as the collections of reassembled colonies were
widely distributed on the bedding planes and as discussed in the
preceding, fragments were not likely transported postmortem.
Whole colonies can only be identiﬁed if the holdfast and all
terminal growing tips of distal branches are present. In one case
(OSUN 9), a holdfast was present (Fig. 1.2), whereas in two
other colonies (OSUN 1, OSUN 2), undamaged terminal
growing tips were preserved (Fig. 1.1). Therefore, none of the
colonies examined were 100% complete.
The ﬁnal potential source of error when using reassembled
colonies is the effects of colony distortion during the fossilization
process following the toppling of the colony during burial. There
are ﬁve independent pieces of evidence that the colonies have
been diagenetically compacted. (1) All of the colonies exhibit a
clearly ﬂattened proﬁle. Instead of being a perfect radially
symmetrical colony, the mean ratio of the average of height and
width divided by depth is 3.7 (range: 2.3–6.7, standard deviation:
1.2). (2) Some branches exhibit compaction-induced stress relief
breaks that were cemented during diagenesis (Fig. 2.1).
(3) Some branches have collapsed, become ﬂattened, and been
diagenetically cemented (Fig. 2.6). They are collapsed in the
same direction as the colony ﬂattening (i.e., perpendicular to
bedding in response to compression from overburden pressure).
This is typically due to structural weakening from their endozone
being been mined out, as evidenced in trace fossil Sanctum.
(4) Some branches touch but are not fused into an anastomosing
pattern. Branch fusion is common in bryozoan colonies.
If branches are preserved touching but not fused, it suggests they
did not touch in life and the touching is a result of postmortem
compaction. (5) There was undoubtedly also microscale
ﬂattening as our 376 paired mutually perpendicular branch
diameter measurements were rarely identical, even in the
taxa with circular branch cross-sectional shapes. As a result of
all this diagenetic distortion, Cheetham and Hayek’s (1983)
bifurcation angle was not measured in this study. Alternatively,
the ﬂattened proﬁle of the colonies may not be diagenetic
and could have been original and simply an ecophenotypic
response to dominant current ﬂow as seen in many colonial
organisms such as plants (Young and Perkocha, 1994; Tarara
et al., 2005), sponges (Kaandorp, 1999), corals (Filatov et al.,
2010; Chindapol et al., 2013), and bryozoans (Harmelin, 1973;
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Berning, 2007). We cannot rule out any of these causes
of ﬂattening.
Repositories and institutional abbreviations.—The bryozoan
colonies used in this study are housed at the Cincinnati Museum
Center’s Museum of Natural History and Science’s Geier
Collections and Research Center (CMC) or Ohio State
University at Newark (OSUN). The CMC has several other
reassembled colonies, but they are the more robust frondose
forms not addressed in this study.

Geological setting
The colonies come from the Upper Ordovician Katian Stage in
North America known as the Edenian to Richmondian Stages of
the Cincinnatian Series (Table 2, Fig. 1). The colonies are from
outcrops exposed in the Cincinnati Arch region of southern
Ohio and northern Kentucky. They grew on a storm-dominated,
gently northward-dipping, mixed carbonate-siliciclastic ramp
bordering an intracratonic basin, the Sebree Trough in eastern
Laurentia (McLaughlin et al., 2008; Meyer et al., 2009).

Results
The data for each colony can be found in the Appendix. The
summary statistics for the colony-level morphometric data on
the colonies in this study can be found in Table 3. No pattern in
directional collapse was noted among the colonies. All attempts
to reassemble colonies were at least partially successful (Fig. 1).
The reassembled colonies incorporated 3–34 fragments (mean:
12.4, standard deviation: 9.3). As expected, the larger colonies
required assembling signiﬁcantly more fragments (Fig. 4). None
of the attempts to reassemble colonies were completely successful as indicated by the presence of some branches that ended
with a freshly broken tip. Of the total 204 terminal branches in
the 16 colonies, 38% were freshly broken (range: 0%–88%,
standard deviation: 23%). After reassembly, remaining unmatched associated fragments were probably indicative of mixing
of fragments from another colony. The reassembled colonies
ranged in size from 61 to 152 mm tall (mean: 88.5 mm, standard
deviation: 24.4 mm).

Terminal branches.—Of the 204 terminal branches examined in
this study, 84 (38%) were freshly broken. Ninety-one (48%) had
an old broken tip that had started to heal and regrow. Only
29 (14%) had a pristine growing tip preserved. Of the
175 broken branches that allowed examination of the endozone,
the majority (59%) were mined out by the Sanctum laurentiensis
tracemakers; the others were pristine.
Branching metrics.—The maximum Shreve branch order in
colonies ranged from 4 to 28 (mean: 12.3, standard deviation:
6.1). In their study of extant ramose cheilostome bryozoans,
Cheetham et al. (1980) deﬁned the branching ratio as the
number of ﬁrst-order branches divided by the number of secondorder branches. Our branching ratio using the Shreve method
had a mean of 3.4 (range: 2.0–5.7, standard deviation: 1.0)
compared to 2.4 (range: 1.6–5.0, standard deviation: 0.9) for the
Horton-Strahler method.

Discussion
Most of our colonies are shorter than those from the only
other published study on reassembled ramose trepostome
colonies. Boardman (1960) reassembled one colony each from
three species of the Devonian genus Leptotrypella that ranged in
height from 102 to 450 mm (mean: 218 mm, standard deviation:
164 mm). These differences may be due to interspeciﬁc
variation and/or different environments. Larger ramose
trepostome colonies have been reported in outcrop such as the
Permian Stenopora from Australia, which reaches up to 200 mm
(Reid, 2003, 2010), and the Permian Tabulipora from
Greenland, which reaches up to 750 mm (Madsen, 1994;
Madsen and Håkansson, 1989; Key et al., 2005). From the
Cincinnatian of the Cincinnati Arch region, Erickson and
Bouchard (2003, ﬁg. 2.10, 2.11) ﬁgured a 63 mm tall
Parvohallopora sp. colony. Finally, Meyer et al. (2009,
ﬁg. 7.4A, B) illustrated a 150 mm tall Parvohallopora ramosa
(d’Orbigny, 1850) colony and a larger, 240 tall mm, unidentiﬁed
colony. Thus the colonies in this study are not unique in their
size, only their completeness.
Terminal branches.—The fact that 76% of the branches without
fresh breaks were broken may reﬂect an architectural predisposition to breakage as a means for asexual colony replication

Table 2. Stratigraphic column showing sources of colonies in this study (*). Modiﬁed from Smrecak and Brett (2014, ﬁg. 1).
North American Series

International Stage

North American Stage

Formation

Cincinnatian

Katian

Richmondian

Whitewater
Liberty
Waynesville
Arnheim

Maysvillian

Grant Lake
Fairview

Edenian

Kope

Member

Third-order sequence
C5

Blanchester
Clarksville
Fort Ancient
Oregonia
Sunset*
Mount Auburn
Corryville
Bellevue
Miamitown
Fairmount
Mount Hope*
McMicken*
Southgate*
Economy

C4
C3
C2

C1
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9.5
26.0
40.0
14.3
1.2
7.2
1.3 (16.0)
7.4 (16.0)
6.6 (19.5)
3.7 (25.2)
3.4 (19.5)
4.1 (23.9)
6.1 (23.9)
6.4
0.8
0.8
3.8
1.7

Standard deviation
Mean

13.4
88.6
84.2
25.4
3.8
12.4
0.6 (6.0)
11.9 (94.0)
6.0 (43.8)
5.9 (50.2)
6.4 (56.2)
6.9 (62.5)
4.9 (37.5)
12.0
3.1
2.3
15.8
8.4
4–34
61.3–152.2
45.3–197.0
10.6–70.6
2.3–6.7
4–32
0–5 (0–63)
3–32 (38–100)
1–28 (11–88)
0–13 (0–89)
2–13 (13–89)
1–16 (26–100)
0–23 (0–74)
4–28
2.0–5.0
1.6–5.0
8.8–24.3
5.6–11.9
# of fragments reassembled
Colony height (mm)
Colony width (mm)
Colony depth (mm)
Colony ﬂattening ratio
# of terminal branches
# (%) of branches with pristine growing tip
# (%) of branches with broken tip
# (%) of branches with fresh broken tip
# (%) of branches with old broken tip
# (%) of branches with pristine or old broken tip
# (%) of broken branches mined
# (%) of broken branches not mined
Maximum Shreve (1967) branch order
Shreve’s (1967) branching ratio
Horton-Strahler branching ratio
Mean link length (mm)
Mean link diameter (mm)

3–34
61.3–152.2
43.6–197.0
10.6–70.6
2.3–6.7
4–32
0–11 (0–77)
3–32 (23–100)
0–28 (0–88)
0–13 (0–89)
2–17 (13–100)
0–17 (0–100)
0–23 (0–100)
4–28
2.0–5.7
1.6–5.0
8.5–24.3
5.6–11.9

12.4
88.5
80.0
25.1
3.7
12.8
1.8 (14.1)
10.9 (85.9)
5.3 (38.3)
5.7 (47.6)
7.5 (61.7)
6.3 (58.8)
4.6 (41.2)
12.3
3.4
2.4
15.1
8.1

9.3
24.4
39.1
13.4
1.2
6.9
3.5 (26.2)
7.4 (26.2)
6.4 (23.3)
3.5 (24.7)
4.3 (23.3)
4.2 (27.1)
5.8 (27.1)
6.1
1.0
0.9
4.1
1.8

3–8
83.3–92.2
43.6–57.4
21.1–24.8
2.8–3.2
13–17
10–11 (65–77)
3–6 (23–35)
0 (0)
3–6 (23–35)
13–17 (100–100)
0–4 (0–67)
2–3 (33–100)
13–16
4.3–5.7
2.2–4.3
8.5–11.6
5.7–6.7

5.5
87.8
50.5
23.0
3.0
15.0
10.5 (70.8)
4.5 (29.2)
0.0 (0.0)
4.5 (29.2)
15.0 (100)
2.0 (33.3)
2.5 (66.7)
14.5
5.0
3.3
10.1
6.2

2.5
4.5
6.9
1.9
0.2
2.0
0.5 (6.1)
1.5 (6.1)
0.0 (0.0)
1.5 (6.1)
2.0 (0.0)
2.0 (33.3)
0.5 (33.3)
1.5
0.7
1.1
1.5
0.5

Range
Standard deviation
Mean

Richmondian colonies (n = 2)

Range
Standard deviation

All colonies (n = 16)

Mean
Range

Table 3. Summary statistics for the colony-level morphometric data.

Species

Edenian + Maysvillian colonies (n = 14)
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Figure 4. Plot of colony height versus the number of fragments in
reassembly, number of ﬁrst-order branches, and maximum Shreve (1967)
branch order for the 16 colonies in this study.

(Håkansson and Thomsen, 2001). This mode of colony
replication is widespread among bryozoan clades (McKinney
and Jackson, 1991). Alternatively, our low frequency of pristine
growing tips (24%) among branches without fresh breaks could
partially be an artifact of the terminal branches having the
smallest diameters. Smaller diameters make reassembling the
branches more difﬁcult, and smaller diameters make branches
more prone to breakage during weathering at the outcrop.
Alternatively, the depositional environment in the Cincinnatian
may have been more conducive to breaking the delicate terminal
branches of ramose stenolaemates. This is unlikely as most of
the colonies came from the lower energy, deeper water shale
units (Dattilo et al., 2012). Unbroken growing tips were present
at some point during the life of the colony, but perhaps most of
our colonies were buried during a season with higher storm
frequency and/or magnitude (Dattilo et al., 2012) when most
branches were in the broken state.
This paucity of pristine growing tips (29) is in contrast to
Boardman (1960), who reported > 180 growing tips in the
Devonian Hamilton Group trepostomes of New York. Among
our colonies, we see two distinct clusters in the relative
frequency of pristine growing tips. The younger cluster from
the Richmondian Stage (C4 sequence of Holland and
Patzkowsky, 1996) and the older cluster from the Edenian
and Maysvillian Stages (C1–C2 sequences of Holland and
Patzkowsky, 1996; Table 2). The two colonies from the
Richmondian Stage have on average 71% of their branches
terminated by a pristine growing tip (Table 3). The remaining
29% are old broken tips that have begun to heal and regrow. By
contrast, the 14 colonies from the Edenian and Maysvillian
Stages have on average 6% of their branches terminated by a
pristine growing tip (Table 3). The Richmondian colonies are
from a location 30 km to the east of the Edenian + Maysvillian
colonies as well as > 6 Myr stratigraphically up-section
(Brett et al., 2008, ﬁg. 2). Thus differences in the relative
frequency of pristine growing tips and old broken branches
may be due to differences in paleoenvironment, taxonomy, or
evolutionary history. If the Richmondian colonies are from a
deeper paleoenvironment with less frequent storms, we would
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predict them to have fewer branches with old breaks and more
pristine growing tips. We can rule out this hypothesis as the
Sunset Member of the Arnheim Formation has been interpreted
as having a shallower paleobathymmetry than the Kope
Formation where all but one of the Edenian + Maysvillian
colonies originate (Holland, 1993, ﬁg. 8; Smrecak and Brett,
2014, ﬁg. 1; Table 2). If the Richmondian colonies belong to
taxa with more robust branches that are less prone to breakage
during storm events, then we would predict them to have fewer
branches with old breaks and more pristine growing tips. We
can rule out this hypothesis as the Richmondian colonies
have on average 26% narrower branches than the Edenian +
Maysvillian colonies (Table 3). Finally, if the Richmondian
colonies are from a time in evolutionary history when the
Sanctum laurentiensis tracemakers were less abundant, then we
would predict them to have fewer branches with old breaks and
more pristine growing tips. Unfortunately, the abundance and
stratigraphic distribution of this trace fossil has not been
previously analyzed. The results from this study suggest the
Sanctum laurentiensis tracemakers were more abundant
during the Edenian + Maysvillian than the Richmondian. This
hypothesis will be tested in the following.
The incidence of mined out branches in this study (59%) is
higher than in the only other published data on the relative
frequency of this trace fossil, which is from Erickson and
Bouchard (2003). They report 33% of distal branches mined out
in a colony of the ramose trepostome Parvohallopora sp. from
the Cincinnatian. By sectioning the colony transversely below
the preserved top, they discovered that the majority of the
branches were broken off down to the level of endozonal
mining. This supports our results with the majority of broken
branches being mined out, which made the branches more
susceptible to breakage. On average, 33% of the endozones of
broken branches from the Richmondian colonies were mined
out. By contrast, 63% of the endozones of broken branches from
the Edenian + Maysvillian colonies were mined out. Sanctum
laurentiensis tracemakers may have been more abundant prior
to the Richmondian Invasion (Holland, 1997). This resulted in
more old broken branches and fewer pristine growing tips. This
is supported by the fact that the Richmondian colonies had on
average 3.0 large diameter borings per colony that could have
provided access for the endoskeletozoan that mined out the
endozones. The Edenian + Maysvillian colonies had on average
5.4 borings (unpublished data, Wyse Jackson and Key).
Branching metrics.—As shown by Fibonacci in 1202 (Sigler,
2002), the number of branches in an arborescent organism
increases systematically with growth. As expected, our colonies
also showed this, with taller colonies having signiﬁcantly higher
maximum Shreve branch orders and signiﬁcantly more ﬁrstorder branches (Fig. 4). Our Horton-Strahler branching ratios
(mean of 2.4) are similar to those of Cheetham et al. (1980), who
measured a range of 2.0–2.5. These ratios are lower than marine
coral values (Sánchez et al., 2004) and terrestrial tree values
(Oohata and Shidei, 1971; Whitney, 1976). Cheetham et al.
(1980) claimed that lower branching ratios are a function of
higher internal (i.e., genetic) control of colony form rather than
external (i.e., environmental) control. They argue, sensu Oster
and Alberch’s (1982) canalized development or Gould’s (2002)

channelized development, that the tendency to adhere to
characteristic values of branching properties during growth is
apparently a direct expression of genetic control. In bryozoans,
this evidences itself in a type of self-similarity, different from
that in trees (Cheetham et al., 1980). A distal portion of a tree is
essentially a miniature tree (Leopold, 1971), but a distal portion
of a bryozoan colony is essentially a representation of the
whole branching structure at a less developed stage of growth
(Cheetham et al., 1980). This is reﬂected in lower branching
ratios in bryozoans.
We investigated the internal (i.e., genetic) control versus
external (i.e., environmental) control of branching ratio by
comparing the two orders included in this study. The
one cystoporate species (i.e., Constellaria ﬂorida with a
Horton-Strahler branching ratio of 2.0) falls within the range
of the six trepostome species (range: 1.9–3.3, mean: 2.5, n: 6,
standard deviation: 0.5). This suggests that the low branching
ratio is similar among the orders within class Stenolaemata. As
our ratios (1.9–3.3) overlap those from the study by Cheetham
et al. (1980) involving cheilostome species from class
Gymnolaemata (2.0–2.5), it suggests branching order may even
be genetically controlled at the phylum level. The small sample
size and minimal intraphylum clade diversity between this study
and that of Cheetham et al. (1980) prevent more thoroughly
differentiating genetic from environmental constraints
(e.g., shallower unstable vs. deeper more stable environments).
Drawing on the study by Cheetham et al. (1981) on
branching in cheilostomes, we predicted link diameter would
increase with increasing branch order (i.e., proximally toward
the base of the colony). Maximum branch order of colonies was
positively correlated with mean link length and diameter, but
only the former was signiﬁcant (R2 = 0.257, p = .045). The
lack of signiﬁcant correlation with link diameter may be due to
interspeciﬁc variation in branch diameter as indicated in
Figure 1. The mean branch diameters in our 16 colonies ranged
from 5.6 mm in Batostomella gracilis (Nicholson, 1874),
OSUN 2 to 10.5 mm in Stigmatella sp., OSUN 9 (Appendix).
Using only the complete links (i.e., not terminal links with
broken tips), mean link length is positively and signiﬁcantly
correlated with mean link diameter in the 16 colonies (R2 =
0.300, p = .028). This means that as predicted, as a colony
grows the branches are getting narrower as well as shorter in
response to more frequent bifurcations. This is true for many
bryozoans (Cheetham et al., 1980, 1981) as well as for
branching organisms and streams in general (Fleury et al.,
2001). Our fossil data do not permit discrimination between this
being determinant (i.e., genetically controlled) and simply being
a function of younger branches having narrower branches than
older branches that have had more time to thicken.
In ramose colonies, this basal branch thickening allows a
colony to withstand the exponentially increasing drag on the
colony with increasing height above the substrate (Cheetham,
1971, 1986). Boardman’s (1960) study of Devonian ramose
trepostomes found no such pattern due to rampant self and
epibiotic overgrowths in his species and dead or at least dormant
proximal portions of colonies. The rarity of overgrowths,
encrusters, and borers (unpublished data, Wyse Jackson and Key)
and the systematic proximal increase in branch diameter suggest
the zooids in the proximal portions of our colonies were alive.
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Conclusions
Fragmentation has always been a major problem when
attempting to reconstruct environmental tolerance levels in
paleocommunities dominated by arborescent organisms. This
study involving reassembled ramose bryozoan colonies
provides a rare glimpse across this temporal barrier.
Collecting clusters of associated bryozoan colony
fragments weathering out of bedding planes allows for the
reassembly of colonies. Despite the enormous effort and
resulting reduced sample sizes in studies involving reassembled
bryozoan colonies, much valuable colony-level information can
be acquired. Endozonal mining by endoskeletozoans resulted in
branch breakage, which was widespread. The frequency of this
breakage varies stratigraphically, perhaps in response to the
distribution of the boring animals. We were able to quantify
colony dimensions, branch link length and diameter, as well as
branch order. Height and width of the original colony shape
could be more accurately determined than the third dimension
due to diagenetic compaction. Colony branching ratio may
be more genetically than environmentally controlled. These
preliminary results suggest branching ratio is consistent across
some stenolaemates orders, but not all (e.g., ‘Idmonea’ atlantica
in Harmelin, 1973). The rarity of borers and the systematic
proximal increase in branch diameter in these colonies suggest
the zooids in the proximal portions of the colonies were alive at
the time of colony death. Colony-level morphometric data
should provide new characters to test taxonomic, phylogenetic,
and paleoenvironmental hypotheses.

Acknowledgments
J. St. John (Department of Geology, Ohio State University at
Newark, USA) provided the OSUN colonies that were reassembled by himself, M. E. St. John, and N. Anderson. G. Courtney
and R. Fine of the Dry Dredgers were invaluable in sharing their
knowledge of reassembled colonies in the diligent amateur
paleontology community. This paper was greatly improved
through critical reviews by J. St. John, S. J. Hageman (Department
of Geology, Appalachian State University, USA), E. Håkansson
(School of Earth & Environment, University of Western Australia,
Australia), and C. Reid (Department of Geological Sciences,
University of Canterbury, New Zealand).

References
Andres, M.S., and Reid, R.P., 2006, Growth morphologies of modern marine
stromatolites: A case study from Highborne Cay, Bahamas: Sedimentary
Geology, v. 185, p. 319–328.
Anstey, R.L., 1986, Bryozoan provinces and patterns of generic evolution and
extinction in the Late Ordovician of North America: Lethaia, v. 19, p. 33–51.
Anstey, R.L., and Perry, T.G., 1973, Eden Shale bryozoans: A numerical study
(Ordovician, Ohio Valley): Michigan State University Paleontological
Series, v. 1, no. 1, p. 1–80.
Anstey, R.L., and Rabbio, S.F., 1989, Regional bryozoan biostratigraphy and
taphonomy of the Edenian stratotype (Kope Formation, Cincinnati area):
Graphic correlation and gradient analysis: Palaios, v. 4, p. 574–584.
Anstey, R.L., Rabbio, S.F., and Tuckey, M.E., 1987, Bryozoan bathymetric
gradients within a Late Ordovician epeiric sea: Paleoceanography, v. 2,
p. 165–176.
Anstey, R.L., Pachut, J.F., and Tuckey, M.E., 2003, Patterns of bryozoan
endemism through the Ordovician–Silurian transition: Paleobiology, v. 29,
p. 305–328.

409

Bell, A.D., 1986, The simulation of branching patterns in modular organisms:
Philosophical Transactions of the Royal Society of London, Series B,
Biological Sciences, v. 313, p. 143–159.
Berning, B., 2007, The Mediterranean bryozoan Myriapora truncata (Pallas,
1766): A potential indicator of (palaeo-) environmental conditions: Lethaia,
v. 40, p. 221–232.
Boardman, R.S., 1960, Trepostomatous Bryozoa of the Hamilton Group of
New York State: U.S. Geological Survey, Professional Paper 340, p. 1–87,
pl. 1–22.
Boardman, R.S., and Utgaard, J.E., 1966, A revision of the Ordovician bryozoan
genera Monticulipora, Peronopora, Heterotrypa, and Dekayia: Journal of
Paleontology, v. 40, p. 1082–1108.
Brett, C.E., and Seilacher, A., 1991, Fossil Lagerstätten: A taphonomic
consequence of event sedimentation, in Einsele, G., Ricken, W., and
Seilacher, A., eds., Cycles and Events in Stratigraphy: Berlin, Springer
Verlag, p. 284–297.
Brett, C.E., Kohrs, R.H., and Kirchner, B., 2008, Paleontological event beds from
the Upper Ordovician Kope Formation of Ohio and northern Kentucky and the
promise of high-resolution event stratigraphy, in McLaughlin, P.I., Brett, C.E.,
Holland, S.M., and Storrs, G.W., eds., Stratigraphic Renaissance in the
Cincinnati Arch—Implications for Upper Ordovician Paleontology and
Paleoecology: Cincinnati, Cincinnati Museum Center, p. 63–86.
Brown, G.D. Jr., and Daly, E.J., 1985, Trepostome Bryozoa from the Dillsboro
Formation (Cincinnatian Series) of southeastern Indiana: Indiana Geological
Survey, Special Report 33, p. 1–95.
Cheetham, A.H., 1971, Functional Morphology and Biofacies Distribution
of Cheilostome Bryozoa in the Danian Stage (Paleocene) of Southern
Scandinavia: Washington, D.C., Smithsonian Institution Press, 87 p.
Cheetham, A.H., 1986, Branching, biomechanics and bryozoan evolution:
Proceedings of the Royal Society of London, Series B, Biological Sciences,
v. 228, p. 151–171.
Cheetham, A.H., and Hayek, L.-A.C., 1983, Geometric consequences of
branching growth in adeoniform Bryozoa: Paleobiology, v. 9, p. 240–260.
Cheetham, A.H., Hayek, L.-A.C., and Thomsen, E., 1980, Branching structure
in arborescent animals: Models of relative growth: Journal of Theoretical
Biology, v. 85, p. 335–369.
Cheetham, A.H., Hayek, L.-A.C., and Thomsen, E., 1981, Growth models in
fossil arborescent cheilostome bryozoans: Paleobiology, v. 7, p. 68–86.
Chindapol, N., Kaandorp, J.A., Cronemberger, C., Mass, T., and Genin, A.,
2013, Modelling growth and form of the scleractinian coral Pocillopora
verrucosa and the inﬂuence of hydrodynamics: PLoS Computational
Biology, v. 9, p. 1–15.
Coryell, H.N., 1921, Bryozoan faunas of the Stones River Group of central
Tennessee: Proceedings of the Indiana Academy of Science, v. 1919,
p. 261–340.
Cuffey, R.J., and Cheetham, A.H., 1982, Reconstruction of bryozoan colonies
from measurements of branch fragments: Geological Society of America
Abstracts with Programs, v. 14, no. 1–2, p. 13.
Cuffey, R.J., and Fine, R.L., 2005, The largest known fossil bryozoan
reassembled from near Cincinnati: Ohio Geology, v. 2005, no. 1,
p. 1, 3–4.
Cuffey, R.J., and Fine, R.L., 2006, Reassembled trepostomes and the search
for the largest bryozoan colonies: International Bryozoology Association
Bulletin, v. 2, no. 1, p. 13–15.
Cuffey, R.J., Davis, R.A., and Utgaard, J.E., 2002, The Cincinnati paleobryozoologists, in Wyse Jackson, P.N., and Spencer Jones, M.E., eds., Annals of
Bryozoology: Aspects of the History of Research on Bryozoans: Dublin,
International Bryozoology Association, p. 59–79.
Cumings, E.R., 1904, Development of some Paleozoic Bryozoa: American
Journal of Science, 4th Series, v. 17, no. 97, p. 49–78.
Daley, G.M., 2004, Environmentally controlled variation in shell size of
Ambonychia Hall (Mollusca, Bivalvia) in the type Cincinnatian (Upper
Ordovician): Palaios, v. 14, p. 520–529.
Dattilo, B.F., Brett, C.E., and Schramm, T.J., 2012, Tempestites in a
teapot: Condensation-generated shell beds in the Upper Ordovician, Cincinnati
Arch, USA: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 367–368,
p. 44–62.
d’Orbigny, A., 1850, Prodrome de Paléontologie Stratigraphique Universelle
des Animaux Mollusques et Rayonnés faisant suite au Cours élémentaire de
paléontologie et géologie stratigraphiques Vol. II: Paris, Masson.
Erickson, J.M., and Bouchard, T.D., 2003, Description and interpretation of
Sanctum laurentiensis, new ichnogenus and ichnospecies, a domichnium
mined into late Ordovician (Cincinnatian) ramose bryozoan colonies:
Journal of Paleontology, v. 77, p. 1002–1010.
Erickson, J.M., and Waugh, D.A., 2002, Colony morphologies and missed
opportunities during the Cincinnatian (Late Ordovician) bryozoan radiation:
Examples from Heterotrypa frondosa and Monticulipora mammulata, in
Wyse Jackson, P.N., Buttler, C.J., and Spencer Jones, M.E., eds., Bryozoan
Studies 2001: Lisse, Netherlands, Balkema, p. 101–107.

410

Journal of Paleontology 90(3):400–412

Filatov, M.V., Kaandorp, J.A., Postma, M., van Liere, R., Kruszyński, K.J.,
Vermeij, M.J.A., Streekstra, G.J., and Bak, R.P.M., 2010, A comparison
between coral colonies of the genus Madracis and simulated forms:
Proceedings of the Royal Society of London, Series B, Biological Sciences,
v. 277, no. 1700, p. 3555–3561.
Fleury, V., Gouyet, J.-F., and Léonetti, M., 2001, Branching in Nature:
Dynamics and Morphogenesis of Branching Structures, from Cell to River
Networks: Berlin, Springer-Verlag, 476 p.
Franco, M., 1986, The inﬂuences of neighbours on the growth of modular
organisms with an example from trees: Philosophical Transactions of the Royal
Society of London, Series B, Biological Sciences, v. 313, p. 209–225.
Gould, S.J., 2002, The Structure of Evolutionary Theory: Cambridge, MA,
Belknap.
Hageman, S.J., Bone, Y., McGowran, B., and James, N.P., 1997, Bryozoan
colonial growth forms as paleoenvironmental indicators: Evaluation of
methodology: Palaios, v. 12, p. 405–419.
Hageman, S.J., Wyse Jackson, P.N., Abernethy, A.R., and Steinthorsdottir, M.,
2011, Calendar scale, environmental variation preserved in the skeletal
phenotype of a fossil bryozoan (Rhombopora blakei n. sp.), from the
Mississippian of Ireland: Journal of Paleontology, v. 85, p. 853–870.
Håkansson, E., and Thomsen, E., 2001, Asexual propagation in cheilostome
Bryozoa, in Jackson, J.B.C., Lidgard, S., and McKinney F.K., eds.,
Evolutionary Patterns: Growth, Form and Tempo in the Fossil Record:
Chicago, University of Chicago Press, p. 326–347.
Harmelin, J.G., 1973, Morphological variations and ecology of the Recent
cyclostome bryozoan ‘Idmonea’ atlantica from the Mediterranean, in
Larwood, G.P., ed., Living and Fossil Bryozoa: London, Academic Press, p.
95–106.
Harper, J.L., Rosen, B.R., and White, J., eds., 1986, The Growth and Form of
Modular Organisms: London, Royal Society of London, 250 p.
Hickey, D.R., 1988, Bryozoan astogeny and evolutionary novelties: Their role in
the origin and systematics of the Ordovician monticuliporid trepostome
genus Peronopora: Journal of Paleontology, v. 62, p. 180–203.
Holland, S.M., 1993, Sequence stratigraphy of a carbonate-clastic ramp: The
Cincinnatian Series (Upper Ordovician) in its type area: Geological Society
of America Bulletin, v. 105, p. 306–322.
Holland, S.M., 1997, Using time/environment analysis to recognize faunal
events in the Upper Ordovician of the Cincinnati Arch, in Brett, C.E., and
Baird, G.C., eds., Paleontological Events: Stratigraphic, Ecological,
and Evolutionary Implications: New York, Columbia University Press,
p. 309–334.
Holland, S.M., and Patzkowsky, M.E., 1996, Sequence stratigraphy and longterm paleoceanographic change in the Middle and Upper Ordovician of the
eastern United States: Geological Society of America Special Papers,
no. 306, p. 117–129.
Horton, R.E., 1945, Erosional development of streams and their drainage basins:
Hydrophysical approach to quantitative morphology: Geological Society
America Bulletin, v. 56, p. 275–370.
Jahnert, R.J., and Collins, L.B., 2012, Characteristics, distribution and morphogenesis of subtidal microbial systems in Shark Bay, Australia: Marine
Geology, v. 303–306, p. 115–136.
Kaandorp, J.A., 1999, Morphological analysis of growth forms of branching
marine sessile organisms along environmental gradients: Marine Biology,
v. 134, p. 295–306.
Karklins, O.L., 1984, Trepostome and cystoporate bryozoans from the
Lexington Limestone and the Clays Ferry Formation (Middle and Upper
Ordovician) of Kentucky: U.S. Geological Survey, Professional Paper,
1066-I, p. 1–105.
Key, M.M. Jr., 1987, Partitioning of morphologic variation across stability
gradients in Upper Ordovician trepostomes, in Ross, J.R.P., ed., Bryozoa:
Present and Past: Bellingham, Western Washington University, p. 145–152.
Key, M.M. Jr., 1990, Intracolony variation in skeletal growth rates in Paleozoic
ramose trepostome bryozoans: Paleobiology, v. 16, p. 483–491.
Key, M.M. Jr., Wyse Jackson, P.N., Håkansson, E., Patterson, W.P., and Moore,
M.D., 2005, Gigantism in Permian trepostomes from Greenland: Testing
the algal symbiosis hypothesis using δ13C and δ18O values, in Moyano G.,
H.I., Cancino, J.M., and Wyse Jackson, P.N., eds., Bryozoan Studies 2004,
Leiden, Netherlands, Balkema, p. 141–151.
Key, M.M. Jr., Schumacher, G.A., Babcock, L.E., Frey, R.C., Heimbrock, W.P.,
Felton, S.H., Cooper, D.L., Gibson, W.B., Scheid, D.G., and Schumacher,
S.A., 2010, Paleoecology of commensal epizoans fouling Flexicalymene
(Trilobita) from the Upper Ordovician, Cincinnati Arch region, USA:
Journal of Paleontology, v. 84, p. 1121–1134.
Key, M.M. Jr., Wyse Jackson, P.N., and Vitiello, L.J., 2011, Stream channel
network analysis applied to colony-wide feeding structures in a Permian
bryozoan from Greenland: Paleobiology, v. 37, p. 287–302.
Kohrs, R.H., Brett, C.E., and O’Brien, N., 2008, Sedimentology of Upper Ordovician mudstones from the Cincinnati Arch region, Ohio/Kentucky: Toward a
general model of mud event deposition, in McLaughlin, P.I., Brett, C.E.,

Holland, S.M., and Storrs, G.W., eds., Stratigraphic Renaissance in the
Cincinnati Arch—Implications for Upper Ordovician Paleontology and
Paleoecology: Cincinnati, Cincinnati Museum Center, p. 87–109.
Leopold, L.B., 1971, Trees and streams: The efﬁciency of branching patterns:
Journal of Theoretical Biology, v. 31, p. 339–354.
Madsen, L., 1994, Bryozoans from the Upper Palaeozoic Sequence in the
Wandel Sea Basin, North Greenland: Wandel Sea Basin: Basin Analysis
Scientiﬁc Report, v. 6, p. 1–18.
Madsen, L., and Håkansson, E., 1989, Upper Palaeozoic bryozoans from the
Wandel Sea Basin, North Greenland: Rapport Grønlands Geologiske
Undersøgelse, v. 144, p. 43–52.
McKinney, F.K., 1971, Trepostomatous Ectoprocta (Bryozoa) from the
lower Chickamauga Group (Middle Ordovician), Wills Valley, Alabama:
Bulletins of American Paleontology, v. 60, no. 267, p. 195–337.
McKinney, F.K., and Jackson, J.B.C., 1991, Bryozoan Evolution: Chicago,
University of Chicago Press, 238 p.
McLaughlin, P.I., Brett, C.E., Holland, S.M., and Storrs, G.W., eds., 2008,
Stratigraphic Renaissance in the Cincinnati Arch—Implications for Upper
Ordovician Paleontology and Paleoecology: Cincinnati, Cincinnati
Museum Center, 279 p.
Meyer, D.L., Davis, R.A., and Holland, S.M., 2009, A Sea Without Fish—Life
in the Ordovician Sea of the Cincinnati Region: Bloomington, Indiana
University Press, 368 p.
Milne-Edwards, H., and Haime, J., 1851, Monographie des polypiers fossiles
des terrains Paléozoiques: Archives du Muséum d’Histoire Naturalle
(Paris), v. 5, p. 1–502.
Minoletti O., M.L., Boerner, R.E.J., and Cochrane, K.E., 1995, Bifurcation ratio,
internode lengths and branching patterns in Cornus ﬂorida L. (Cornaceae), a
forest understory tree from eastern North America: Agro-ciencia, v. 11, no. 2,
p. 203–210.
Mitton, J.B., 1985, So grows the tree: Natural History, v. 1, p. 58–65.
Nicholson, H.A., 1874, Description of species of Chaetetes from the lower
Silurian rocks of North America: Quarterly Journal of the Geological
Society of London, v. XXX, p. 499–515.
Nicholson, H.A., 1881, On the Structure and Afﬁnities of the Genus
Monticulipora and its Subgenera, with Critical Descriptions of Illustrative
Species: Edinburgh, William Blackwood and Sons.
Niklas, K.J., 1986, Computer simulations of branching-patterns and their
implications on the evolution of plants: Lectures on Mathematics in the Life
Sciences, v. 18, p. 1–47.
Ohio Department of Transportation, 2011, Rock Slope Design Guide:
Columbus, Ohio.gov, 56 p.
Oohata, S., and Shidei, T., 1971, Studies on the branching structure of trees I.
Bifurcation ratio of trees in Horton’s Law: Japanese Journal of Ecology, v. 21,
p. 7–14.
Oster, G., and Alberch, P., 1982, Evolution and bifurcation of developmental
programs: Evolution, v. 36, p. 444–459.
Pachut, J.F., and Anstey, R.L., 1979, A developmental explanation of stabilitydiversity-variation hypotheses: Morphogenetic regulation in Ordovician
bryozoan colonies: Paleobiology, v. 5, p. 168–187.
Pachut, J.F., and Fisherkeller, M.M., 2002, Changes in colonial development,
intraspeciﬁc heterochrony, morphological integration, and character
heritabilities in two populations of the bryozoan species Batostoma jamesi
from the Kope Formation (Upper Ordovician, Cincinnatian): Journal of
Paleontology, v. 76, p. 197–210.
Reid, C.M., 2003, Permian Bryozoa of Tasmania and New South Wales:
Systematics and their use in Tasmanian biostratigraphy: Association of
Australasian Palaeontologists, Memoir, v. 28, p. 1–133.
Reid, C.M., 2010, Environmental controls on the distribution of late Paleozoic
bryozoan colony morphotypes: An example from the Permian of Tasmania,
Australia: Palaios, v. 25, p. 692–702.
Ross, J.R.P., 1984, Palaeoecology of Ordovician Bryozoa: Palaeontological
Contributions from the University of Oslo, v. 295, p. 141–148.
Ross, J.R.P., and Ross, C.A., 2002, Bryozoans in Ordovician depositional sequences, Cincinnati Arch region, USA, in Wyse Jackson, P.N., Buttler, C.J.,
and Spencer Jones, M.E., eds., Bryozoan Studies 2001: Lisse, Netherlands,
Balkema, p. 261–274.
Sánchez, J.A., Lasker, H.R., Nepomuceno, E.G., Sánchez, J.D., and Woldenberg,
M.J., 2004, Branching and self-organization in marine modular colonial
organisms: A model: The American Naturalist, v. 163, no. 3, p. E24–E39.
Schopf, T.J.M., 1969, Paleoecology of ectoprocts (bryozoans): Journal of
Paleontology, v. 43, p. 234–244.
Seilacher, A., Reif, W.E., and Westphal, F., 1985, Sedimentological, ecological,
and temporal patterns of fossil Lagerstätten: Philosophical Transactions of
the Royal Society of London, Series B, Biological Sciences, v. 311, p. 5–23.
Shreve, R.L., 1967, Inﬁnite typologically random channel networks: Journal of
Geology, v. 75, p. 178–186.
Sigler, L., 2002, Fibonacci’s Liber Abaci: A Translation into Modern English of
Leonardo Pisano’s Book of Calculation: New York, Springer, 636 p.

Key et al.—Reassembled Ordovician bryozoan colonies

Singh, R.J., 1979, Trepostomatous bryozoan fauna from the Bellevue
Limestone, Upper Ordovician, in the Tri-State area of Ohio, Indiana and
Kentucky: Bulletins of American Paleontology, v. 76, p. 159–288.
Smith, A.M., 1995, Palaeoenvironmental interpretation using bryozoans: A
review, in Bosence, D.W.J., and Allison, P.A., eds., Marine Palaeoenvironmental Analysis from Fossils: Geological Society of London,
Special Publications, v. 83, p. 231–243.
Smrecak, T.A., and Brett, C.E., 2014, Establishing patterns in sclerobiont
distribution in a Late Ordovician (Cincinnatian) depth gradient: Toward a
sclerobiofacies model: Palaios, v. 29, p. 74–85.
Stach, L.W., 1935, Growth variation in bryozoa cheilostomata: Annals and
Magazine of Natural History, Series 10, v. 16, no. 96, p. 645–647.
Stach, L.W., 1936, Correlation of zoarial form with habitat: Journal of Geology,
v. 44, p. 60–65.
Steingraeber, D.A., and Waller, D.M., 1986, Non-stationarity of tree branching
patterns and bifurcation ratios: Proceedings of the Royal Society of London,
Series B, Biological Sciences, v. 228, p. 187–194.
Strahler, A.N., 1957, Quantitative analysis of watershed geomorphology:
American Geophysical Union Transactions, v. 38, p. 913–920.
Tarara, J.M., Ferguson, J.C., Hoheisel, G.-A., and Perez Peña, J.E., 2005,
Asymmetrical canopy architecture due to prevailing wind direction and row
orientation creates an imbalance in irradiance at the fruiting zone of
grapevines: Agricultural and Forest Meteorology, v. 135, p. 144–155.
Tuckey, M.E., 1990, Biogeography of Ordovician bryozoans: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 77, p. 91–126.
Ulrich, E.O., 1882, American Palaeozoic Bryozoa: Journal of the Cincinnati
Society of Natural History, v. 5, p. 232–257.
Ulrich, E.O., 1883, American Palaeozoic Bryozoa: Journal of the Cincinnati
Society of Natural History, v. 6, p. 245–279.
Utgaard, J.E., and Perry, T.G., 1964, Trepostomatous bryozoan fauna of the
upper part of the Whitewater Formation (Cincinnatian) of eastern Indiana
and western Ohio: Indiana Department of Conservation Geological Survey
Bulletin, v. 33, p. 1–111.

411

Waugh, D.A., and Erickson, J.M., 2002, Functional morphology of the
anastomosing frondose growth form reported in Heterotrypa frondosa
(d’Orbigny) (Bryozoa: Trepostomata) from the Cincinnatian (Late Ordovician) of Ohio, in Wyse Jackson, P.N., Buttler, C.J., and Spencer Jones, M.
E., eds., Bryozoan Studies 2001: Lisse, Netherlands, Balkema, p. 331–338.
Waugh, D.A., Erickson, J.M., and Crawford, R.S., 2005, Two growth forms
of Heterotrypa Nicholson, 1879 (Bryozoan: Trepostomata) from the typeCincinnatian: Putting the pieces back together: The Compass, v. 78, no. 3,
p. 97–112.
Webber, A.J., and Hunda, B.R., 2007, Quantitatively comparing morphological
trends to environment in the fossil record (Cincinnatian Series; Upper
Ordovician): Evolution, v. 61, p. 1455–1465.
Whitney, G.G., 1976, The bifurcation ratio as an indicator of adaptive strategy
in woody plant species: Bulletin of the Torrey Botanical Club, v. 103, no. 2,
p. 67–72.
Wyse Jackson, P.N., and Key, M.M. Jr., 2007, Borings in trepostome bryozoans
from the Ordovician of Estonia: Two genera produced by a single maker, a
case of host morphology control: Lethaia, v. 40, p. 237–252.
Wyse Jackson, P.N., Bancroft, A.J., and Somerville, I.D., 1991, Bryozoan
zonation in a trepostome-dominated buildup from the lower Carboniferous
of North Wales, in Bigey, F.P., ed., Bryozoaires Actuels et Fossiles:
Bryozoa Living and Fossil: Bulletin de la Société des Sciences Naturelles de
l’Ouest de la France. Mémoire HS, v. 1, p. 551–559.
Wyse Jackson, P.N., Key, M.M. Jr., and Coakley, S.P., 2014, Epizoozoan
trepostome bryozoans on nautiloids from the Late Ordovician (Katian) of
the Cincinnati Arch region, U.S.A.: An assessment of growth, form and
water ﬂow dynamics: Journal of Paleontology, v. 88, p. 475–487.
Young, T.P., and Perkocha, V., 1994, Treefalls, crown asymmetry, and
buttresses: Journal of Ecology, v. 82, p. 319–324.

Accepted 2 March 2016

Appendix
Colony-level morphometric data for each of the Upper Ordovician (Cincinnatian) ramose bryozoan colonies in this study. CMC = Cincinnati Museum of Natural History and Science’s Geier
Collections and Research Center; OSUN = Ohio State University at Newark.
Repository ID Number
Species
# of fragments reassembled
Colony height (mm)
Colony width (mm)
Colony depth (mm)
Colony ﬂattening ratio
# of terminal branches
# of branches with pristine
growing tip
# of branches with broken
tip
# of branches with fresh
broken tip
# of branches with old
broken tip
# of branches with pristine
or old broken tip
# of broken branches mined
# of broken branches not
mined
% of branches with pristine
growing tip
% of branches with broken
tip
% of branches with fresh
broken tip
% of branches with old
broken tip
% of branches with pristine
or old broken tip
% of broken branches
mined
% of broken branches not
mined
Maximum Shreve (1967)
branch order
Shreve's (1967) branching
ratio
Horton-Strahler branching
ratio
Mean link length (mm)
Mean link diameter (mm)
Total number of links
Number of anastomosing
events

CMC
IP72749
Hallopora
andrewsi

CMC
IP72750

CMC
IP72751

Constellaria Dekayella
ﬂorida
ulrichi

CMC
IP72752
Hallopora
andrewsi

CMC
IP72753

CMC
IP72754

Homotrypa Homotrypa
obliqua
obliqua

CMC
IP72755
Hallopora
andrewsi

OSUN 1

OSUN 2

OSUN 3

Batostomella Batostomella Homotrypa
gracilis
gracilis
obliqua

OSUN 4

OSUN 5

OSUN 6

Dekayia
aspera

Dekayia
aspera

Hallopora
andrewsi

OSUN 7

OSUN 8

OSUN 9

25
86.9
98.4
34.7
2.7
20
1

13
95.1
61.9
25.2
3.1
14
0

9
67.4
46.3
24.9
2.3
8
5

7
87.9
48.9
20.0
3.4
9
1

5
61.3
45.3
16.3
3.3
8
0

34
152.2
197.0
70.6
2.5
32
0

Dekayella Dekayella Stigmatella
ulrichi
ulrichi
sp.

31
138.7
112.6
28.0
4.5
17
0

12
85.6
102.4
14.1
6.7
9
0

8
86.8
70.4
14.9
5.3
9
0

9
77.1
122.3
32.9
3.0
10
0

4
71.3
69.6
19.5
3.6
7
0

5
64.1
65.2
18.6
3.5
7
0

7
66.0
47.5
10.6
5.4
4
0

8
83.3
57.4
24.8
2.8
13
10

3
92.2
43.6
21.1
3.2
17
11

18
100.1
90.7
24.6
3.9
20
1

17

9

9

10

7

7

4

3

6

19

19

14

3

8

8

32

4

1

4

2

3

3

2

0

0

8

10

5

3

7

4

28

13

8

5

8

4

4

2

3

6

11

9

9

0

1

4

4

13

8

5

8

4

4

2

13

17

12

10

9

5

2

4

4

9
8

9
0

7
2

7
3

4
3

4
3

3
1

0
3

4
2

16
3

5
14

14
0

1
2

3
5

6
2

9
23

0

0

0

0

0

0

0

77

65

5

5

0

63

11

0

0

100

100

100

100

100

100

100

23

35

95

95

100

38

89

100

100

24

11

44

20

43

43

50

0

0

40

50

36

38

78

50

88

76

89

56

80

57

57

50

23

35

55

45

64

0

11

50

13

76

89

56

80

57

57

50

100

100

60

50

64

63

22

50

13

53

100

78

70

57

57

75

0

67

84

26

100

33

38

75

28

47

0

22

30

43

43

25

100

33

16

74

0

67

63

25

72

17

8

9

10

7

7

4

13

16

19

20

14

8

9

8

28

2.8

2.0

3.0

3.3

2.3

2.3

4.0

4.3

5.7

5.0

2.9

3.5

2.7

3.0

4.0

2.9

1.9

2.0

1.8

2.5

1.8

2.3

2.0

2.2

4.3

5.0

2.2

1.6

2.0

1.8

2.7

2.0

17.4
5.8
32
2

20.9
9.7
15
1

11.4
8.0
17
0

14.5
9.4
19
0

12.8
7.8
13
0

8.8
7.8
13
0

16.8
7.0
7
0

11.1
6.6
24
0

8.3
5.6
29
0

12.2
6.5
36
2

12.4
7.5
39
0

10.6
7.7
27
1

11.8
6.0
15
0

12.5
10.0
17
0

9.5
8.8
14
0

17.8
10.5
59
5

