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Abstract

All life is organized hierarchically.  Lower levels, such as cells and zooids, are 

nested within higher levels, such as multicellular organisms and colonial animals.  The 

process by which a higher-level unit forms from the coalescence of lower-level units is 

known as “individuation”.  Individuation is defined by the strength of functional 

interdependencies among constituent lower-level units.  Interdependency results from 

division of labor, which is evidenced in colonial metazoans as zooid polymorphism.  As 

lower-level units specialize for certain tasks, they become increasing dependant on the 

rest of the collective to perform other tasks.  In this way, the evolution of division of 

labor drives the process of individuation.   

This study explores several ways in which polymorphism evolves in colonial 

marine invertebrates such as cnidarians, bryozoans, and urochordates.  A previous 

study on the effect of environmental stability on polymorphism is revisted and 

reinterpreted.  A method for quantifying colonial-level individuation by measuring the 

spatial arrangement of polymorphic zooids is proposed and demonstrated.  Most 

significantly, a comparison across all colonial marine invertebrate taxa reveals that 

polymorphism only appears in those colonial taxa with moderately to strongly 

compartmentalized zooids.  Weakly compartmentalized and fully compartmentalized 

taxa are universally monomorphic.  This pattern is seen across all colonial marine 
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invertebrate taxa and is interpreted as a “rule” governing the evolution of higher-level 

individuation in the major taxa of colonial marine invertebrates.  The existence of one 

rule suggests that there may be others, including rules that transcend levels of biological 

hierarchy. The identification of such rules would strongly suggest that new levels in the 

hierarchy of life evolve by a universal pattern that is independent of the type of 

organism involved.
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Introduction

All life is organized hierarchically.  Lower levels in the hierarchy are nested 

within higher levels.  Cells combine to form multicellular organisms, and multicellular 

organisms combine to form colonial organisms.  The process by which a unit occupying 

a higher-level of hierarchy forms from the coalescence of lower-level units is known as 

“individuation”.  As the lower-level units draw into closer association, they form a 

single biological entity that interacts with the world as one cohesive unit, and an 

individual on the next higher level of hierarchy emerges.    This is not an absolute 

designation.  Instead, the emergence of a higher-level individual should be thought as 

occurring in degrees along a continuum.  As lower-level units become gradually more 

dependant on the collective, the higher-level unit begins to emerge as a single cohesive 

individual. 

A casual observation of the biological world reveals that higher-level 

individuation is far from predestined.  The vast majority of life is unicellular.  Cellular 

life is individuated at the cellular level, but only rarely makes evolutionary attempts at 

individuating at a higher level.  Among multicellular organisms, plants, fungi and the 

few multicellular protists tend not to be strongly individuated.  Only the animals seem 

to have evolved as strong multicellular individuals. 

Individuation at the colony level is also not inevitable.  Among colonial 

metazoans, only the siphonophores and hymenopterans form colonies that could be 
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considered strongly individuated relative to other colonial animals.  Even in these 

groups, the level of colonial individuation is limited, and perhaps only reaches a degree 

that is roughly analogous to the level of multicellular-level individuation observed 

among sponges or primitive cnidarians.  Indeed, there is some evidence that the 

evolutionary progress towards individuation at the colony level has stalled (McShea 

2001a).  If higher-level individuation is truly selectively advantageous, why does it seem 

to be so difficult to evolve? 

Individuation can be defined in many ways.  A biological entity sharing a 

common genotype could be considered a “genetic individual”.  A biological entity 

arising from a single cell could be considered a “developmental individual”.  This study 

will treat an individual as an integrated functional unit.  A “functional individual” is 

defined by the strength of functional interdependencies among constituent lower-level 

units.  Interdependency is caused by division of labor.  As lower-level units specialize 

for certain tasks, they become increasing dependant on the rest of the collective to 

perform other tasks.  In this way, the evolution of division of labor drives the process of 

integration, which results in individuation at the higher-level. 

The most obvious evidence of division of labor is the morphological 

specialization that accompanies the functional specialization of the lower-level units.  

These lower-level units become “polymorphic”.  If division of labor drives higher-level 

individuation, and if polymorphism is the evidence for division of labor, then 
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understanding the evolutionary rules governing polymorphism will advance our 

understanding of the evolution of individuated colonies.   

This study will explore several ways in which polymorphism evolves in colonies 

of marine invertebrates such as cnidarians, bryozoans, and urochordates.  Chapters 1 

and 2 identify and attempt to understand a constraint restricting the evolution of 

polymorphism in all colonial marine invertebrate taxa.  Chapter 1 asks if the 

morphology of the colony can act as a constraint on the evolution of polymorphism.  

Chapter 2 asks how this morphological constraint can affect the evolution of 

polymorphism over long periods of geologic time.  Chapter 3 is a reanalysis of a 

previous study that suggests how ecological factors might constrain the appearance of 

polymorphism in cheilostome bryozoans.  Chapter 4 proposes and demonstrates a 

method for quantifying colonial-level individuation by measuring the degree to which 

polymorphic zooids are arranged spatially into colony “tissues”.  This method is used to 

track how colony-level individuation evolved in one genus of cheilostome bryozoans 

over the course of the Cenozoic. 

Understanding the evolution of higher-level individuation in colonial marine 

invertebrates has consequences for our understanding of how the hierarchy of life 

evolves.  Individuation builds new levels of hierarchy.  A step up in hierarchy occurs 

when an aggregation of single-celled organisms coalesces into a single multicellular 

individual.  Another step in the hierarchy happens when multi-cellular organisms 
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coalesce to form a single colonial individual.   In each case, an individual at a higher 

level of hierarchy emerges from collections of lower-level units that have been drawn 

into closer association with one another.  These closer associations are caused by 

increased interdependencies, which result from division of labor.  This study attempts to 

better understanding how division of labor evolves in colonies of marine invertebrates.  

The results should provide clues as to how the colony-level of the biological hierarchy is 

evolving.  This is turn may shed light on the evolution of all hierarchical levels. 
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1. Zooid Compartmentalization Predicts Division of
Labor in Colonial Marine Invertebrates

1.1 Introduction

Colony formation is widespread within a number of major marine invertebrate 

taxa, most notably the cnidarians, bryozoans and urochordates.  Some colonial subtaxa 

within these higher level groups have evolved division-of-labor systems driven by 

morphological specialists, while others have not.  The lack of division of labor within 

some colonial taxa is perplexing given our understanding of the benefits of division of 

labor to the colonial lifestyle (Harvell 1994).  The absence of division of labor is often 

non-monophyletic at the phylum, class, or even order level, suggesting that division of 

labor has been gained and lost numerous times across the course of evolutionary 

history.  Thus, the lack of division of labor among higher taxa of colonial marine 

invertebrates cannot be explained simply as the result of phylogenetic constraint.  

Instead, focus has shifted toward identifying taxonomically independent “rules” to 

explain why some colonial marine invertebrates lack division of labor (Wilson 1968, 

Schopf 1973, Hughes and Jackson 1990, Harvell 1994). As will be discussed below, 

results to date have been inconclusive, thus this remains an open question. 

Here is proposed a new “rule” maintaining that the presence or absence of 

division of labor in marine invertebrate colonies is influenced by the degree of 
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compartmentalization within the colony as defined by the morphology of the 

physiological connections between colony members.  Division of labor is absent in all 

fully compartmentalized colonies that lack physiological connections between colony 

members.  Of those colonies with interconnected members, division of labor is found 

only in those moderately to strongly compartmentalized colonies in which members are 

joined by restricted connections.  Division of labor is absent in weakly 

compartmentalized colonies in which members are joined by shared body cavities.  This 

pattern appears to be statistically robust and cross-taxonomically applicable. 

This “rule” has broader implications for our understanding of how the basic 

hierarchical structure of life evolves.  All life is organized hierarchically: organelles are 

nested within cells, cells are nested within multicellular organisms, and multicellular 

organisms are nested within colonies or societies (Maynard Smith and Szathmáry 1995, 

McShea 2001a, McShea and Changizi 2003).  Paleontological evidence suggests the 

higher levels of the hierarchy are built through the coalescence of lower levels (McShea 

and Changizi 2003).  Division of labor strengthens the interactions among units on the 

same level, drawing them together into closer association (McShea and Venit 2001).  

Thus, the evolution of division of labor is one way by which higher-levels units emerge 

as single individuals instead of collections of multiple individual units.  This process is 

called “individuation” (McShea and Venit 2002). Phylogenetic and paleontological 

evidence indicates that the coalescence of lower level individuals into high-level 
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individuals has happened several independent times across the course of evolutionary 

history.  If division of labor is one of the ways in which individuation progresses, and if 

the evolution of division of labor is governed by a set of generalized cross-taxonomic 

“rules,” then perhaps other aspects of individuation evolution are also governed by 

generalized rules. 

 

1.1.1 An Introduction to Division of Labor

The phrase “division of labor” was coined by Adam Smith (1776) to describe 

how various tasks are distributed within human economies.  Biologists later co-opted 

the term to describe similar pattern of labor organization observed in the biological 

world.  Social insects societies, such as those of the ants, represent the best known 

biological division-of-labor systems (Oster and Wilson 1978).  However, examples of 

division of labor can be found throughout the animal kingdom, most notably among 

colonial cnidarians, bryozoans and urochordates.  These taxa, in combination with a few 

lesser known groups, are collectively referred to here as “colonial marine invertebrates.” 

According to Smith, workers who divide their labor have certain advantages 

over workers who do not.  Biologists have observed these same advantages in colonial 

invertebrates.  First, by dividing labor, a colony can simultaneously perform separate 

essential tasks.  For example, division of labor allows an ant colony to simultaneously 

collect food, care for its young, and defend itself against threats.  A single ant, on the 



8

other hand, would have to perform each of these tasks in series.  Switching from task to 

task is inefficient and increases the risk of not performing the proper task at the 

necessary moment.  A solitary ant might miss out on a feeding opportunity if she is 

occupied laying eggs, or she might be unable to defend her nest if she is foraging.  

Division of labor alleviates these difficulties. 

Second, division of labor allows for innovation and specialization, thereby 

increasing the efficiency by which tasks are completed and subsequently increasing the 

efficiency of the system as a whole.  For example, a house can be built more efficiently 

by a team of specialists – carpenters, electricians, plumbers, etc – than it can be built by a 

team of general laborers.  Each specialist is equipped with the unique tools and expert 

skill set of his or her own trade, tools and knowledge which may be beyond the 

capabilities of a generalist worker.  Thus, through division of labor and specialization, 

the efficiency of the whole system is increased. 

Labor specialists in biological division-of-labor systems take the form of 

morphological variants collectively referred to as “polymorphs.”  Polymorphs evolve as 

modifications of the ancestral generalist morphology.  For example, the workers, 

soldiers, and queens found in an ant colony are all morphological variants of a primitive 

generalized hymenopteran (Oster and Wilson 1978).  Marine invertebrate colonies may 

also have polymorphic members, or “zooids”.  The most common of these are feeding 

specialists called “autozooids” or “gastrozooids”, depending on the taxon.  For 
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simplicity’s sake, “autozooid” will be used here to refer to both.  Autozooids have 

typically undergone little or no modification from the ancestral form.  These autozooids 

may be accompanied by an impressive array of more highly modified polymorphs, 

including specialists for reproduction, defense, colony structure, and movement 

(Harvell 1994). 

Given these apparent advantages, it is curious that division-of-labor is entirely 

absent in some colonial marine invertebrate taxa.  Understanding why some colonial 

marine invertebrates have not or cannot evolve division of labor has proven difficult.  

Division of labor does not appear to be distributed monophyletically among higher level 

colonial marine invertebrate taxa. The major colonial marine invertebrate phyla and 

subphyla are widely scattered across the Tree of Life.  Bryozoans are lophotrochozoans, 

cnidarians are in Radiata, and urochordates are deuterostomes.  In turn, each of these 

groups contains both polymorphic and non-polymorphic sub-taxa.  For example, within 

the cnidarians, scleractinian corals do not have division-of-labor systems, while 

siphonophores have arguably the most well developed division of labor in the entire 

animal kingdom.  Phylactolaemate bryozoans lack division of labor, yet many 

cyclostome and most cheilostome bryozoans have it to some degree.  Doliolids are 

urochordates that possess a beautiful and intricate system of division of labor, while 

their cousins the ascidians and pyrosomes lack division of labor entirely.   
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Thus it seems that division-of-labor systems have evolved numerous times 

during the course of animal evolution.  It is possible that each independent acquisition 

of division of labor was subject to the same evolutionary constraints.  It is also possible 

that those colonial taxa which lack division of labor are similarly subject to common 

constraints.  The biological world is rife with examples of organisms independently 

converging on similar solutions to common challenges.  Organismal form is greatly 

influenced by physical constraint.  These physical constraints are rooted in the 

biologically-independent physical laws of the universe, thus, different organisms living 

similar lifestyles are subject to the same sets of physical challenges.  Furthermore, these 

independently evolving organisms reacting to the same basic physical environment may 

end up hitting upon similar engineering strategies for dealing with this environment, 

resulting in convergence.  Thus, birds, bats and butterflies have all independently 

evolved wings with airfoil cross-sections as the best strategy for mastering the physical 

challenge of flight.  Similarly, penguins, dolphins, and tuna have all independently 

evolved torpedo-shaped bodies in response to the challenge of moving through water 

quickly.  Vertebrates, cephalopods, and perhaps other taxa have evolved camera eyes in 

response to the physical limitations of capturing a high resolution image with a small 

visual organ. 

It is plausible that the evolution of division of labor is likewise subject to a 

common suite of physical challenges.  The result may be general evolutionary 
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constraints on innovation within the colony lifestyle, including constraints on the 

requirements for supporting a colonial division of labor system.  If this is true, it should 

be possible to identify common patterns or characteristics that are shared by 

polymorphic colonial taxa but lacking in monomorphic colonial taxa (or vice versa). 

A number of investigators have attempted to use constraint to explain presence 

or absence of division of labor in colonial animals.  Wilson (1968) demonstrated that the 

number of castes in an ant colony is correlated with environmental stability, defined as 

proximity to the tropics.  Schopf (1973) found a similar pattern in cheilostome bryozoans 

(see also Venit in review).  However, Hughes and Jackson (1990) provided contrary 

evidence and critiqued Wilson and Schopf’s categorizations of “stable environment.”  

Mackie (1986) suggested that polymorphism is more likely to be found in colonies that 

are mobile, citing the siphonophores and the “walking” bryozoan Selenaria as examples.  

However, many monomorphic colonies are also mobile, including the gracefully 

swimming pyrosomes, and the phylactolaemate bryozoan genus Crisitella, which can 

crawl slowly across the substrate.  Harvell (1994) suggested that developmental lability 

in certain colonial taxa facilities polymorph formation, while developmental constraints 

prevent other taxa from evolving polymorphic zooids.  Unfortunately this promising 

idea has yet to receive much investigation, and thus at the moment remains a black box. 
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1.1.2 A Hypothesis About Division of Labor

Despite an impressive diversity of forms, colonies of marine invertebrates do 

share some morphological and organizational commonalities.  All marine invertebrate 

colonies grow through the asexual propagation of constituent zooids.  These zooids are 

sessile with respect to one another, although the colony as a whole may be mobile.  

Thus, all marine invertebrate colonies can be thought of as masses of zooids stuck 

together in a more or less permanent fashion. 

These permanent associations allow for strong interactions among zooids. 

Morphological connections between zooids, such as tubes or an open coelom, make 

possible the transfer of nutrients between zooids.  Such inter-zooidal connections are 

found in some, but not all, marine invertebrate colonies. These interzooidal connections 

provide a conduit by which the colony can subsidize highly specialized polymorphs that 

have lost some or all ability to feed.  Colonies without interzooidal connections lack any 

apparent mechanism for nutrient exchange among zooids, and thus are strictly limited 

in the degree to which they can support highly specialized polymorphs and the 

associated division-of-labor system.  Therefore, it is expected that colonies lacking 

interzooidal connections will also lack polymorphic zooids.  This question forms the first 

part of the hypothesis tested here. 

Interzooidal connections can assume a range of forms, including connections by 

tubes, by thin coelomic cavities sandwiched between tissue layers, or by common open 
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and unrestricted coeloms.  These different types of connections greatly affect the degree 

to which neighboring zooids are compartmentalized.  They also affect the degree to 

which nutrients flow between zooids.  Open connections allow more transfer than 

restricted connections, thus zooids connected by open coeloms can be expected to 

experience more interzooidal flow than zooids connected by tubes. 

There is some evidence for a relationship between division of labor and the 

openness of interzooidal connections (Ryland 1979, Harvell 1994).  Ryland (1979) noted 

that the degree of polymorphism in extant bryozoan classes seems to be correlated with 

the degree to which the colony is compartmentalized.  “Compartmentalized” in this 

sense means the degree to which the zooids in the colony are morphologically separate.  

Zooids that share free-flowing connections with their neighbors are less 

compartmentalized than zooids that share restricted connections with neighbors.  

Modern bryozoans are classified into three classes: the gelatinous freshwater 

Phylactolaemata, the tube-like Cyclostomata, and the boxy Cheilostomata.  

Phylactolaemate zooids share a common colony coelom and thus lack any 

compartmentalization or barriers between zooids.  The coeloms of neighboring 

cyclostome zooids are linked through open pores in the zooids walls.  Cheilostome 

zooids are connected by regulated pores that seal off the coeloms of neighboring zooids 

while still allowing for controlled nutrient transfer.  The weakly compartmentalized 

Phylactolaemates lack polymorphism, the moderately compartmentalized cyclostomes 
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possess an intermediate level of polymorphism, and the highly compartmentalized 

cheilostomes possess complex and highly developed polymorphs.  Thus, noted Ryland, 

bryozoan polymorphism seems to be correlated with the degree to which the zooids in 

the colony are compartmentalized. 

Ryland’s observation suggests that a lack of compartmentalization may limit the 

evolution of division of labor in bryozoan colonies.  This correlation may hold true in 

other types of colonial marine invertebrates, a hypothesis which will form the second 

part of this inquiry.  Harvell (1994) briefly considered and rejected a similar hypothesis.  

Like Ryland, she noted the correlation between compartmentalization and 

polymorphism in bryozoans and urochordates.  However, she rejected her hypothesis 

based on her observations of the gastrovascular cavities of highly polymorphic 

cnidarians such as siphonophores and hydroids.  Zooids in these colonies share a 

common gastrovascular system via stolons.  Harvell interpreted shared gastrovascular 

cavities in these polymorphic taxa as evidence for a lack of compartmentalization, an 

observation inconsistent with the correlation she observed in the other two major 

colonial marine invertebrate taxa.   

This study will revisit and expand on the observations of Ryland and Harvell.  

Compartmentalization does seem to be correlated with polymorphism in colonial 

marine invertebrates; however, it is difficult to make determinations as to what 

constitutes greater or lesser compartmentalization when comparing morphologically 
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disparate taxa.  For example, Harvell asserted that ascidian zooids are connected by a 

blood vascular system but not a gut, and thus they are more compartmentalized than 

cnidarian taxa with common guts, such as siphonophores and cnidarians.  This, 

however, is a subjective assessment.  Ascidians and siphonophores are dramatically 

different creatures, making it difficult to make comparisons about such things as 

compartmentalization.  One could just as easily say that ascidians are actually the less 

compartmentalized of the two taxa since they share a blood vascular system, while the 

siphonophores (by virtue of lacking a blood vascular system entirely) do not.  Thus, this 

problem calls for a more generalized approach that can compare gastrovascular, 

coelomic and blood vascular connections on equal terms. 

To resolve this, compartmentalization will be redefined here simply as an 

assessment of connection shape.  The specific physiological processes being shared 

between zooids will largely be ignored.  Thus, both ascidians and siphonophores would 

be classified as “moderately compartmentalized” since both have interzooidal 

connections via “tubes”, blood vessels in the case of ascidians and gastrovascular stolons 

in the case of siphonophores.  The hope is that assessment of connection morphology 

will be both less subjective and more generalizable across taxa.  Taken this way, “more 

compartmentalized” is associated with more restricted connections and “less 

compartmentalized” is associated with more open connections.  The expectation then 

becomes that colonies with less restricted connections are less compartmentalized, and 
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thus more likely to be monomorphic. This study will explore this hypothesis by 

comparing compartmentalization as defined by morphology of intercolony connections 

with the presence or absence of division of labor among all major taxa of colonial marine 

invertebrates. 

To summarize, this study will test a hypothesis taken in two parts.  First, it is 

expected that colonies lacking interzooidal connections cannot subsidize non-feeding 

polymorphs, and thus should be monomorphic.  These colonies are considered “fully 

compartmentalize”.  Second, of those colonies with interzooidal connections, 

compartmentalization is expected to be positively correlated with presence of 

polymorphism.  Thus, it is expected that polymorphism will only appear in taxa that are 

moderately or strongly compartmentalized. 

 

1.2 Methods

This hypothesis was tested through a search of the available literature on 

polymorphism and interzooidal connections in colonial marine invertebrates.  Data was 

primarily collected from major reference works on invertebrate biology and other 

compendium sources.  Some ambiguous data points were supplemented with references 

from the primary literature.  Study taxa were determined as the highest level taxon that 

captures a single generalized colony bauplan with regards to both compartmentalization 

and polymorphism.  In other words, study taxa were defined as the highest-level group 
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which could be defined by a single states score for both compartmentalization and 

polymorphism, allowing for isolated exceptions. 

Polymorphism is traditionally defined as discontinuous variation in the 

morphology of the zooids in a colony (Boardman and Cheetham 1973, Harvell 1994).  

Thus, zooids which vary in size along a continuous gradient are not be considered 

polymorphs.  Zooids that appear early in a colony’s astogeny, or development, may 

differ in size and shape from the zooids that appear later in the regular budding pattern 

of colony.  These zooids usually take the form of underdeveloped adult zooids, and thus 

are not typically considered polymorphs.  This study also does not treat dioecious 

zooids as polymorphs unless these zooids also display secondary sexual dimorphism. 

Thus, a female zooid is not a polymorph unless it features a brooding structure or some 

other morphology which distinguishes it from male zooids, hermaphroditic zooids, and 

female zooids without the differentiating structure. There is the strong implication that 

these differences in morphology allow for variation in functionality and thus division of 

labor. 

Compartmentalization was scored as the one of four following states, presented 

here in increasing degrees of openness between zooids (Figure 1): 

 

State 1: Full Compartmentalization   
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Zooids are in apposition but do not share any meaningful physiological connection 

(Figure 1A). 

 

State 2: Strong Compartmentalization 

Zooids are connected by tubes or pores which are restricted by a valve or a permeable 

tissue barrier (Figure 1B) 

 

State 3: Moderate Compartmentalization 

Zooids are connected by tubes or pores (Figure 1C).  These tubes are unobstructed. 

 

State 4: Weak Compartmentalization 

Zooids share a common body cavity (Figure 1D).  There is very little, if any, partitioning 

between zooids. 

 

States 2 through 4 grouped together represent colonies in which zooids share 

some form of physiological connection.  They stand in contrast to State 1, representing 

colonies in which the zooids lie in apposition to one another but lack an obvious 

morphological connection for transfer of nutrients or fluids.  Taxa were scored with the 

highest possible compartmentalization score.  For example, zooids in colonies of “free- 
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A

C

D

B

A

C

D

B

Figure 1: Examples of Compartmentalization 

A) Two zooids fully compartmentalized zooids lacking physiological connection (State 
1).  B) Two strongly compartmentalized zooids connected by a tube restricted midway 
by a septum (State 2).  C) Two moderately compartmentalized zooids connected by an 
unobstructed tube (State 3).  C) Two weakly compartmentalized zooids connected by a 

shared body cavity (State 4). 
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walled” cyclostome bryozoans are connected both by tubes perforating the walls 

between zooids (State 3) and by a colony-wide hypostegal coelom that is shared by 

zooids over the tops of  the walls defining the zooidal orifices (State 4) (Boardman 1983).  

The hypostegal coelom represents a shared body cavity, thus free-walled cyclostomes 

are classified as State 4. 

Compartmentalization does not vary much within higher-level taxa.  Excluding 

isolated exceptions, compartmentalization seems to be evolutionarily stable at the order 

level, and often stable as high as the phylum level.   

 

1.3 Results and Discussion

Each study taxon is outlined below along with a short description of the rationale 

behind assigning state scores for connection and morphology.  Exceptions and difficult 

cases are also detailed.  Compartmentalization and polymorphism data are summarized 

in Table 1. 

 

State 1: Full Compartmentalization  

PHYLUM PHORONIDEA 

Polymorphism: No 
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Description: Zooids live in tubes which lie in apposition but which do not share 

physiological connection.  As new zooids are budded, a partition is formed which 

separated mother from daughter (Beklemishev 1969). Polymorphism is absent 

(Beklemishev 1969). 

 

PHYLUM HEMICHORDATA 

Class Pterobranchia (Cephalodiscus)

Polymorphism: No 

Description: Zooids are tethered to one another by elastic stolons which extend 

distally from each zooid and meet in a central hub.  These stolons do not convey 

a physiological connection (Brusca and Brusca 1990).  Polymorphism is absent 

(Brusca and Brusca 1990). 

 

Class Pterobranchia (Rhabdopleura)

Polymorphism: No 

Description: Zooids grow from a common stolon; however, during growth the 

developing zooid secrets a septum which seals it off from the remainder of the 

colony.  Thus, adult rhabdopleurids are physiologically unconnected.  Zooids 

may be male, female or asexual, although these different sexes are 

morphologically indistinguishable (Brusca and Brusca 1990) and therefore not 
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considered polymorphs by the criteria defined here.  Underdeveloped zooids 

called “hibernacula” function as storage points for food reserves; however, it is 

not clear if hibernacula qualify as true polymorphs or if they are simply normal 

zooids which have stalled in their development. As such, rhabdopleurid 

pterobranchs are tentatively classified as monomorphic. 

 

SUBPHYLUM UROCHORDATA    

Class Ascidiacea 

Order Aplousobranchia 

Polymorphism: No 

Description: Zooids in many aplousobranch colonies are embedded 

independently in a common tunic (Sabbadin 1979).  This is tentatively 

interpreted here to be a lack of physiological connections between zooids.  In 

at least one family (the Polyclinidae), there is no evidence of a common 

colony vascular system.  Exceptions do exist in this group.  For instance, the 

zooids of Clavellina are connected by branching stolons (Beklemishev 1969).  

Polymorphism is absent (Beklemishev 1969). 

Class Thaliacea 

Order Pyrosomatida 
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Polymorphism:  No 

Description: Pyrosome colonies consist of a lamina of zooids that forms a 

long sheath which is closed at one end and open at the other.  These zooids 

do not share muscular, vascular or neural connections  (Beklemishev 1969, 

Ruppert and Barnes 1994, Bone 1998). Polymorphism is absent (Ruppert and 

Barnes 1994). 

 

Order Salpida  

Polymorphism: No 

Description: Salps present a difficult case for this classification scheme.  Salp 

zooids are connected together into long chains.  The zooids in these chains 

are attached to one another by papillae (Beklemishev 1969) or “attachment 

plaques” (Bone 1998) that do not appear to involve a mechanism for 

physiological transfer.  Thus salp chains should be classified as Fully 

Compartmentalized.  On the other hand, these chains grow from a large 

“oozooid”.  While attached to the oozooid, the chain is nourished via a 

stolon, making the chain Moderately Compartmentalized (State 3).  Thus, 

salps can be classified differently at different stages of their life cycle.  This 

study will interpret the detached salp chain to be the adult stage of the life 

cycle, and thus classify salps as Fully Compartmentalized.  The oozooid is a 
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polymorph; however, it is not part of the adult salp chain.  As such, the nurse 

and the chain are separate stages in the life cycle.  The nurse is a solitary 

entity that is roughly analogous to the medusae in cnidarians and not part of 

the colony (Ruppert and Barnes 1994). 

 

State 2: Strong Compartmentalization

PHYLUM BRYOZOA 

Class Gymnolaemata     

Order Ctenostomata 

Polymorphism: Yes 

Description: Zooids are connected by common pores which are regulated by 

perforated pore plates (Ryland 1970, Bobin 1977).  Zooids may be connected 

by stolons, which are themselves zooids that lack internal organs (Ryland 

1970). 

 

Order Cheilostomata  

Polymorphism: Yes 

Description: Zooids are connected by common pores which are regulated by 

perforated pore plates (Ryland 1970, Bobin 1977).  Polymorphism is 

extensive.  Claw-like polymorphs called “avicularia” are common and 
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thought to have a defensive or cleaning purpose.  Some zooids have 

brooding structures called “ovicells”.  Structural polymorphs, such as 

rootlets, stolons and spines are also common (Ryland 1970, Silén 1977). 

 

SUBPHYLUM UROCHORDATA  

Class Thaliacea 

Order Doliolida  

Polymorphism: Yes 

Description: Zooids are connected via diffusion across a membrane that 

forms a thin barrier between the vascular systems of adjacent zooids 

(Beklemishev 1969, Ruppert and Barnes 1994, Bone 1998).  This membrane 

has been described as “placenta-like” (Beklemishev 1969, Bone 1998).  It 

constitutes a permeable barrier between the vascular systems of adjoining 

zooids, qualifying these zooids as “strongly compartmentalized”.  Doliolid 

colonies consist of a large, barrel-shaped “oozooid” which trails a long spur 

on which feeding gastrozooids reside.  “Phorozooids” also bud from the 

spur.  Phorozooids eventually break off from the spur and in turn bud 

gonozooids which produce gametes (Ruppert and Barnes 1994). 

 

PHYLUM ENTOPROCTA 



26 

Polymorphism: No (although see Epilogue below) 

Description: Zooids are connected via stolons.  These stolons are periodically 

interrupted by transverse septa, which define the boundaries between neighboring 

zooids.  The septa are porous and allow for regulated nutrient flow between zooids 

(Nielsen 1989).  Polymorphism is absent (Beklemishev 1969, Nielsen 1989). 

 

State 3: Moderate Compartmentalization

PHYLUM CNIDARIA 

Alteration of generations is typical of many cnidarians.  The “colony” in these 

cases is considered here to comprise those zooids that remain in permanent association 

with one another.  In most cases cnidarian colonies are comprised exclusively of polyps.  

The medusae budded by these polyps are not considered part of the colony.  More 

rarely, modified medusae remain in permanent association with the colony.  This is true 

of the nectophores found in siphonophore colonies and the gonophores of stylasterines.  

In these cases, the meduae derivatives are considered to be polymorphic zooids and true 

members of their respective colonies. 

 

Class Hydrozoa      

Order Hydroida 

Suborder Anthomedusae 
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Polymorphism: Yes 

Description: Zooids emerge from a common network of stolons.  These 

stolons are tubes which connect the gastrovascular cavities of 

neighboring zooids (Ruppert and Barnes 1994).  Colonies may feature a 

number of different zooid types.  Most common are feeding specialists 

called “gastrozooids”, defensive zooids called “dactylzooids”, and 

reproductive specialists called “gonozooids” (Ruppert and Barnes 1994). 

 

Suborder Chondrophora 

Polymorphism: Yes 

Description: Colony consists of zooids hanging from a common float.  

These zooids are connected by a network of tube-like gastrovascular 

canals which run throughout the mass of tissue connecting the zooids to 

the float (Beklemishev 1969, Ruppert and Barnes 1994).  Colonies may 

feature a large, central gastrozooid surrounded by gonozooids and 

dactylzooids (Beklemishev 1969, Ruppert and Barnes 1994). 

 

Suborder Leptomedusae 

Polymorphism: Yes 
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Description: Colonies typically take the appearance of branching trees.  

Zooids reside on the branches and are connected by a gastrovascular 

canal that runs through the interior of the “trunks” (Ruppert and Barnes 

1994).  Colonies typically feature gastrozooids and gonozooids.  Some 

colonies also have dactylzooids which surround the gastrozooids 

(Ruppert and Barnes 1994). 

 

Order Milliporina 

Polymorphisms: Yes 

Description: Colonies consist of polyps emerging from pores in a hard 

skeleton called a coenosteum (Brusca and Brusca 1990, Ruppert and Barnes 

1994).  These polyps are connected by a network of gastrovascular canals 

which runs throughout the interior of the skeleton.  Zooids may be either 

gastrozooids or dactylzooids.  The dactylzooids are arranged in a ring 

around the gastrozooids (Brusca and Brusca 1990, Ruppert and Barnes 1994). 

 

Order Siphonophora 

Polymorphism: Yes 

Description: Zooids bud from a common stolon.  The basal portion of each 

zooid’s gastrovascular cavity opens into this stolon, thus the stolon also 
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serves as a colony-wide conduit for nutrients (Beklemishev 1969, Kirkpatrick 

and Pugh 1984).  There is some evidence of a restriction regulating the 

connection between the base of the zooids and this colony stolon (Dunn, 

personal communication).  Should this be the case, this restriction may 

qualify as a connection via restricted tube.  However, for now the 

siphonophores are tentatively classified as having connections via open 

tubes.  Polymorphism is extensive in the siphonophores.  Colonies may have 

gastrozooids, dactylzooids, gonozooids, (also called “blastostyles or 

“blastozooids” in siphonophores), small gastrozooid-like zooids called 

“cystozooids” which may have an excretory function, modified medusea 

called “nectophores” which the colony uses to swim, and “bracts” which may 

provide passive protection for other zooids (Beklemishev 1969). 

 

Order Stylasterina        

Polymorphism: Yes 

Description: Colonies closely resemble milliporinid colonies.  Zooids emerge 

from a hard skeleton impregnated with  many internal canals which serve to 

connect together the zooids in the colony (Brusca and Brusca 1990).  Like 

milliporinids, stylasterids have both gastrozooids and dactylzooids, with the 
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dactylzooids arranged in a ring around the gastrozooids.  Colonies may also 

feature reproductive gonophores (Brusca and Brusca 1990). 

 

Class Anthozoa 

Subclass Octocorallia (Alcyonaria) 

Order Gorgonacea 

Polymorphism: No 

Description: Colonies grow as long branches, sometimes interconnected 

into fan-like structures.  At the center of each branch is a hard but flexible 

axial rod which forms the base on which the zooids grow in a serial 

fashion.  The tissue surrounding the axial rod, called “coenenchyme”, is 

impregnated with gastrodermal tubes (“solenia”).  These tubes connect 

the gastrovascular cavities of adjacent zooids (Ruppert and Barnes 1994).  

Polymorphism is absent (Ruppert and Barnes 1994). 

 

Order Pennatulacea 

Polymorphism: Yes 

Description: Colonies consist of a very large primary zooid from which 

all other zooids are budded.  Zooids are connected via a network of 



31 

gastrodermal solenia (Beklemishev 1969).  In addition to the large 

primary zooid, colonies also feature smaller feeding zooids and very 

small “siphonozooids” whose function is to regulate the flow of water in 

and out of the colony (Beklemishev 1969).   

 

PHYLUM BRYOZOA 

Class Stenolaemata  

Order Cyclostomata (fixed-walled families) 

Polymorphism: Yes 

Description: The remainder of cyclostome families are classified as “fixed-

walled”.  Zooids in fixed-walled colonies are connected solely through 

common pores in adjacent zooid walls.  There are no connections via a 

hypostegal coelom (Beklemishev 1969, Ryland 1970, Boardman 1983).  

Colonies commonly feature female reproductive polymorphs called 

“gonozooecia”.  Other less common polymorphs may also be present in 

certain lineages (Beklemishev 1969, Boardman 1983). 

 

SUBPHYLUM UROCHORDATA    

Class Ascidiacea 

Order Phlebobranchia 
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Polymorphism: No 

Description: Pleobranchs are primarily solitary; however, there are a few 

colonial species such as Perephora. Zooids in these species are connected via a 

stolon which contains vascular tissue and circulate blood throughout the 

colony.  These stolons represent a connection via open tubes (Beklemishev 

1969).  Polymorphism is absent (Beklemishev 1969). 

 

Order Stolidobranchia 

Polymorphism: No 

Description: Zooids are connected via a common colony vascular system 

(Mukai et al. 1978, Sabbadin 1979, Mackie and Singla 1983).  This vascular 

system represents connection is via open tubes.  Polymorphism is absent 

(Beklemishev 1969). 

 

State 4: Weak Compartmentalization

PHYLUM CNIDARIA 

Class Anthozoa 

Subclass Hexacorallia (Zoantharia) 

Order Actiniaria 

Polymorphism:  No 
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Description: Cereus herpetodes is the only species of colonial anemone to 

be identified to date (Haeussermann and Foersterra 2003). The colony is 

made of polyps which failed to fully separate during reproductive fission.  

The result is a large, band-like mass of zooids with tentacles organized in 

a flabello-meandroid fashion akin so some stony corals. Gastrovascular 

cavities of adjacent zooids are connected through channels found above 

the pedal disk.  Zooids are also connected via unusually large marginal 

stomata.  In this sense, C.  herpetodes may be thought of as having one 

large connected gastrovascular cavity which runs throughout the entire 

colony.  This qualifies as Weakly Compartmentalized.  However, it 

should be noted that the extent of these connections is not entirely clear 

from the available literature.  If these connections prove to be small or 

restricted in some way, colonial Actinaria should be reclassified as 

Moderately or Strongly Compartmentalized (respectively).  

Polymorphism is absent (Haeussermann and Foersterra 2003) 

 

Order Scleractinia 

Polymorphism: No 

Description: The gastrovascular cavities of neighboring polyps in most 

scleractinian corals are connected via a thin, fluid filed cavity sandwiched 
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between two layers of tissue (Coates and Oliver 1973, Stanley 2003).   This 

cavity is called a “coenosarc”.  Polyps of “meandroid” corals are even less 

compartmentalized.  Neighboring zooids in meandroid corals will 

typically share a common gut and crown of tentacles.  Not all 

scleractinians are organized in this manner.  The polyps of “phaceloid” 

corals arise from a common skeleton but are otherwise physiologically 

unconnected and not in apposition.  Phaceloid corals are effective solitary 

and represent less than 10% of extant scleractinian genera (Coates and 

Oliver 1973), and thus can reasonably be treated here to be exceptions 

within the Scleractinia study taxon.  Polymorphism is absent among all 

scleractinians (Wells 1956). 

 

PHYLUM BRYOZOA 

Class Phylactolaemata  

Polymorphism: No 

Description: Colonies appear as large gelatinous masses, constituting a common 

coelom from which zooids emerge (Beklemishev 1969, Ryland 1970, Bobin 1977).  

Polymorphism is absent (Ryland 1970). 

 

Class Stenolaemata  
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Order Cyclostomata (free-walled families) 

Polymorphism: No 

Description: Two extant cyclostome families, the Lichenoporidae and the 

Horneridae, are classified as “free-walled”.  Zooids in a free-walled 

cyclostome colony are connected by a common membrane-bound hypostegal 

coelom that extends over the tops of the skeletal walls separating 

neighboring zooids (Beklemishev 1969, Ryland 1970, Boardman 1983).  This 

arrangement is also typical of some fossil stenolaemate lineages.  Zooids in 

extant free-walled species are also connected via common pores in the zooid 

walls; however, these pores are disregarded here since the hypostegal coelom 

qualifies this group for a higher connection state score.  The Lichenoporids 

and the Hornerids are grouped here into a single study taxon, although it is 

unknown if these groups together form a single clade.  Some species feature 

brood chambers; however, these are considered to be extra-zooidal structures 

and thus are not true zooids (Beklemishev 1969, Boardman 1983). 

 

These data are summarized and grouped according to compartmentalization 

score in Table 2.  Study taxa appear to segregate into three groups:  Taxa scored as Fully 

Compartmentalized (State 1) are exclusively monomorphic, taxa scored as Moderately 

or Strongly Compartmentalized (States 2 and 3) tend to be polymorphic with a few 
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monomorphic exceptions, and taxa scored Weakly Compartmentalized (States 4) are 

exclusively monomorphic. 

The statistical significance of these groupings was tested using a Probit 

Generalized Linear Model (McCullagh and Nelder 1989).  This test returns the 

probability that any given compartmentalization score (or group of 

compartmentalization scores) can predict a corresponding polymorphism state score.  

The probability of accurate prediction was considered significant if p > 0.95.  States 1 and 

4 were individually tested for their probability of predicting monomorphism.  States 2 

and 3 were individually tested for their probability of predicting polymorphism.  In 

addition, States 2 and 3 were grouped together and tested for their probability of 

predicting polymorphism.  The results of these significance tests can be found in Table 2. 

Individually, States 1 and 4 both predicted monomorphism with a confidence 

greater than p = 0.0005.  States 2 and 3 combined predicted polymorphism with a 

confidence greater than p = 0.05.  Taken together, these statistics confirm that 

monomorphism is predicted in taxa that are fully compartmentalized and in taxa which 

are weakly compartmentalized.  The apparently polymorphic groupings do not return 

statistically significant confidence values when considered separately.  State 2 predicted 

polymorphism with a confidence of p = 0.1405, and State 3 predicted polymorphism 

with a confidence of p = 0.0642.  However, these two states combined do significantly  
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Table 1: Study Taxa with Compartmentalization and Polymorphism State Scores 

PSS = Polymorphism State Score, CSS = Compartmentalization State Score 

 PSS CSS Sources

PHYLUM CNIDARIA
Class Hydrozoa

Order Hydroida

Suborder Anthomedusae Yes 3 (Ruppert and Barnes 1994)

Suborder Chondrophora Yes 3 (Beklemishev 1969, Ruppert and Barnes 1994)

Suborder Leptomedusae Yes 3 (Ruppert and Barnes 1994)

Order Milliporina Yes 3 (Brusca and Brusca 1990, Ruppert and Barnes 1994)

Order Siphonophora Yes 3 (Beklemishev 1969, Kirkpatrick and Pugh 1984)

Order Stylasterina Yes 3 (Brusca and Brusca 1990)

Class Anthozoa

Subclass Octocorallia (Alcyonaria)

Order Gorgonacea No 3 (Ruppert and Barnes 1994)

Order Pennatulacea Yes 3 (Beklemishev 1969)

Subclass Hexacorallia (Zoantharia)

Order Actiniaria No 4 (Haeussermann and Foersterra 2003)

Order Scleractinia No 4 (Beklemishev 1969, Ruppert and Barnes 1994)

PHYLUM BRYOZOA
Class Phylactolaemata No 4 (Beklemishev 1969, Ryland 1970, Bobin 1977)

Class Stenolaemata

Order Cyclostomata (free-walled) No 4 (Beklemishev 1969, Ryland 1970, Boardman 1983)

Order Cyclostomata (fixed-walled) Yes 3 (Beklemishev 1969, Ryland 1970, Boardman 1983)

Class Gymnolaemata

Order Ctenostomata Yes 2 (Ryland 1970, Bobin 1977)

Order Cheilostomata Yes 2 (Ryland 1970, Bobin 1977, Silén 1977)

PHYLUM PHORONIDEA No 1 (Beklemishev 1969)

PHYLUM ENTOPROCTA No 2 (Beklemishev 1969, Nielsen 1989)

PHYLUM HEMICHORDATA
Class Pterobranchia (Cephalodiscus) No 1 (Brusca and Brusca 1990, Ruppert and Barnes 1994)

Class Pterobranchia (Rhabdopleura) No 1 (Brusca and Brusca 1990, Ruppert and Barnes 1994)

SUBPHYLUM UROCHORDATA
Class Ascidiacea

Order Aplousobranchia No 1 (Beklemishev 1969, Sabbadin 1979)

Order Phlebobranchia No 3 (Beklemishev 1969, Ruppert and Barnes 1994)

Order Stolidobranchia No 3 (Beklemishev 1969, Mukai et al. 1978, Mackie and Singla 1983)

Class Thaliacea

Order Doliolida Yes 2 (Beklemishev 1969, Ruppert and Barnes 1994, Bone 1998)

Order Pyrosomatida No 1 (Beklemishev 1969, Ruppert and Barnes 1994, Bone 1998)

Order Salpida No 1 (Beklemishev 1969, Ruppert and Barnes 1994, Bone 1998)
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Table 2: Study Taxa Grouped by Compartmentalization State Score 

Confidence values represent the likelihood of any given state can predict 
monomorphism or polymorphism.  States 1 and 4 were tested for the ability to predict 
monomorphism, States 2 and 3 were tested for ability to predict polymorphism, both 

individually and together.  Predictive power is significant if p < 0.05 
 

Taxa Polymorphism
State 1: Full Compartmentalization
Phoronidea No
Pterobranchia (Cephalodiscus) No
Pterobranchia (Rhabdopleura) No
Urochordata:Ascidiacea:Aplousobranchia No

p=0.0001

Urochordata:Thaliacea:Pyrosomatida No
Urochordata:Thaliacea:Salpida No

State 2: Strong Compartmentalization
Bryozoa:Gymnolaemata:Ctenostomata Yes
Bryozoa:Gymnolaemata:Cheilostomata Yes
Urochordata:Thaliacea:Doliolida Yes

p=0.1405

Entoprocta No

State 3: Moderate Compartmentalization
Cnidaria:Hydrozoa:Hydroida:Anthomedusae Yes
Cnidaria:Hydrozoa:Hydroida:Leptomedusae Yes
Cnidaria:Hydrozoa:Hydroida:Chondrophora Yes
Cnidaria:Hydrozoa:Milliporina Yes

p=0.0422

Cnidaria:Hydrozoa:Stylasterina Yes
Cnidaria:Hydrozoa:Siphonophora Yes p=0.0642
Cnidaria:Anthozoa:Octocorallia:Gorgonacea No
Cnidaria:Anthozoa:Octocorallia:Pennatulacea Yes
Bryozoa:Stenolaemata:Cyclostomata (fixed-walled) Yes
Urochordata:Ascidiacea:Phlebobranchia No
Urochordata:Ascidiacea:Stolidobranchia No

State 4: Weak Compartmentalization
Cnidaria:Anthozoa:Hexacorallia:Actinaria No
Cnidaria:Anthozoa:Hexacorallia:Scleractinia No
Bryozoa:Phylactolaemata No

p=0.0004

Bryozoa:Stenolaemata:Cyclostomata (free-walled) No



39 

predict polymorphism (p = 0.0422).  As such, it is confirmed that polymorphism is 

predicted by taxa with moderate to high compartmentalization. 

The evolution of division of labor in a colonial marine invertebrate appears to be 

constrained by two factors.  First, the zooids in the colony must be physiologically 

connected to one another.  Second, zooids must be at least moderately 

compartmentalized, perhaps so that the physiological connections between zooids can 

be regulated.  The first constraint can be rather easily explained – morphological 

specialists often lose feeding ability (Boardman and Cheetham 1973), and thus must be 

subsidized with nutrients by other zooids in the colony.  Without these connections, 

polymorphs are limited in the degree to which they can specialize.  Interzooidal 

connections may also be required to transport the products produced by polymorphs to 

the rest of the colony.  

Understanding the second constraint is a bit more challenging.  In the absence of 

further study, explanations can only be speculated on: 

 

Speculation #1: The partitioning provided by compartmentalization is necessary 

to segregate developmental precursors during zooid development.  Zooids in colonies of 

marine invertebrates are clonal.  Producing and maintaining different morphologies 

from identical genomes requires variation in genes activation both during and post 

development.  Unregulated free-flow of developmental precursors between zooids 
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might hinder the establishment of this segregation and thus preventing the formation 

and maintenance of polymorphs. 

 

Speculation #2: Regulation of the physiological connections between zooids 

deters the advent of cheating polymorphs.  Colonial organisms are faced with the 

special challenges of group selection, including susceptibility to cheating zooids.  In 

theory, a polymorphic cheater caste could evolve – a caste that consumes resources 

while contributing little to the overall fitness of the colony.  Over time, species with the 

cheater caste will be out-competed by species that are not similarly encumbered.   Thus, 

the ability to evolve polymorphs comes with an evolutionary risk.  

Compartmentalization provides a mechanism for regulating the connections between 

zooids, and thereby might assuage this risk by allowing the colony to cut off subsidies to 

cheating polymorphs 

Cheating in group selection is typically thought of as occurring among 

genetically distinct individuals.  A selfish genome takes advantage of an altruistic 

genome for its own advancement.  However, cheating could theoretically also occur 

within clonal populations such as marine invertebrate colonies if somatic mutations 

introduce cheating alleles into the population (Buss 1987).   The result would be a 

situation analogous to cancer cells within a multicellular organism.  A colony that can 
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minimize the affect of these “cancerous” zooids should, in theory, out-compete a colony 

that cannot. 

 

Speculation #3: The greater control over the intra-colony flow of resources and 

products provided by compartmentalization increases a colonial species’ ability to adapt 

to changing environmental circumstances.  A polymorphic caste that is beneficial in one 

environment might be useless or even detrimental in another.  Perhaps the 

developmental segregation afforded by compartmentalization allows the colony to 

emphasize or deemphasize various morphs as necessary in response to shifting 

environmental conditions.  A polymorphic colony lacking a developmental regulation 

mechanism would not be able to do this, and thus would be at a fitness disadvantage in 

the long run. 

 

1.4 Conclusion

These results indicate that the evolution of division of labor is constrained in 

fully compartmentalization colonies (State 1)  that lack physiological connections 

between zooids and in weakly compartmentalized colonies (State 4) in which the zooids 

share a common coelom.  This pattern is general and cross-taxonomically applicable, 

and thus appears to be “rule-like”.  The discovery of a cross-taxonomically applicable 
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“rule” for the evolution of division of labor has broader implications for our 

understanding of the evolution of the hierarchical structure of life. 

The compartmentalization morphologies associated with monomorphism are 

also the compartmentalization morphologies that would be expected in primitive 

aggregations.  Marine invertebrate colonies grow from the asexual budding or fission of 

zooids.   It is reasonable to assume that the first colonies were formed from asexually 

produced daughter zooids that remained in permanent association with one another.  

Such aggregations could be expected to assume one of two forms.  The first would be 

daughter zooids that undergo full physiological separation, but remain in apposition.  

This is what is observed in phoronids and would be classified as Fully 

Compartmentalized (State 1).  The second form would be daughter zooids that fail to 

completely separate, and thus appear as two (or more) zooids emerging from the same 

body.  This is what is observed in the phylactolaemate bryozoans and would be 

classified as Weakly Compartmentalized (State 4). 

Weak compartmentalization and full compartmentalization are the two 

morphologies most likely to be found in primitive colonies.  These are also the two 

morphologies most associated with monomorphism, itself likely to be a primitive trait.  

This may not be coincidence.  It is possible that the first steps in the evolution of the 

colonial lifestyle among marine invertebrates looked much like what is seen in 

phoronids or phylactolaemates.  The evolution of polymorphism would require a shift 
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towards moderate-to-high compartmentalization (States 2 and 3) through the advent of 

septa in weekly compartmentalized taxa (State 4) or interzooidal connections in fully 

compartmentalized taxa (State 1).  If compartmentalization is viewed as a continuum, 

then the primitive monomorphic forms would be found on the outer edges, while the 

more derived polymorphic forms would be result form a shift to the middle (Figure 2). 

If this is the case, then some zooid morphologies may lend themselves more 

readily to the evolution of polymorphism.  The long, thin bodies of hydrozoans are well 

suited to stolon formation, and thus hydroids may have very easily evolved moderately-

to-highly compartmentalized colonies (States 2 as 3).  Perhaps it should not be a surprise 

that all colonial hydrozoan taxa are polymorphic.  Conversely, ascidian taxa in which 

the zooids reside in a common tunic may be poorly suited to evolving septa or other 

partitions between zooids, and thus may have much greater difficulty in evolving 

polymorphism. 

Understanding the conditions by which division of labor evolves provides clues 

as to the evolutionary processes by which new levels of biological hierarchy emerge as 

individuals.  All life is organized hierarchically. Cells are made up of molecules, 

multicellular organisms are made up of cells, and colonies are composed of multicellular 

organisms. In each of these cases, multiple individual lower-level units coalesce to form 

a single individual higher-level whole.  In this way, the higher level becomes  
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Figure 2: Transitions in Compartmentalization and Polymorphism 

It is possible that the primitive conditions in the colonial lifestyle are represented by the 
ends of the continuum from Weak Compartmentalization (State 4) to Full 

Compartmentalization (State 1).  Monomorphism is also correlated with these forms.  
The evolution of polymorphism, and with it individuation, involves a shift towards the 

middle of this continuum of compartmentalization (States 2 and 3). 
 

“individuated”.  The newly emerged higher-level individual may in turn serve as a 

lower-level unit in the formation of the next higher level of biological hierarchy. 

There is fascinating and weighty debate on what criteria define a biological 

individual, both generally (Huxley 1912, Harper 1977, Dawkins 1982, Buss 1987, Mishler 
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and Brandon 1987, Wilson 1997, Wilson 1999, Lee and Wolsan 2002), and with specific 

regards to colonial animals (Beklemishev 1969, Boardman and Cheetham 1973, Coates 

and Oliver 1973, Sandberg 1973, Rosen 1979, Chapman 1981, Lidgard 1985, Mackie 1986, 

Maynard Smith and Szathmáry 1995, McShea 1996, Anderson and McShea 2001, McShea 

2001a, McShea and Venit 2001).  This paper deals with the ways in which the constituent 

members of a colonial animal work together to perform essential life tasks.  Thus an 

“individual” is defined here as a biological entity that is strongly integrated into a single 

functional whole.  This is individuation defined on a functional basis (Wilson 1997, 

Wilson 1999, Anderson and McShea 2001).  In other contexts, one might instead choose 

to define individuation on a genetic (Harper 1977, Dawkins 1982, Wilson 1999) or 

developmental (Harper 1977, Dawkins 1982, Buss 1987, Wilson 1999) basis. 

The strength of a biological entity’s individuation depends on the degree to 

which that entity behaves like a single individual.  This is an impressionistic rather than 

quantified determination.  Despite prior attempts (Boardman and Cheetham 1973, 

Lidgard 1985, Soong and Lang 1992, Anderson and McShea 2001), individuation in 

colonial animals has proven difficult to quantify.  In the absence of a universal 

quantified measure of individuation, we are left to interpret strength of individuation as 

a gestalt.  Thus, “strongly individuated” and “weakly individuated” are used here as 

impressionistic terms.  
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A weakly individuated collective is comprised of autonomous subunits.  A herd 

of zebra is an example of this.  The herd responds collectively to predators and other 

environmental stimuli, thus the herd gives the impression of being somewhat 

individuated, albeit weakly.  The zebras themselves appear to be more strongly 

individuated.  Conversely, strongly individuated biological entities tend to have weakly 

autonomous subunits.  A human seems to be a strongly individuated biological entity.  

Each of us interacts with the world as a single unit and not as several trillion 

independent cells.  However, our cells do retain some autonomy and occasionally 

function independently to form cancers.  Intermediate cases also exist in which the 

higher-level unit is moderately individuated.  Ants are a classic example of this 

intermediate stage.  The ants in colony behave more autonomously than cells, and the 

colony is more individuated than a herd of zebra. 

The process by which a higher-level unit becomes individuated can be thought of 

as a continuum or a sliding scale (Figure 3) (Huxley 1912, Beklemishev 1969, Boardman 

and Cheetham 1973, McShea 1996, Wilson 1999, McShea 2001b, 2002, McShea and Venit 

2002).  Weakly individuated higher-level entities comprised of strongly autonomous 

lower-level units are found on one end of the scale, while strongly individuated higher-

level entities made up of weakly autonomous lower-level units are found on the other.  

Between these extremes are those collectives that represent a transitional state in which 

the higher-level unit is partially individuated.  
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Figure 3: The Sliding Scale of Colony-level Individuation 

 

The evolution of division of labor drives biological collectives along this sliding 

scale towards increasing higher-level individuation (Boardman and Cheetham 1973, 

Anderson and McShea 2001, McShea and Venit 2001).  As a trade off for increasing labor 

specialization, zooids lose their abilities to perform other basic tasks essential to life.   

This loss of self-sustaining function weakens the autonomy of the zooids and increases 

their dependence on the colony as a whole.  This increase in overall dependence among 

zooids draws the zooids together into closer association, increasing the individuation of 

the colony.  The result is that the lower-level units have become more weakly 

autonomous while the higher-level unit has become more strongly individuated.  

This process is exemplified by the avicularia found in colonies of cheilostome 

bryozoans.  Avicularia are thought to be specialized for colony defense and cleaning 

(Cook 1963, Kaufmann 1971, Silén 1977, Winston 1986).  Avicularia are believed to have 

been derived from autozooids that underwent considerable morphological 
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specialization (Cheetham 1973).  Most notably, the avicularia operculum has become 

greatly enlarged and elongated into a mandible.  The associated musculature is also 

greatly enlarged.  The result is a robust, claw-like structure that presumably defends the 

colony by snapping down on larvae and small invertebrates which encroach upon the 

colony surface (Winston 1986).  While the mandible assembly is greatly enlarged in 

avicularia, the remaining soft parts, including the lophophore and digestive tract, are 

greatly reduced or lost entirely.  Thus, avicularia lack the ability to feed, leaving them 

dependant on the rest of the colony for nourishment.  Meanwhile, other zooids 

specializing on other tasks are becoming increasingly dependant on the avicularia for 

defense.   

Zooid specialization is just one way by which a higher-level entity can become 

individuated.  The strengthening of higher-level individuation could plausibly result 

from any process that causes an aggregate to behave more like a single individual than a 

collection of many individuals.  For example, an increase in the shared fate of the 

collective (Wilson 1999) or an increase in the degree to which the collective’s germ line is 

sequestered (Buss 1987) would both result in increasing higher-level individuation.     

It’s possible that, like division of labor, the evolution of these processes also 

conforms to generalized cross-taxonomic “rules”.  If so, these rules taken together might 

form a standardized suite of rules which govern the evolution of colony-level 
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individuation in all colonial taxa.  Perhaps this suite of rules represents an optimum set 

of conditions by which all individuated collectives arise. 

The results presented here suggest that there may be generalized and rule-like 

patterns governing the evolution of colony-level individuation in colonial marine 

invertebrates.  How common are these “rules”?  Are colonial marine invertebrates 

unique in this regard?   Or are all social and colonial animals subject to patterns of 

constraint in the evolution of individuation?  Do patterns of constraints also govern the 

processes by which multicellular organisms emerge from individuated aggregations of 

cells?  Even more fascinating, are different types of biological aggregates, or even 

different levels of hierarchy, constrained by the same rules? 

Questions like these can only be speculated on at the moment.  However, the 

identification of a single rule-like constraint governing the evolution of one aspect of 

hierarchy gives hope that others generalized rules of hierarchy might one day be 

identified.  Indeed, there has already been some work to this regard.  Results from Bell 

and Mooers (1997) and Bourke (1999) suggest that there may be a universal correlation 

between aggregate size and number of polymorph types.  As mentioned above, several 

workers have tried to establish a universal correlation between polymorphism and 

environmental stability (Wilson 1968, Schopf 1973, Hughes and Jackson 1990, Venit in 

review).  Changizi (2001b, 2001a) views hierarchical systems, both biological and non-

biological, as combinatorial systems which conform to universal rules.  Taken together, 
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these rules begin to paint a broad picture explaining the evolution of hierarchy across 

taxonomy and on multiple levels.  As more and more of these rule-like patterns are 

identified, it may eventually become apparent that the basic hierarchical structure of life 

has evolved in a very constrained and standardized way.   

 

1.5 Epilogue: Division of Labor in Phylum Entoprocta

Zooids in entoproct colonies are connected by tubular stolons.  These stolons 

provide support for the colony and serve as conduits for nutrient flow between colony 

members. The stolons are divided into segments by transverse septa, creating discrete 

units (Nielsen 1989) and qualifying entoprocts as Strongly Compartmentalized (State 2).  

These segments alternate between ones that give rise to zooids, and ones that do not.  A 

segment that bears a zooid is considered to be part of that zooid.  A segment that does 

not bear a zooid is not considered to be part of any zooid, nor is it considered to be an 

independent zooid in and of itself. 

A very similar scenario can be found in the stoloniferid ctenostome bryozoans 

(Ryland 1970, Silén 1977).  Autozooids emerge from a stolon which is divided into 

segments by transverse septa.  These segments are considered to be polymorphic zooids 

independent from the adjoining autozooids.  Their assigned function has been one of 

colony support and nutrient transfer – the same function that is served by the entoproct 
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stolon segments.  Why then are ctenostome stolons considered to be zooids while 

entoproct stolons are not? 

Thus, there appears to be an inconsistency here worthy of further consideration, 

and one that has implications for the study at hand.  Entoprocts are the sole 

monomorphic taxon scored as “Strongly Compartmentalized” (State 2).  If entoproct 

stolons are demonstrated to be distinct zooids, Entoprocta could be considered 

polymorphic.  This would bring Entoprocta into closer agreement with the other State 2 

taxa in this study and strengthen the conclusions presented here.  The converse might 

also be true.  Stolons are the only type of polymorphic zooid found in the Ctenostomata.  

If these stolons are not shown to be true zooids, then Ctenostomata would be considered 

monomorphic.  As a result, two out the four study taxa scored as Strongly 

Compartmentalized (State 2) would be monomorphic, and the correlation between 

strong compartmentalization and polymorphism would have to be called into question.  

The Moderately Compartmentalized (State 3) taxa would still maintain the overall 

correlation between compartmentalization and polymorphism discussed above; 

however, the Strongly Compartmentalized taxa would be relegated to occupying a 

transitory position between the polymorphic Moderately Compartmentalized (State 3) 

taxa and the monomorphic Fully Compartmentalized (State 1) taxa.



52 

2. Constraint on the Evolution of Individuation in
Paleozoic Stenolaemate Bryozoans

2.1 Introduction

“Colonial marine invertebrates” are an informal grouping that includes members 

of Cnidaria, Bryozoa, Urochordata, and other lesser-known marine invertebrate taxa.  

Division of labor is present in some, but not all, colonial marine invertebrate groups.  

These division-of-labor systems arise from the interactions of morphologically 

specialized colony members known as “polymorphs”.  Colonial taxa with weakly-

compartmentalized zooids tend to be monomorphic and lacking in division of labor 

(Ryland 1979).  This may be the result of selection against polymorphism in weakly 

compartmentalized taxa. 

This hypothesis will be tested here by examining trends in polymorphism in 

stenolaemate bryozoans across the duration of the Paleozoic.  Paleozoic stenolaemates 

are weakly-compartmentalized and may be either monomorphic or polymorphic.  It is 

expected that monomorphic genera will gradually out-compete and overtake 

polymorphic genera.  If this is the case, monomorphism may represent an evolutionary 

stable state for weakly compartmentalized colonial marine invertebrates. 

Colony formation is found in a wide range of invertebrate taxa spanning the 

entire breadth of the animal kingdom.  The three largest colonial taxa each belong to a 
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different major clade of metazoans: the cnidarians (Radiata), the bryozoans 

(Lophotrochozoa), and the urochordates (Deuterostomia).  Other lesser-studied colonial 

marine invertebrate groups include the pterobranchs, the entoprocts and the phoronids. 

Despite an impressive range of taxonomic diversity, colonial marine invertebrates do 

share some commonalities. All colonies are comprised of repeating filter- or suspension-

feeding units known as “zooids” or “polyps”.  A colony is founded from a single larva 

which forms the first zooid.  Subsequent zooids are formed by budding, thus the entire 

colony is a large clonal aggregation.  Taxa are predominantly sessile; however some are 

motile such as the siphonophores and pyrosomes (Mackie 1986). 

Many colonial taxa have specialized polymorphic zooids that perform different 

functions as part of a system of division of labor.  For example, cheilostome bryozoans 

commonly feature several polymorphs, each specialized for feeding, reproduction, 

defense, or structural support.   Many other colonial marine invertebrates are 

monomorphic and lack division of labor entirely.  Examples of these include ascidians 

and scleractinian corals.  

The benefits of division of labor in colonial systems are well established (Smith 

1776, Oster and Wilson 1978, Harvell 1994), thus it is surprising that division of labor is 

not more widespread among colonial taxa.  Division of labor conveys two main benefits 

(Smith 1776) .  First, it allows for tasks to be performed simultaneously instead of 

serially.  Second, it allows for greater specialization and thus higher efficiency and 
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productivity.  All other things being equal, division of labor should be selected for in 

colonies of marine invertebrates.  Indeed, the advantage of division of labor is evident in 

that it appears to have arisen independently in several major marine invertebrate 

lineages, and possibly several times within these lineages.  Thus, it is surprising that 

some colonial marine invertebrate taxa would lack division of labor entirely.  This 

suggests that some form of constraint is restricting the evolution of division of labor in 

some colonial taxa. 

It is possible that the lack of division of labor in some colonial taxa is due to 

phylogenetic constraint.  However, an examination of the taxonomic positions of 

polymorphic and monomorphic colonial taxa suggests otherwise.  As mention above, 

colonial marine invertebrate taxa are only distantly related to one another.  Furthermore, 

monomorphic and polymorphic subtaxa are regularly grouped together at the order and 

class level (Harvell 1994).  Taken together, this suggests that division of labor has 

independently evolved several times.  Thus, the distribution of monomorphism among 

colonial taxa is unlikely to be the result of phylogenetic constraint acting on a single 

clade. 

Harvell (1994) proposed developmental constraint as a explanation for why 

monomorphic taxa have not evolved division of labor.  Zooids in marine invertebrates 

colonies are clones, thus the variation required to produce polymorphic zooids must 

come from differences in development.  Harvell suggested that monomorphic taxa lack 
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the developmental lability necessary to generate polymorphs, and thus are prevented 

from establishing division-of-labor systems. This hypothesis remains untested; however 

it does have a considerable amount of merit and is certainly worthy of further 

exploration. 

A third possibility is that the evolution of division of labor is constrained by a 

physical characteristic that is present in monomorphic taxa and absent in polymorphic 

taxa.  This is the type of constraint that will be explored here.  The degree of 

compartmentalization between zooids in a colony predicts the presence of 

polymorphism in that colony.  Compartmentalization in this sense refers to the degree to 

which zooids are physiological isolated.  For example, neighboring zooids in 

scleractinian coral colonies often share a single gastrovascular cavity, and thus are 

weakly compartmentalized.  Conversely, the zooids in colonies of doliolids, a type of 

urochordate, are connected only via nutrients transferred across a permeable membrane, 

and thus are strongly compartmentalized.  Many intermediate cases exist, as well as 

cases in which zooids are completely physiologically isolated from one another.  

Ryland (1979) first noted the correlation between compartmentalization and 

polymorphism while examining the major bryozoan taxa.  The weakly 

compartmentalized phylactolaemates are monomorphic, the moderately 

compartmentalized cyclostomes have some polymorphism, and the highly 

compartmentalized cheilostomes have extensive polymorphism.  This pattern has been 
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found to hold true across all colonial marine invertebrates.  Furthermore, colonies with 

fully compartmentalized zooids are universally monomorphic. Thus there appears to be 

a universal “rule” regarding compartmentalization and polymorphism in colonial 

marine invertebrates.  Polymorphism is associated with moderate to strong 

compartmentalization, while monomorphism is associated with both weakly 

compartmentalized taxa and fully compartmentalized taxa.  This universal nature of this 

pattern is remarkable considering that division of labor has likely originated multiple 

times in colonial marine invertebrate taxa.  Thus, degree of compartmentalization 

appears to be a good candidate for a physical trait acting as a constraint on the evolution 

of division of labor. 

The constraint on the evolution of polymorphism in fully compartmentalized 

colonial taxa is almost certainly due to the limits on nutrient transfer between zooids.  

Polymorphic zooids often lack feeding ability and must be subsidized by neighboring 

zooids.  Zooids that are fully compartmentalized lack physiological connections to their 

neighbors, and thus lack any method by which to transfer nutrients to non-feeding 

polymorphs.  Thus, it seems intuitive that fully compartmentalized colonial taxa would 

be unable to evolve division of labor.  As a result, these taxa are exclusively 

monomorphic. 

The constraint on the evolution of polymorphism in weakly compartmentalized 

taxa is more difficult to understand.  Zooids emerge from a common coelom, thus non-
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feeding polymorphs should have unrestricted access to the colony’s supply of nutrients.  

It has been suggested that compartmentalization may be important to separate the 

various precursors active during the development of morphologically disparate zooids; 

however, this hypothesis is untested.  For the moment, the cause of the constraint on 

polymorphism in weakly compartmentalized colonial taxa remains an open question. 

Modern colonial taxa with weak compartmentalization are universally 

monomorphic.  However, some fossil stenolaemate bryozoans from the Paleozoic are 

thought to have been both weakly compartmentalized and polymorphic.  This is an 

indication that the constraint on polymorphism in weakly-compartmentalized colonial 

taxa is not as harsh as the constraint on fully compartmentalized taxa, and potentially 

much more complex.  The morphological conditions present in a weakly 

compartmentalized colonial taxon may allow for experimentations in polymorphism, 

although it would be expected that these experiments would ultimately fail, returning 

the taxon to monomorphism over the span of evolutionary time.  This hypothesis will be 

tested here by examining trends in polymorphism in stenolaemates across the course of 

the Paleozoic. 

Bryozoans are a phylum of sessile filter feeding marine invertebrates.  Species are 

exclusively colonial.  Colonies can be encrusting, erect, or formed into mounds akin to 

those of scleractinian corals.  Bryozoan species of Class Stenolaemata were prolific 

throughout the Paleozoic and readily preserved in the fossil record due to their hard 
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skeletons. Strong abundance in the fossil record makes stenolaemate bryozoans 

especially useful for studying long term evolutionary trends such as those explored here   

Bryozoan zooids are bound by a hard skeleton usually comprised of calcium 

carbonate.  These skeletons typically take the appearance of an open-ended box or tube 

in which the soft parts of the zooid reside.  All Paleozoic stenolaemates are “free-

walled”, meaning that their zooids were connected via a hypostegal coelom that 

extended over the surface of the colony to link neighboring zooids (Bobin 1977, 

Boardman 1983).  The zooids themselves resided in skeletal compartments that underlay 

the hypostegal coelom. The resulting morphology was roughly akin to the colony 

morphology observed in modern scleractinian corals.  This shared coelom qualifies these 

stenolaemate zooids as Weakly Compartmentalized.  This skeleton morphology 

remained unchanged in stenolaemates throughout the entire span of the Paleozoic. 

The majority of zooids in a colony filter feed with a lophophore.  These are 

known as “autozooids”.  Specialized polymorphic zooids, known collectively as 

“heterozooids”, perform other tasks essential to colony function.  For example, 

“gonozooids” serve a reproductive function and “avicularia” are thought to defend the 

colony against larval settlement and small invertebrate predators (Ryland 1970, Silén 

1977, Winston 1986).  Polymorphic zooids are found in some but not all species of 

stenolaemate bryozoans.  More detailed descriptions of the polymorphic types found in 

Paleozoic stenolaemates will be given in the Analysis section below. 
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If monomorphism is the evolutionarily stable condition for weakly 

compartmentalized colonial taxa, it would be expected that stenolaemates will trend 

towards monomorphism across the course of the Paleozoic.  This will be tested in three 

ways.  First is a comparison of the median age of taxa.  The median diversity of 

polymorphic taxa is expected to have occurred before the median diversity of 

monomorphic taxa.  The second test will compare extinction rates.  Polymorphic taxa are 

expected to have experienced a higher extinction rate than monomorphic taxa.  The third 

comparison will test for competition between polymorphic and monomorphic taxa.  

Polymorphic taxa are expected to show evidence of being out-competed by 

monomorphic taxa.  If these conditions hold true, it can be said that monomorphism is 

the evolutionary stable condition in stenolaemate bryozoans.  These results may be 

applicable to other weakly compartmentalized taxa. 

 

2.2 Analysis

2.1.1 Defining the Study Taxa

The Paleozoic representatives of Class Stenolaemata were grouped into 

study taxa primarily based on taxonomic affinity.  These study taxa were then 

categorized as “highly polymorphic”, “weakly polymorphic” or “monomorphic” based 

on descriptions in the available literature. 
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Discussions of fossil stenolaemate polymorphism are typically found in the 

descriptions of taxa at the order or suborder level.  Thus, study taxa were defined at the 

suborder level whenever possible.  These include the suborders Ptilodictyina and 

Rhabdomesina of the Order Cryptostomata and suborders Fistuliporina and 

Ceramoporina of the Order Cystoporata.  Suborders have not been erected for Order 

Fenestrata.  As such, this order was divided into study taxa by grouping families based 

on general degree of polymorphism (explained below).  These subgroupings are not 

intended to represent monophyletic groups within Fenestrata.  Suborder Fistulipora 

contains both polymorphic and monomorphic families, and thus this suborder was also 

broken down in this manner. 

Determining the presence of polymorphs in fossil bryozoan colonies can be 

challenging.  Soft parts can be very important in identifying a zooid as a polymorph.  

For example, the “nanozooids” found in extant genera of the Stenolaemate family 

Diastoporidae are identified in part by their diminutive lophophores – the soft feeding 

structures characteristic of bryozoan autozooids (Silén and Harmelin 1974).  

Unfortunately, soft parts are poorly preserved in the fossil record.  Thus, the only 

indicator of polymorphism in a fossil colonial group is what can be gleaned from the 

hard parts.  The hard parts in these ancient bryozoans are the skeleton laid down as part 

of the zooidal walls.  In some cases, hard parts are more than adequate to identify 

polymorphic zooids.  For example, the avicularia in cheilostome bryozoans have a 
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distinctive claw-like shape that is readily apparent in the skeletons of both fossil and 

recent specimens.   

Stenolaemates skeletons take the form of tubes in which the polypide of the 

zooids resided during life.  The presence of multiple tube sizes and shapes within a 

single colony may indicate that that colony was polymorphic.  These tubes are 

somewhat limited in character and thus leave few clues as to the polymorphic zooid’s 

function during life.  Thus, statements as to the functionality of Stenolaemate 

polymorphs should be treated is an assumption except in the rare cases where these 

assumptions are backed by preserved soft part data. 

Several structures have been identified in Paleozoic stenolaemates that are 

potentially polymorphic zooids.  These structures appear to be zooids, and they vary in 

size and shape from the zooids which constitute the majority or the colony population.  

Thus, it is reasonable to assume that these structures are likely polymorphic zooids.  

Most of these polymorph types are thought to have had lophophores, which may have 

allowed for at least some feeding ability.  In the absence of soft-parts or behavioral 

observation, the major functions of these polymorphs are unknown, although some 

workers have offered speculations as to functions of specific morphs. 

 

Some types of Paleozoic Stenolaemate polymorphs: 
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1. marginal zooecia: these zooids appear along the marginal areas of branches.  

They are typically shorter than the autozooids in the same colony. 

 

2. exilazooecia: these zooids are notably smaller than the autozooids in the same 

colony.  Karklins (1983) speculated that these morphs were associated with a 

brooding function.  Boardman (1983) noted that the exilazoocia living chamber 

was large enough to allow for possible organs.  The status of exilazooecia as true 

zooids has recently been called into doubt (Boardman and Buttler 2005). 

3. mesozooecia: these zooids are comparable in size to exilazooecia, but possess 

numerous longitudinal diaphragms spanning across the zooidal chamber. As a 

result, the size of the zooid living chamber is greatly reduced.  It seems unlikely 

that the living chamber in these polymorphs was large enough to support 

functional feeding and digestive organs (Boardman 1983).  Like exilazooecia, the 

status of mesozooecia as true zooids has recently been questioned (Boardman 

and Buttler 2005). 

4. monticular zooids: these zooids are larger than the autozooids in the same 

colony, and they tend to group in clusters. They occur around the edges of 

“monticules,” colony regions featuring a cluster of zooids forming a prominence 
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on the colony surface.  These monticules may have played an important role in 

the flow of water across the colony surface, and the monticular zooids may have 

had a function associated with this role (Boardman 1983).  There is no evidence 

suggesting that monticular zooids lacked feeding ability (Boardman 1983).  

Given this, monticular zooids and autozooids might be relatively similar in 

functionality. 

 

5. axial zooecia: thin polymorphs found in axial regions.  They may or may not 

have had a lophophore.  There are many examples of intermediate morphologies 

(Blake 1983), thus it is unclear if axial zooecia meet the discontinuous 

morphology criterion that is used here to define a polymorph.  

 

As evident from these examples, there is a considerable amount of ambiguity 

surrounding these polymorphs, both in the speculation of function and in their status as 

true zooids.  Recognizing this ambiguity, this study did not attempt to make fine 

distinctions on the differences in polymorphism among groups.  Instead, study taxa 

were assigned one of three generalized classifications: “strongly polymorphic”, “weakly 

polymorphic”, or “monomorphic”.  These generalized classifications were intended to 

mitigate the impact of polymorph ambiguity. 
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Strongly polymorphic taxa have multiple polymorph types, some or all of which are 

thought to have lacked feeding ability.  Non-feeding zooids must be subsidized by the 

other zooids in the colony, thus the loss of feeding ability is interpreted to indicate 

highly derived polymorphs.  Weakly polymorphic taxa have polymorphic zooids all of 

which are thought to have been able to feed.  Monomorphic taxa lack polymorphic 

zooids and have only autozooids.  Study taxa polymorphism classifications and the 

associated rationale are as follows: 

 

ORDER CRYPTOSTOMATA 

Suborder Ptilodictyina: strongly polymorphic. 

Polymorphism is widespread and varied within Ptilodictyina, although few hard 

conclusions have been drawn as to the function and feeding ability of the various 

morphs (Karklins 1983).  Several polymorphs have living chambers that seem too small 

to support functioning feeding organs, suggesting that these morphs may have been 

dependent on the colony for nutrients.  Given the diversity and abundance of 

polymorphs, and the plausibility of some of these morphs lacking feeding ability, 

Suborder Ptilodictyina is classified as “strongly polymorphic”. 

 

Suborder Rhabdomesina: weakly polymorphic 
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Polymorphs are relatively uncommon in this suborder (Blake 1983). Those that 

are present tend to be large with probable feeding structures.  Given that polymorphs 

are rare in this suborder and that these polymorphs likely did not specialize to the 

degree that they lost feeding ability, Suborder Rhabdomesina is classified as “weakly 

polymorphic”. 

ORDER CYSTOPORATA 

Suborder Ceramoporina: strongly polymorphic 

Ceramoporine colonies may have had up to four different types of zooids 

appearing in unison (Utgaard 1983).  Some of these zooid types may possibly have been 

non-feeding.  Given the diversity of polymorph forms and the possible presence of non-

feeding zooids, Ceramoporina is classified as “strongly polymorphic”. 

 

Suborder Fistuliporina (polymorphic families): weakly polymorphic 

Most Fistuliporine families featured large polymorphs that  likely had feeding 

structures (Utgaard 1983).  Given the apparently lack of polymorph specialization, 

Suborder Fistuliporina is classified as “weakly polymorphic”. 

 

Suborder Fistuliporina (monomorphic families): monomorphic 
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Three families of Fistuliporines lack any evidence of polymorphism (Utgaard 

1983).  They are Families Cystodictyonidae, Etherellidae, and Goniocladiidae.  Together 

they are classified as “monomorphic”. 

 

ORDER FENESTRATA 

Fenestrata (polymorphic families): strongly polymorphic 

This group includes the polymorphic fenestrate Families Fenestellidae, 

Acanthocladiidae, and Semicosciniidae.  This grouping is not meant to represent a 

taxonomic or monophyletic group.  Several polymorph types are found throughout F. 

Fenestellidae, some of which are non-feeding (McKinney personal communication).  

Non-feeding polymorphs called “cyclozooecia” are found regularly in genera belonging 

to F.  Acanthocladiidae.  Three genera in F. Semicosciniidae are thought to have 

polymorphs.  All of these morphs are thought to have been non-feeding.  Taken as a 

group, these three families are together classified as “strongly polymorphic”. 

 

Fenestrata (monomorphic families): monomorphic 

Aside from the families discussed above, polymorphism is rare among 

Fenestrates (McKinney personal communication).  Polymorphic zooids have been 

observed in two species belonging to the Family Phylloporinidae.  These cases are 
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isolated – a single species in one instance, and a single specimen in the other.  Thus, the 

remaining families of Fenestrates taken as a group are classified as “monomorphic”. 

 

These seven study taxa were subjected to three separate analyses (detailed 

below) designed to explore possible trends in the evolution of division of labor within 

the stenolaemates during the course of the Paleozoic.  Analyses were conducted on a 

pairwise basis between study taxa within the same order.  Each order contains taxa 

representing at least two different degrees of polymorphism, thus a comparison of taxa 

within the same order can provide insight into the overall evolution of division of labor 

within that order.  The cryptostomate Suborder Ptilodictyina was compared to 

cryptostomate Suborder Rhabdomesina, the monomorphic fenestrate families were 

compared to the polymorphic fenestrate families, and the three cystoporate subtaxa 

were compared pairwise to one another (for a total of three cystoporate pairings).  If the 

same trend towards monomorphism is seen in all three orders, it can be confidently said 

that polymorphism is being selected against in stenolaemates during the Paleozoic. 

Three different analyses were performed comparing study taxa.  They are 

presented as follows, with results. 
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2.1.2 Comparison of Median Ages of Diversity

This test compared the ages at which the study taxa reached median diversity as 

measured by number of families.  It is expected that more strongly-polymorphic taxa 

will reach median diversity before more weakly-polymorphic taxa.  Family stratigraphic 

ranges and abundance data were taken from the data set found in the Bryozoa section of 

Fossil Record 2 (Taylor 1993).  The study taxa persisted from the Lower Ordovician to the 

Upper Triassic.  Geological stages were dated using the most recently accepted geologic 

time scale (Gradstein et al. 2004).  In some cases, the age of a family’s first or last 

appearance in fossil record is ambiguous.  This study relied on the most conservative 

estimates (i.e. latest possible age of first appearance and earliest possible age of last 

appearance).  Plots of the family diversity of each study taxon can be found in Figure 4. 

Data on family stratigraphic ranges were available by geologic stage; however, 

geologic stages are unequal in length.  This presents a difficulty when making 

calculations involving duration. Two basic solutions exist, although both carry a 

potential bias.  The first solution is to break each stage into million-year intervals, with 

each interval assigned the same family diversity as the stage from which it was derived.  

This introduces a bias by which longer stages may be over-represented in comparison to 

shorter stages.  The second solution is to include the family diversity of each stage only 

once, dated to the midpoint of that stage.  This introduces a possible bias in which  

 



69 

Cryptostomata

436 MY

314.9 MY

0

1

2

3

4

5

6

7

8

9

200250300350400450500

Millionsof YearsAgo

N
u
m

b
er

o
f
F
am

il
ie

s

Ptilodictyina

Rhabdomesina

PtiliodictyinaMedian

RhabdomesinaMedian

Cystostoporata

446.4 MY

379.9 MY

305.2MY

0

1

2

3

4

5

6

7

8

200250300350400450500

Millionsof YearsAgo

N
u
m

b
er

o
f
F
am

il
ie

s

Ceramoporina

Fistuliporina (weakfams)

Fistuliporina (monofams)

CeramoporinaMedian

Fistuliporina (weakfams) Median

Fistuliporina (monofams) Median



70 

Fenestrata

379.9MY

314.9MY

0

1

2

3

4

5

6

7

8

200250300350400450500

Millionsof YearsAgo

N
u
m

b
er

o
f
F
am

il
ie

s

Strongly Polymorphic Families

Monomorphic Families

Strongly Polymorphic Families Median

Monomorphic Families Median

Figure 4: Paleozoic Stenolaemate Diversity Curves 

Family diversity curves for seven study taxa over the course of the Paleozoic, grouped 
by order.  Strongly polymorphic taxa are drawn in black, weakly polymorphic taxa are 
drawn in dark gray, and monomorphic taxa are drawn in light gray.  Ages of median 

diversity are represented by dashed lines. 
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Table 3: Pairwise Comparisons of Study Taxa Ages of Median Diversity (AMD) 

Comparisons were grouped by order.  In each pairwise comparison, the more strongly 
polymorphic taxon is first, and the more weakly polymorphic taxon is listed second.  

Confidence values are provided in the final column.   

Order More strongly polymorphic group (AMD)  
v. More weakly polymorphic group (AMD) 

 

Cryptostomata Ptilodictyina (436.0 MYA) 
v. Rhabdomesina (314.9 MYA) 

p < 0.0001 

Cystoporata Ceramoporina (446.4 MYA) 
v. Fistuliporina (weak) (379.9  MYA) 

p < 0.0001 

Cystoporata Ceramoporina (446.4 MYA) 
v. Fistuliporina (mono) (305.2 MYA) 

p < 0.0001 

Cystoporata Fistuliporina (weak) (379.9 MYA) 
v. Fistuliporina (mono) (305.2 MYA) 

p = 0.0005 

Fenestrata Strong families (366.9 MYA) 
v. Mono families (314.9 MYA) 

p = 0.0236 

shorter ranges would be overrepresented and longer stages underrepresented.  Further 

discussion of this problem and it’s solutions can be found in Gould et al. (1987). 

This study adopted the second solution.  The stages used in this analysis are 

reasonably constant in length (average stage length of 8.24 million years with a standard 

deviation of 4.25 million years), and the distribution of stage lengths are spread fairly 

evenly across the time frame in question (7.59 million year average stage length from 
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Ordovician to Devonian, 8.92 million year average stage length from Carboniferous to 

Triassic).  This constancy mitigates the bias towards overweighting shorter stages. 

Median age of diversity was calculated as follows:  The number of families 

occurring at each stage was totaled for all stages across the full duration of the taxon.  

The median was the calculated for this set.  The age of median diversity was then given 

as the midpoint date of the stage in which the median occurred.   

Ages of median diversity were compared on a pairwise basis between study 

groups within the same order as described above.  Differences were tested for statistical 

significance using a bootstrap sampled with replacement for 10,000 iterations.  Results 

are summarized in Table 3. 

All five pairwise comparisons produce significant differences in support of the 

hypothesis.  In other words, in all five comparisons, the more-polymorphic group 

reaches median diversity significantly before the less-polymorphic group. Thus, there is 

a clear pattern by which the polymorphic taxa in a lineage appear before the 

monomorphic taxa in that same lineage.  The causes for this pattern will be explored 

through a comparison of extinction rates and a test for competition between study taxa. 

 

2.1.3 Comparison of Extinction Rates

The pattern described above could be explained if polymorphic study taxa have 

higher extinction rates than monomorphic taxa.  A higher extinction rate would shift a 
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the median age a lineage towards the beginning of the Paleozoic, while a lineage with a 

lower extinction rate would have longer-lived taxa and a median age shifted towards 

the end of the Paleozoic. 

A higher extinction rate in polymorphic groups could also indicate that these 

groups are somehow more “fragile”.  Perhaps polymorphism in weakly-

compartmentalized colonial taxa makes those taxa less able to deal with changing 

ecological circumstance, and thus more prone to extinction. 

Extinction rate is calculated here as the inverse of the average stratigraphic 

duration of the genera in the study group.  Thus, a group with shorter durations will 

have a higher rate of extinction.  Extinction rates are assumed here to behave 

exponentially (Van Valen 1973). 

Genus duration data was obtained from Sepkoski (2002).  First and last 

appearances were available by stage and occasionally by substage.  Higher resolutions 

were used whenever possible.  Stages and substages were dated using Gradstein et al. 

(2004).  Durations were measured from the midpoint of the stage or substage of first 

appearance to the midpoint of the stage or substage of last appearance.  Some genera 

have first and last appearances in the same stage or substage.  In these cases, the 

duration was given as one-half the total length of the stage or substage.  Extinction rate 

results can be found in Table 4. 
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Extinction rates for study groups were then tested by order for best fit to single-

rate and multiple-rate models.  A single-rate model implies that the extinction rates for 

the study groups within that order are indistinguishable from one another.  In other 

words, all genera within that order would have the same extinction rate regardless of 

polymorphism status.  Any differences in rates between study groups would not be 

statistically significant.  A multiple-rate fit implies that the study groups within that 

order have different rates of extinctions, and these rates are significantly different from 

one another.  

Preference for single-rate or multiple-rate models was tested using Akaike’s 

Information Criterion (AIC).  AIC returns two values, Δi and wi. Δi is the AIC value 

scaled to the best fit model, and wi is the weighted AIC value.  The model with best fit 

will have a larger wi and Δi = 0. A lesser fit model with a Δi > 10 can be considered to be 

statistically eliminated.  A Δi < 10 for both models implies that there is some support for 

both models.  A full treatment of this method can be found in Simpson and Harnik (in 

review).  Results of the AIC test can be found in Table 5. 

Extinction rate results from the crypotostomates are consistent with the 

hypothesis presented here.  The strongly polymorphic Ptilodictyina go extinct at a rate 

(0.0471) nearly twice that of the weakly polymorphic Rhabdomesina (0.0240).  AIC 

results support a multi-rate model, thus this appears to be a statistically significant 

difference.  Extinction rate results from the cystoporates are also consistent with the  
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Table 4: Extinction rates for each study taxon 

Study Group Polymorphism Extinction Rate 

Ptilodictyina Strong 0.0471 

Rhabdomesina Weak 0.0240 

Ceramoporina Strong 0.0361 

Fistulipora Weak 0.0256 

Fistulipora (monomorphic fams) Mono 0.0222 

Fenestrata (strong fams) Strong 0.0182 

Fenestrata (monomorphic fams) Mono 0.0385 

Table 5: Akaike’s Information Criterion (AIC) for Comparisons of Extinction Rates 

Each order was evaluated for best fit to a single-rate and multi-rate model.  The 
preferred model returns a larger value for wi. Models with a Δi greater than 10 are 

statistically eliminated.  Preferred models that are statistically significant are given in 
bold text. 

Taxon Model Δi wi

single-rate 10.54 0.005 
Cryptostomata 

multi-rate 0 0.995 

single-rate 0.015 0.498 
Cystoporata 

multi-rate 0 0.502

single-rate 13.374 0.001 
Fenestrata 

multi-rate 0 0.999 
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presented hypothesis.  The strongly polymorphic Ceramoporina have a higher 

extinction rate (0.0361) than the weakly polymorphic Fistuliporina families (0.0246), and 

both groups have a higher rate than the monomorphic families in Fistuliporina (0.0222).  

AIC results slightly favor a multiple-rate model, however this is not significant.  This 

may be the result of weak sample size as Ceramoporina and the monomorphic 

Fistulipora families have the smallest genera totals of all groups in this study.  

Regardless, the cystoporates offer no conclusive support for the hypothesis. Finally, 

extinction rates in the fenestrates are contrary to what would be expected by the 

hypothesis.  The strongly polymorphic Fenestrata families have a lower extinction rate 

(0.0182) than the monomorphic Fenestrata families (0.0385).  AIC results support a 

multiple-rate model, thus the fenestrates would appear to behave contrary to 

expectations. 

Overall the comparison of extinction rates offers inconclusive support for the 

hypothesis that more polymorphic taxa go extinct more rapidly than less polymorphic 

taxa. Two of the three orders, the cryptostomates and the cystoporates, show results 

consistent with those expected by the hypothesis; however, these results are only 

significant in one of these cases (the cryptostomates).  The one remaining order, 

Fenestrata, shows significant results contrary to those expected by the hypothesis. 
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2.1.4 Analysis of Competition Between Groups

The shift away from polymorphism in Paleozoic stenolaemates could be the 

result of competitive replacement.  All bryozoans are filter-feeders, and the majority of 

Paleozoic stenolaemates formed erect colonies and had cosmopolitan distribution 

(McKinney and Jackson 1991).  Thus, it is reasonable to assume that Paleozoic 

stenolaemates shared the same basic ecological niche and were potentially in 

competition. 

 Competition will be evaluated here using the method detailed in Van Valen and 

Sloan (1966).  This method assesses the strength and nature of correlation between two 

taxa by comparing their relative frequencies of specimens in different localities dated 

contemporaneously.  A positive correlation indicates that the two taxa are not in 

competition.  When one does well, so does the other.  A negative correlation indicates 

that the taxa are interfering with one another and thus may be in competition.  If one 

taxon does well, the other suffers, and vice versa. 

Van Valen and Sloan (1966) noted that a taxon’s relative frequency is dependent 

on all other specimens in the sample, meaning that the relative frequencies of two taxa in 

comparison are not independent.  To correct for this, they calculated relative frequencies 

as N1/(NT – N2), where N1 and N2 are the number of specimens from the two taxa in 

comparison and NT is the total number of specimens from the entire locality.  In this 
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way, independent relative frequencies were generated.  This same method is employed 

here. 

 Fossil data was downloaded from the online Paleobiology Database on January 

12, 2007, using the group name “Stenolaemata” and excluding collections with less than 

10 occurrences.  The results included database entries from the three stenolaemate 

orders studied here, as well as the orders Cyclostomata and Trepostomata.  Relative 

frequencies are calculated using specimen abundances, thus entries lacking specimen 

abundance data were excluded.  The remaining database entries were then assessed by 

time slice to identify contemporaneous localities that could be used to evaluate 

competition.  To be useful, a time slice needed to contain at least two study taxa from the 

same order.  Three such time slices were identified: 289.5 million years ago (MYA), 331.2 

MYA and 347.25 MYA.  A fourth time category was constructed by lumping all localities 

from the Ordovician and Silurian into one comparison. This last category allows for the 

inclusion of specimen data scattered across these two periods that would otherwise go 

unused; however, its non-specific nature lacks the power of the three time-specific 

comparisons.  The compiled results for all four time categories can be found in Table 6. 

 The comparison at 289.5 MYA had 14 localities.  This comparison offered the 

chance to assess competition between the two fenestrate study taxa (strongly 

polymorphic families and monomorphic families).  The other two orders were 

represented by one taxon each (Rhabdomesina from Crytoptostomata and weakly  
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Table 6: Correlation Data for Competition Analysis 

Comparisons are grouped by time slice.  “N” is the number of localities for that time 
slice (and thus the number of data points in the regression). “R2” is the regression fit.  
“Correl” is the correlation value.  Negative correlation values indicate competition 

between the study taxa, positive values do not.  The final column gives the degree of 
confidence that the observed correlation is different from zero. 

 

Age Groups N R2 Correl  

289.5 MYA Fenestrata (strong fams v. mono fams) 14 0.5623 0.7498 p = 0.0010 

331.2 MYA Fenestrata (strong fams v. mono fams) 11 0.2381 0.4879 p = 0.0640 

Ptilodictyina v. Rhabdomesina 8 0.0234 -0.1530 p = 0.3588 
347.25 MYA 

Fistulipora (weak fams v. mono fams) 8 0.5485 -0.7406 p = 0.0178 

Ptilodictyina v. Rhabdomesina 86 0.3099 0.5567 p < 0.0001 

Ceramoporina v. Fistulipora (weak fams) 86 0.1379 0.3713 p = 0.002 Ord - Sil 

Fenestrata (strong fams v. mono fams) 86 0.2961 0.5441 p < 0.0001 

polymorphic fistuliporines from Cystoporata), and thus could not be assessed.  The two 

fenestrate study taxa showed a positive correlation (0.7498) that was found to be 

significantly different from zero (p = 0.0010).  This indicates that the two Fenestrata taxa 

did not interfere with one another and thus were likely not in competition at this time. 

 The comparison at 331.2 MYA involved 11 localities and again offered the chance 

to assess competition between the two fenestrate study taxa.   Again, the result was a 

positive correlation (0.4879) that was significantly different from zero (p = 0.0640).  Thus, 
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localities from 331.2 MYA show no evidence of competition between fenestrate study 

taxa. 

 The comparison at 347.25 MYA involved 8 localities.  Specimen abundance data 

was available in percent mass of collections, not absolute numbers as in the other 

comparisons.  Here it was possible to assess competition between the cryptostomate 

suborders Ptilodictyina and Rhabdomesina, and between the weakly polymorphic 

fistuliporine families and monomorphic fistuliporine families.  Relative frequencies of 

Ptilodictyina and Rhabodomesina showed a negative correlation (-0.1530), however this 

pattern was not significantly different from zero (p = 0.3588).  The Fistulipora 

comparison also showed a negative correlation (-0.7406), and this correlation was found 

to be significantly different than zero (p = 0.0178).  This supports the hypothesis the 

fistuliporine study taxa were in competition.  If this is the case, it is possible that the late 

occurring monomorphic families within Fistulipora may have out-competed the weakly-

polymorphic families in this group. 

 The final analysis of competition was made by aggregating all database entries 

from the Ordovician and Silurian, for a total of 86 localities dating from 417.35 MYA to 

466.85 MYA.  Because this comparison extends over nearly fifty million years, it lacks 

some of the power of the other three comparisons.  It is possible that taxa may react with 

one another in different ways at different phases during this time period.  This will 

return confounding results if, for instance, if two taxa that are not in competition during 
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the Ordovician gradually come into competition during the Silurian.  Nevertheless, this 

comparison has value due to its large sample size and because it allows for the analysis 

of competition between taxa that do not coexist during the other times in which the 

other three comparisons occur. 

 The Ordovician-Silurian comparison allowed for an analysis of competition 

between three pairs of taxa: Ptilodictyina v. Rhabdomesina, Ceramoporina v. the weakly 

polymorphic Fistulipora families, and the strongly polymorphic Fenestrata families v. 

the monomorphic Fenestrata families.  Ptilodictyina and Rhabdomesina showed a 

positive correlation (0.5567) that was highly significant (p < 0.0001).  Ceramoporina and 

the weakly polymorphic fistuliporines also showed a positive correlation (0.3713) that is 

significantly different that zero (p = 0.002).  Finally, the fenestrate study taxa showed a 

positive correlation (0.5441) that was highly significant (p < 0.0001).  Thus, all none of the 

three pairings showed evidence for competition. 

Overall, only one of the seven pairings showed any significant evidence.  Five of 

the seven pairings showed significant evidence that the study taxa co-varied positively.  

The remaining pairing was inconclusive.  Taken together, it seems very reasonable to 

conclude that the taxa in this study were not in competition.  This runs counter to the 

notion that strongly polymorphic taxa were competitively replaced by more weakly 

polymorphic taxa, and thus this hypothesis is rejected. 
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2.3 Discussion and Conclusion

There is a general trend of declining polymorphism in stenolaemate bryozoans 

across the Paleozoic, supporting the hypothesis presented above.  Strongly polymorphic 

taxa give way to weakly polymorphic and monomorphic taxa.  This pattern is repeated 

in all three stenolaemate orders studied here.  This repeated nature strongly suggests 

that monomorphism acts as an evolutionary stable condition among free-walled 

stenolaemates.  As a continuation of this trend, modern free-walled stenolaemates are 

also monomorphic. 

The major stage of transition appears to be in the late Silurian and early 

Devonian with the decline of the strongly polymorphic Ptilodictyina coupled with the 

expansion of the weakly polymorphic Rhabdomesina and Fistuliporina.  While minor in 

abundance compared to these other three groups, the strongly polymorphic 

Ceramoporina also decline and disappear during this time frame.  The trends away from 

polymorphism and toward monomorphism also holds true within Fistuliporina.  The 

suborder is represented exclusively by polymorphic families in the Ordovician and 

Silurian.  Monomorphic families appear in the Devonian.  By the Permian, three of the 

six extant Fistuliporina families are monomorphic.  There is evidence that these three 

monomorphic families competitively replaced the pre-existing polymorphic fistuliporine 

families, although this appears to be the only such example of competitive replacement 

among the groups studied here.  Within Fenestrata, the demarcation between 
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polymorphic families and monomorphic families is less clear.  Monomorphic families 

diversify early in the Paleozoic, and then decline as polymorphic families came to 

dominate the order during the Devonian.  It is during the Upper Devonian that 

polymorphic Fenestrata families reach their median diversity.  Monomorphic families 

eventually re-diversified in the late Paleozoic, reaching a median diversity in the Lower 

Pennsylvanian, well after their polymorphic counterparts. 

This repeating trend suggests an overall pattern by which polymorphism gives 

way to monomorphism in free-walled stenolaemate bryozoans.  While the trend 

towards monomorphism seems clear, the causes are more obscure.  It is unlikely that 

this pattern is the result of monomorphic taxa out-competing polymorphic taxa.  In the 

majority of cases, there is a positive correlation between the abundances of Paleozoic 

stenolaemate taxa with different degrees of polymorphism.  This indicates that these 

taxa do not interfere with one another and thus are not likely in competition. 

The trend towards monomorphism could also be due to higher extinction rates 

among the more strongly polymorphic taxa.  This explanation has weak support here, 

but cannot be conclusively eliminated.  The more strongly polymorphic taxa do show 

higher rates of extinction than the less polymorphic taxa in both the Cryptostomata and 

Cystoporata, although these rates are only significant in the Cryptostomata.  Conversely, 

polymorphic taxa in the Fenestrata have a significantly lower extinction rate than the 
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monomorphic taxa.   Still, there is some small signal favoring a higher extinction rate 

among strongly polymorphic taxa, and this idea is worthy of further exploration. 

Thus, the question remains open as to why monomorphism should be favored in 

Paleozoic stenolaemates and other taxa with weakly compartmentalized zooids.  

Division of labor is thought a priori to increase the overall efficiency and productivity of 

the colony.  Efficiency plausibly translates to reproductive success, thus polymorphic 

colonies should selected for.  The opposite appears to have occurred in the Paleozoic 

stenolaemate bryozoans and in modern colonial taxa with weakly compartmentalized 

zooids. 

One speculative possibility is that polymorphism is more favorable in those 

colonial taxa which can better control the flow of nutrient between zooids.  Nutrients 

must flow away from feeding zooids and towards non-feeding morphs.  Nutrients also 

need to be received by non-feeding morphs in sufficient amounts.  A lack of 

compartmentalization creates a situation in which many or all the zooids in the colony 

effectively share the same coelom.  This common coelom may limit the colony’s ability 

to direct the nutrient flow between zooids, and thus limit the colony’s ability to support 

a network of polymorphic specialists.  If this is the case, it is possible that this lack of 

control could result in a selective disadvantage in polymorphic colonies with wide 

connections. 
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Another speculative possibility is that polymorphism is most effective in colonies 

that are modular.  Weakly compartmentalized zooids are less distinct from one another, 

and thus less modular than zooids in colonies with stronger compartmentalization.  

Modularity may help polymorphic colonial taxa to better adapt to changing 

circumstances at the colony level by altering the number and frequency of different 

morph types.  A non-modular polymorphic colony might not be able to adapt as readily, 

and thus may find itself at a selective disadvantage to the more generalist monomorphic 

colonies.  Indeed, there is some evidence that monomorphic colonies are favored over 

polymorphic colonies in environments that experience frequent change (Wilson 1968, 

Schopf 1973, Venit in review).  This would also be consistent with the potential higher 

extinction rate among polymorphic Paleozoic stenolaemates observed here.  The 

Paleozoic featured a number of large climatic fluctuations, including three major 

extinction events.  If the polymorphic taxa were less able to adapt to these changing 

circumstances, they would go extinct at a faster rate. 

The trend towards monomorphism in Paleozoic stenolaemates has consequences 

for the evolution of colony-level individuation within this group.  Individuation is the 

degree to which a colony behaves like a single individual instead of a collection of many 

individuals.  Division of labor drives the emergence of colony-level individuation.  As 

zooids become more specialized, they become more functionally dependent on the 
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colony as a whole, and lose some of their autonomy.  This increase in interdependency 

translates to an increase in colony-level individuation.  

Results presented here show a decrease in division of labor across the course of 

the Paleozoic in stenolaemate bryozoans.  This corresponds to a decrease in colony-level 

individuation.  This is a non-intuitive result, as individuation would be considered a

priori to be a colony-level trait favorable to selection.  It is possible that selection for 

colony-level individuation is not as strong as might be assumed.  It is also possible that 

individuation is generally selected for in colonial taxa, but is constrained and ultimately 

stymied in those taxa with weakly compartmentalized zooids. 
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3. Ecological Limits on the Evolution of Polymorphism

3.1 Introduction

The evolution of division of labor is a crucial step in the formation of new levels 

in the hierarchical organization of life (Maynard Smith and Szathmáry 1995, McShea 

2001a).  Division-of-labor systems involving specialized polymorphic individuals are 

found throughout a wide variety of colonial animal taxa, including members of 

Cnidaria, Bryozoa, Arthropoda and Chordata (Harvell 1994).  In some instances, such as 

in the siphonophores (Cnidaria) and bryozoans, these division-of-labor systems rival 

those found in eusocial hymenopteran colonies in their degree of complexity.  All of 

these disparate groups have independently developed division-of-labor systems based 

on a common strategy of labor specialization through the morphological and behavioral 

differentiation of colony members.  

Patterns of morphological convergence are well documented (Goodwin 1994).  

All animal wings, be they bird, bat or insect, converge on a similar optimal airfoil shape.  

Tuna, dolphins, penguins, and other fast-moving marine creatures have converged on a 

torpedo-like body shape well suited for swift movement through water.  Does the 

convergence observed in colonial animals indicate the existence of an optimal paradigm 

for the organization of colonial division of labor?  If so, then it should be possible to 

identify patterns and principles of organization that are generally applicable to all 
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colonial division-of-labor systems.  Documenting these general division-of-labor 

patterns is crucial to understanding the evolution of the fundamental hierarchical 

organization of life. 

In 1968, E.O. Wilson introduced a theoretical framework for modeling how the 

ergonomic relationships among castes in social insect species such as ants affect the 

number of distinct castes present in a colony (Wilson 1968).  Specifically, he showed that 

species in more stable environments, which he operationalized as those at lower 

latitudes, tend to have more polymorph caste types than species in less stable 

environments (i.e. higher latitudes).  There is nothing about this ergonomic theory that is 

specific to ants, leaving open the possibility that these models could be applied to other 

sorts of colonial organisms.  Indeed, there have been at least two attempts to apply this 

theory to bryozoans, by Schopf (1973) and then a later more sophisticated application by 

Hughes and Jackson (1990). 

According to the framework laid out by Wilson’s theory, the degree of functional 

similarity between the two castes in question has important implications for the 

predictions made using the models.  Wilson tested his models by comparing different 

worker castes, which are relatively similar in function, but did not test predictions for 

castes which are relatively dissimilar in function.  This omission has led some to 

incorrectly interpret that Wilson’s conclusions about functionally similar castes are 
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applicable to all division-of-labor systems, regardless of the functional relationship of the 

castes involved.  This overly simplistic interpretation is evident in Schopf (1973).   

The work presented here supplements Wilson’s original analysis by 

reinterpreting the data from Schopf (1973) as a comparison of functionally dissimilar 

castes.  Results bolster Wilson’s theory, encouraging further tests and laying the 

groundwork for a more general application of Wilson’s ergonomic theory to all types of 

polymorphic colonial animals.  Furthermore, Schopf (1973) is well cited in the 

bryozoology literature despite containing inaccurate interpretations of theory.  Thus, 

this work will also serve as a long-needed supplemental correction to Schopf (1973). 

 

3.2 Background

The term “ergonomic” is borrowed from sociology, where it refers to the 

quantitative study of productivity and efficiency in the human labor systems that social 

insects so often appear to resemble (Wilson 1963).  Wilson illustrated the ideas behind 

his ergonomic theory with diagrammatic models (Figure 5, see also Figure 2 in Wilson 

1968).  Only a basic explanation of how to read and interpret these diagrams will be 

provided here; a full treatment can be found in Wilson (1968).  Each diagram is a 

comparison of the relative biomasses of each of two caste types in a single ant colony, 

with each axis representing the biomass of one of the castes. Thus, the landscape of the  

diagram consists of points representing all possible combinations of these two castes’  



90 

T
o

ta
lW

ei
g

h
t

o
f

C
as

te
1

(W
1)

Total Weight of Caste 2 (W2)

Task 1

Task 2
T

o
ta

lW
ei

g
h

t
o

f
C

as
te

1
(W

1)

Total Weight of Caste 2 (W2)

Task 1

Task 2

Figure 5: Contingency Diagram 

Each line represents a minimal combined weight of the two castes (W1 + W2) that 
would be necessary to meet that task’s threshold level.  The intersection of the two lines 

(marked with an arrow) represents the minimal combined weight of the two castes 
necessary to meet threshold levels for both tasks simultaneously. 

 

biomasses.  The diagonals lines are “task thresholds.”  The points along these thresholds 

represent the minimal combinations of caste biomasses needed to fulfill one task (e.g. 

food collection, colony defense, etc.) essential for maintaining colony viability at a 

certain level.  Below these thresholds, reproductive levels cannot be maintained and  
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Figure 6: Contingency Curves in Changing Environment 

These are the same two contingencies from Figure 5.  Due to environmental fluctuation, 
the threshold for Task 2 has increased and thus shifted to the right.  The new threshold 

level is represented by the dashed line labeled “2′ “. This change has resulted in a 
corresponding change in the optimal caste weight mixture (From W1: W2 to W1′:W2′).  
The new optimal mixture consists 100% of Caste 2.  Selection will act to move caste 

mixture in the colony towards this optimum, which would result in the loss of Caste 1. 
 

colony fitness suffers.  These thresholds are represented as linear for heuristic purposes; 

in reality they could take on any shape.  Any point above or to the right of a threshold 

represents a combination of caste biomasses sufficient for survival.  However, selection 

should favor those colonies that meet this survival threshold while investing the least 



92 

resources in building a sufficient biomass.  Theoretically, this should result in a caste 

ratio falling somewhere right on the threshold.  When another task threshold is added to 

the diagram, the intersection of the two thresholds is a point representing the minimum 

total combined caste weights needed to sufficiently fulfill both tasks.  Minimizing 

investment should result in the caste ratio falling on this intersection.  Wilson called this 

point of intersection the “optimal caste ratio.” 

Changes in the local environment can make certain tasks easier or harder to 

perform, resulting in a shift of the threshold line.  A dramatic change may result in the 

intersection of the two thresholds falling below one of the axes (Figure 6, see also Figure 

7 in Wilson 1968).  This results in one caste represented by a value of zero in the optimal 

caste ratio, meaning that the new environmental conditions would select for the loss of 

that caste.  The more variable an environment is, the more the slope and position of the 

threshold lines will fluctuate, and the more likely it is that the intersection of these lines 

will fall below one of the axes and result in the loss of a caste.  Wilson thus concluded 

that highly variable environments should result in ant colonies with fewer types of 

worker castes.  Making the assumption that temperate environments are more variable 

than tropical environments, Wilson then predicted and found that ant colonies at higher 

latitudes did, in fact, have fewer caste types.   

At first glace, Wilson’s models suggest that all colonial organisms with division-

of-labor systems can be expected to have fewer castes in unstable environments and 
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more castes in stable ones.  However, a closer examination of Wilson’s models reveals 

that a loss of caste types in variable environments is far more likely if the castes in 

question are functionally similar, as is the case with the various worker castes in ants.  

Look again at the line diagrams from Figure 5.  A task threshold with a slope near 45 

degrees can be performed with a similar degree of success by either caste.  If two task 

thresholds in the diagram have slopes near 45 degrees for two given castes, it can be 

assumed that these two castes are functionally quite similar in regards to the two tasks 

in question.  On the other hand, a threshold with a slope near 0 degrees or near 90 

degrees indicates a task for which one caste is much more suited than the other at 

fulfilling.  A diagram showing a task threshold with a near-horizontal slope and another 

task threshold with near-vertical slope indicates that the two castes are functionally 

dissimilar. 

A model of two functionally similar castes will behave differently from a model 

of two functionally dissimilar castes if the thresholds in the models begin to fluctuate.  In 

the functionally similar model (Figure 7a, see also Figure 8 in Wilson 1968), a small 

fluctuation in the position of one threshold can result in a dramatic shift in the optimal 

caste ratio.  A slightly larger fluctuation would drive the optimal caste ratio below an 

axis, resulting in the loss of a caste.  In the functionally dissimilar model (Figure 7b, see 

also Figure 9 in Wilson 1968), a small fluctuation in the position of one threshold results 

in almost no change in the optimal biomass of the caste that is not specialized for that  
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Figure 7: Polymorph Ratio Change is Proportional to Functional Similarity 

Castes which are functionally similar will experience a dramatic shift in optimal caste 
ratio when exposed to a small change in one task threshold (A).  Castes which are 

functionally dissimilar will experience a much smaller shift in optimal caste ratio when 
exposed to a similar amount of change (B). 

 

task.  It would take an extremely large change in one task threshold to drive the optimal 

caste ratio below one of the axes.  Thus, the loss of a caste due to the fluctuations in a 

variable environment is much more likely if the castes in question are functionally 

similar. 

The worker castes examined by Wilson are functionally similar, and the 

reduction in caste numbers at higher latitudes is consistent with this functional 

similarity.  Ant colonies are of little use when trying to test Wilson’s models on colonial 

animals with functionally dissimilar castes.  For this a division-of-labor system such as 

that found in the cheilostome bryozoans is required.   
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The “castes” in cheilostomes, and most other colonial marine invertebrates, are 

known as “polymorphs”, while the members of these castes are called “zooids.”  The 

most prominent zooids in a cheilostome colony are the filter-feeding “autozooids”, 

which may also have a reproductive function.  Many species also possess claw-like 

zooids called “avicularia”, which are thought to have a defensive function but lack the 

ability to feed (Cook 1963, Kaufmann 1971, Silén 1977, Winston 1986).  Based on their 

compared morphologies (Silén 1977, McShea and Venit 2001), it is reasonable to assume 

that avicularia and autozooids are functionally quite dissimilar.   

Schopf (1973) tried to apply Wilson’s models to cheilostome bryozoans.  

However, Schopf erred in adopting an overly simplistic interpretation of Wilson’s 

models, failing to recognize that the predictions made by the models are critically 

dependant on the functional relationships of the castes in question.  Schopf assumed 

from Wilson (1968) that caste loss would be expected in all colony systems in unstable 

environments.  Avicularia and autozooids are functionally dissimilar, thus, as 

previously discussed, Wilson’s models would not predict a difference in the percentage 

of avicularia-lacking species in stable versus unstable environments.  Schopf (1973) has 

also come under criticism for failing to employ robust measures of statistical significance 

(Hughes and Jackson 1990).  The faulty prediction combined with the anomalous 

statistical treatment ultimately prompted Schopf to conclude that his data supported his 
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assertion that Wilson’s models could be applied to cheilostomes.  It will be shown here 

that Schopf’s conclusion may have been correct, although for different reasons.  

Schopf published his complete cheilostome data set along with his results.  Thus, 

it is possible to use this data set to test the previously untested aspect of Wilson’s theory 

pertaining to colonies with division-of-labor specialists that are not functionally similar.  

In addition, more specific data on avicularia types within Schopf’s data set can be used 

as another test case of functionally similar castes, and the results compared to those of 

Wilson (1968).   It is reasonable to suppose that different avicularia types are 

functionally similar to one another, especially when compared to autozooids.  Thus, of 

those species possessing avicularia, species living in stable environments would be 

expected to have a greater number of distinct avicularia types than species living in 

unstable environments. 

Hughes and Jackson (1990) questioned Schopf’s choice of latitude and ocean 

depth as proxies for environmental stability.  They expanded his analysis to include 

additional kinds of bryozoan polymorphs and to explore a wider range of marine 

environmental clines, including salinity gradients and type of substrate.  Hughes and 

Jackson ultimately concluded that there is no clear pattern of polymorph distribution 

across environments of differing stability, contradiction Schopf’s conclusion.  Hughes 

and Jackson based their analysis on Schopf’s flawed interpretation of Wilson (1968).  As 

a result, they also conducted their analysis of environmental effect on polymorphism 
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without making the proper distinction between comparisons involving functionally 

similar polymorphs, such as two types of avicularia, and functionally dissimilar 

polymorphs, such as avicularia, ovicells (brooding specialists) and kenozooids 

(structural specialists).  As discussed above, attention must be paid to the functionality 

of each type of polymorph when making predictions as to how the abundance of that 

type of polymorph might vary from environment to environment.  Hughes and Jackson 

made no such distinction.  As such, Hughes and Jackson’s conclusions could potentially 

be altered by a theoretical re-evaluation that takes into account the functionality of the 

polymorphs in the study, such as the one presented here.  The analysis in Hughes and 

Jackson (1990) is far more comprehensive than that found in Schopf (1973), thus such an 

exercise could turn out to be very insightful. 

 

3.3 Methods

Wilson chose latitude as a proxy for environmental stability.  Schopf 

intentionally reproduced the latitude-based categories used by Wilson to classify species 

found in the Atlantic Ocean off the coast of North America.  Species found in the “West 

Atlantic Tropics” were considered to be living in a relatively stable environment, while 

species found in the “Atlantic Arctic” were considered to be living in a relatively 

unstable environment.  To this he added species found in the “Atlantic Deep Sea”, an 
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environment that he considered to be relatively stable.  For purposes of this paper, 

namely a theoretical supplement to Wilson’s and Schopf’s papers, adopting the same 

assumptions and the same environmental categories seems reasonable. It should be 

noted that Hughes and Jackson (1990) have argued compellingly that latitude and ocean 

depth are not good indicators of environmental stability.  Their point is apt, although the 

finding here of a statistically significant result based on these proxies, suggests that 

latitude and ocean depth may, however crudely, be capturing some relevant aspect of 

environmental variability. In any case, further examination of this point is beyond the 

scope of this paper.  Further discussion and critique of Wilson’s and Schopf’s 

environmental categorizations that included the supplemental conclusions here is fully 

encouraged and could form the basis of a much larger and potentially very interesting 

study.  

Schopf’s data set was re-examined to test the following two hypotheses:  First, 

that there are no significant differences across environments among the percentages of 

species possessing avicularia, and second, that among avicularia-bearing species, those 

found in relatively stable environments (West Atlantic Tropics and Atlantic Deep Sea) 

have a significantly higher percentage of species possessing two or more avicularia 

types than do the avicularia-bearing species found in the unstable environment (Atlantic 

Arctic). 
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The percentages of species possessing avicularia were compared across all three 

environments by pairing the data set from the single “unstable” environment (Atlantic 

Arctic) with each of the data sets from the “stable” environments (West Atlantic Tropics 

and Atlantic Deep Sea) and then testing for statistically significant differences.  A 

Likelihood Ratio Test was used to test the null hypothesis that the frequencies of 

avicularia were identical in both groups.  For example, the null hypothesis of a common 

distribution of avicularia among all sampled bryozoans was contrasted with the 

hypothesis that the samples from each environment have their own unique underlying 

frequency dictated by environmental stability.  The percentages of avicularia-bearing 

species with more than one type of avicularium were compared in the same manner.  A 

Fisher Exact Test and a Bootstrap test were also used to test for statistical significance. 

It is possible that any observed differences are the result of phylogenetic non-

independence of the species within each of the study environments.  Unfortunately there 

is currently no good hypothesis for the phylogenetic relationships within Cheilostomata, 

thus phylogenetic independence can neither be confirmed nor rejected.  Results obtained 

from this analysis may be altered in the future by the incorporation of a cheilostome 

phylogeny should one become available. 

In the absence of a good cheilostome phylogenetic hypothesis, a preliminary test 

of phylogenetic independence can be attempted by performing the analyses described 

above on only those species that belong to genera that are present across test 
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environments.  Problems of phylogenetic non-independence result in the over 

representation of a single evolutionary event in a study clade.  In this case, it would 

result from a genus (and its corresponding number of avicularia types) arising and 

widely diversifying within one of the study environments.  If avicularia presence or 

absence within that genus results from a single evolutionary event, that evolutionary 

event will be disproportionately represented when calculating the percentage of 

avicularia-bearing species found in that environment. Examining only those genera 

found in multiple environments will control for phylogenetic non independence by 

eliminating the genera that are provincial, and thus most at risk for introducing bias. 

The Tropical and Arctic data sets share 26 genera, accounting for 73 species in the 

Tropics (26.7% of Tropic population) and 68 species in the Arctic (57.1% of Artic 

population).  The Deep Sea and Arctic data sets share 9 genera, accounting for 15 species 

in the Deep Sea (35.7% of Deep Sea population) and 19 species in the Arctic (16.0% of 

Arctic population). 

 

3.4 Results and Discussion

Table 7 shows that there are no statistically significant differences among the 

percentages of species with avicularia in the three study environments.  This is 

consistent with expectations based on Wilson’s original theory and supports the idea 

that functionally dissimilar castes will not be lost in unstable environments. 
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Table 7: Comparisons of Avicularia Occurrence in Study Environments 

Avicularia occurrence in stable environments (Tropics, Deep Sea) compared with 
occurrence in the non-stable environment (Arctic).   Statistical tests show that neither 

comparison reveals statistically significant differences 
 

Environment 
# of  

species 
% with  

avicularia 
Likelihood 
Ratio Test 

Fisher  
Exact Test Bootstrap 

Tropical (stable) 273 77.29% 

Arctic (unstable) 119 74.79% 
P = 0.593 p = 0.606 p = 0.286 

Deep Sea (stable) 42 76.19% 

Arctic (unstable) 119 74.79%
P = 0.856 p = 1.0 p = 0.426 

Results for the comparisons within avicularia-bearing species (Table 8) are less 

clear.  Wilson’s models predict that avicularia-bearing species in unstable environments 

will have fewer distinct avicularia types than species living in stable environments.  

32.2% of Tropical avicularia-bearing species have multiple avicularia versus just 23.8% 

of Arctic avicularia-bearing species.  Although these trends follow Wilson’s prediction, 

they are not significantly different.  10.9% of Tropic avicularia-bearing species have 

three or more avicularia types, versus just 3.37% of Arctic avicularia-bearing species.  

These percentages are significantly different, which is consistent with Wilson’s models. 

According to Schopf (1973), the Deep Sea environment should be more stable 

than either the Tropical or Arctic environment, and should thus have more multiple 

avicularia-bearing species.  In the data, the Deep Sea percentage of avicularia-bearing  
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Table 8: Comparison of Multi-Avicularia Species Across Environments 

Occurrence of species with multiple avicularia in stable environments (Tropics, Deep 
Sea) compared with corresponding occurrence in the non-stable environment (Artic).   

Statistical tests show that only one comparison (Tropic v. Arctic, ≥3 types of avicularia) 
reveals statistically significant differences. 

 

Environment 
# of 

species 
Percent with 

≥2 types 
Likelihood
Ratio Test 

Fisher 
Exact Test 

Bootstrap 

Tropical (stable) 211 32.23% 

Arctic (unstable) 89 23.84% 
p = 0.308 p = 0.336 p = 0.156 

Deep Sea (stable) 32 21.88% 

Arctic (unstable) 89 23.84% 
p = 0.925 p = 0.867 p = 0.34 

Environment 
# of 

species 
Percent with 

≥3 types 
Likelihood
Ratio Test 

Fisher 
Exact Test Bootstrap 

Tropical (stable) 211 10.90% 

Arctic (unstable) 89 3.37% 
p = 0.022 p = 0.041 p = 0.022 

Deep Sea (stable) 32 6.25% 

Arctic (unstable) 89 3.37% 
p = 0.501 p = 0.607 p = 0.296 

species with more than one avicularia type is actually less than the corresponding 

percentages in either the Arctic or the Tropics.  These differences, however, are not 

statistically significant.  The percentage of Deep Sea avicularia-bearing species that 

possess three or more avicularia is greater than the corresponding percentages in either 

the Tropical or Arctic species, but again, these differences are not statistically significant.   
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Table 9: Comparisons of avicularia occurrence among shared genera 

Comparison of occurrence in stable environments (Tropics, Deep Sea) with occurrence 
in the non-stable environment (Artic).   Statistical tests show that neither comparison 

reveals statistically significant differences. 
 

Environment 
# of 

species 
% with 

avicularia 
Likelihood
Ratio Test 

Fisher 
Exact Test Bootstrap 

Tropical (stable) 73 76.71% 

Arctic (unstable) 67 86.57% 
p = 0.131 p = 0.191 p = 0.19

Deep Sea (stable) 15 93.33% 

Arctic (unstable) 19 94.74% 
p = 0.863 p = 1.0 p = 0.338

It is worth noting that the sample size for the Deep Sea species (32 spp) is a good deal 

smaller than either of the other two environments (211 spp in the Tropics and 89 spp in 

the Arctic), which may explain the lack of statistical significance.  This small sample size 

in the Deep Sea data was also noted by Schopf. 

The preliminary test of phylogenetic independence was consistent with these 

results, suggesting that the signal seen here is not the result of a non-independence effect 

(Tables 9 and 10).  In addition, avicularia presence appears to be very labile within 

genera.  Of the 90 genera in this study, 59 genera (65.6%) possess some degree of 

variation in either the number of avicularia types or in the avicularia morphologies 

found among constituent species. Thus, treating each species as an independent 

phylogenetic event seems to be justified. 
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Table 10: Occurrence of avicularia-bearing species among shared genera with 
multiple avicularia 

Occurrence in stable environments (Tropics, Deep Sea) compared with corresponding 
occurrence in the non-stable environment (Artic).   Statistical tests show that only two 
comparisons (Tropic v. Arctic, ≥2 types of avicularia and Tropic v. Arctic, ≥3 types of 

avicularia) reveal statistically significant differences. 
 

Environment 
# of 

species 
Percent with 

≥2 types 
Likelihood
Ratio Test 

Fisher 
Exact Test 

Bootstrap 

Tropical (stable) 56 48.21% 

Arctic (unstable) 58 31.03% 
p = 0.060 p = 0.084 p = 0.028 

Deep Sea (stable) 14 28.57% 

Arctic (unstable) 18 33.33% 
p = 0.773 p = 1.0 p = 0.392 

Environment 
# of 

species 
Percent with 

≥3 types 
Likelihood
Ratio Test 

Fisher 
Exact Test 

Bootstrap 

Tropical (stable) 56 25.00% 

Arctic (unstable) 58 5.17% 
p = 0.002 p = 0.003 p < 0.001 

Deep Sea (stable) 14 14.29% 

Arctic (unstable) 18 11.11% 
p = 0.788 p = 1.0 p = 0.352 

Two hypotheses were tested in this analysis:  First, that there are no significant 

differences across environments among the percentages of species possessing avicularia, 

and second, that avicularia-bearing species found in relatively stable environments 

(West Atlantic Tropics and Atlantic Deep Sea) have a significantly higher percentage of 
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species possessing two or more avicularia types than the avicularia-bearing species 

found in the unstable environment (Atlantic Arctic). 

There is no significant difference between the percentages of avicularia-bearing 

species in the Tropical and Arctic environments or between the percentages of 

avicularia-bearing species in the Deep Sea and Arctic environments.  Thus, the 

previously untested aspect of Wilson’s models, a comparison of functionally dissimilar 

castes, behaves in a manner consistent with Wilson’s expectations.  This statistical 

conclusion is at odds with the conclusions originally reached by Schopf using this same 

data set.   

One comparison using the data from within the subset of avicularia-bearing 

species found a higher percentage of species with multiple avicularia in the less stable 

environment, a result that is contrary to expectations from Wilson’s models. This 

difference is not statistically significant.  The remaining three comparisons found a 

higher percentage of species with multiple avicularia in the more stable environment, as 

predicted by Wilson’s models.  And of these three, one achieved statistical significance, 

raising for serious consideration the possibility that the hypothesized association 

between division of labor and these environmental variables may actually be robust. A 

further test, using a larger sample size and perhaps better-targeted proxies for 

environmental variability is clearly needed.  
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Many of the criticisms of Schopf (1973) raised by Hughes and Jackson (1990) 

stem from Schopf’s theoretically flawed interpretation of Wilson’s ideas.  The 

interpretation of Wilson (1968) presented here addresses and alleviates some of the 

issues, although it very well may give rise to new criticisms. 

These results suggest that Schopf may have been correct in recognizing that 

Wilson’s models could be generally applied to other polymorphic colonial taxa besides 

ants.  If Wilson’s models work for organisms as disparate as ants and bryozoans, might 

they also work for cnidarians, chordates, or any other colonial animals with 

polymorphic division-of-labor systems?  Furthermore, if there is one identifiable 

principle that is generally applicable to all polymorphic colonial animals, might there be 

others?  In general do colonial division-of-labor systems behave by the same set of 

“rules” regardless of the taxon in which they evolve?  Perhaps there are optimal labor 

paradigms that polymorphic colonial animals naturally converge upon over 

evolutionary time.  If so, this would raise the possibility of a common and limited set of 

strategies by which higher levels of structural hierarchy emerge from lower-level 

biological aggregates.
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4. A Quantified Measure of Individuation and the
Formation of Colony-Level Tissues

4.1 Introduction

The process by which higher levels of biological hierarchy coalesce from lower 

levels is known as “individuation” (McShea 2001b, a, McShea and Venit 2002).  In this 

most basic understanding, individuation is the degree to which a collection of biological 

units behaves more like a single individual than a grouping of many individuals.  The 

evolution of division of labor among the members of an collective is one way in which 

individuation increases (Boardman and Cheetham 1973, Wilson 1999, Anderson and 

McShea 2001, McShea and Venit 2002).  As the members of a collective specialize for 

specific tasks, they become more dependent on the rest of the collective for other tasks, 

thus losing some degree of their autonomy.  As this increase in interdependency draws 

the constituent units into closer association with one another, the aggregate as a whole 

becomes more and more of an individual  

Increasing spatial organization of polymorphs is another avenue by which a 

biological collective may become more individuated.  Aggregations of polymorphic 

lower-level units result in the formation of “tissues”, which is a step towards the 

formation of a complex higher-level individual.  This progression towards 

individuation, first through the advent of polymorphism and later through the 



108 

aggregation of these polymorphs, can be observed among the basal lineages of animals.  

Sponges superficially resemble their putative ancestors, the colonial choanoflagellates.  

Indeed, a sponge can be thought of as a very complex colony of choanocytes.  However, 

sponges are unlike choanoflagellate colonies in that they also possess several other cell 

types, each of which has a specific function.  This division of labor among cell types 

makes the constituent cells of the sponge more interdependent, and thus more of a 

single individual than a colonial choanoflagellate.  Cnidarians represent the next step in 

the progression.  Unlike sponges, cell types in cnidarians are organized into tissues.  

These tissues give the impression of organization at a higher-level.  A cnidarian is more 

than a mass of cells; it is a cohesive entity that interacts with the world as a single, whole 

unit.  In this way, a cnidarian is more individuated than the sponge.  The consequences 

to individuation are evident when considering injury to the colony.  A sponge can be 

disarticulated into composite cells by straining through a cheesecloth, only to reform 

some time later.  The component cells of the sponge do not need to be reorganized into 

tissues, they only need to be re-aggregated. A similar treatment to a cnidarian would be 

fatal. 

Tissue formation appears to be found on the colony level as well.  Siphonophores 

are a good example of this.  A siphonophore, such as the commonly known Nanomia,

exhibits strong spatial organization of zooid types (Beklemishev 1969, Kirkpatrick and 

Pugh 1984).  The swimming bells, known as nectophores, are located in a group at the 
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proximal end of the stolon.  The long, nematocyst-bearing dactylzooids and the 

digestive gastrozooids are located more distally, also organized into groups.  As a result 

of this organization of zooids into “tissues”, the colony as a whole is able to swim and 

feed in a coherent, directed manner, interacting with the environment effectively as a 

single individual.  Siphonophore colonies are so strongly individuated that they are 

often mistaken by non-experts to be solitary “jellyfish”.  It is fitting, although probably 

coincidental, that the most advanced “colony tissues” are found in the same phylum as 

the first multicellular tissues. 

Individuation is frustratingly difficult to measure.  Those metrics which do exist 

are limited in scale and lack broad taxonomic applicability (Boardman and Cheetham 

1973, Lidgard 1985, Anderson and McShea 2001).  A quantification of polymorph spatial 

arrangement could provide a proxy measurement for individuation that is finely 

detailed and applicable to any polymorphic biological collective in which the members 

remain in permanent association with one another.  Thus, a single metric based on 

polymorph spatial arrangement could measure individuation in filamentous 

cyanobacteria, the green alga Volvox, cnidarians such as siphonophores and hydroids, 

and even the cells within a human body.  Furthermore, these measurements could be 

compared and contrasted with one another, allowing for broad studies of individuation 

stretching across the full range of taxonomy and biological hierarchy. 



110 

A test of this metric is offered here using a lineage of cheilostome bryozoans as 

an example.  Individuation is measured in several time slices through the Cenozoic, and 

the results are analyzed in search of a trend.  Individuation is intuitively a good thing for 

biological collectives, and the upper limits of individuation seems to increase over time, 

both within bryozoans (Boardman and Cheetham 1973, McShea 2001a, McShea and 

Venit 2002) and across all life (McShea 2001a).  Thus, it is expected that individuation 

will be found to increase within this lineage of cheilostomes over the course of 

evolutionary time. 

 

4.2 Methods

The study organism chosen here is the cheilostome bryozoan genus Puellina,

sometimes referred to in the literature as Cribrilaria (Bishop and Househam 1987).  

Cheilostomata is the largest extant order within the Phylum Bryozoa.  Species form 

sessile encrusting colonies that grow through the clonal propagation of filter feeding 

units known as “zooids” (see Ryland 1970 for an excellent introduction to bryozoans).  

Polymorphism in cheilostomes is extensive and well developed (Ryland 1970, Silén 

1977).  Most zooids within the colony are known as “autozooids” and possess 

lophophores for filtering nutrients from the seawater.  “Avicularia” are reduced 

autozooids that have lost feeding ability and have been modified into claw-like 

structures, presumably for defending the colony against predation and larval settlement 
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(Cook 1963, Kaufmann 1971, Silén 1977, Winston 1986).  “Ovicells” are brooding 

structures that form in association with autozooids (Silén 1977).  It is unclear if ovicells 

are true separate zooids, or simply structures that form on autozooids specialized for 

female function.  In either case, ovicells represent a polymorph different from the 

normal autozooid form.  Other polymorphs may be present in cheilostome colonies, 

including spines for passive defense and “kenozooids” for structural support (Silén 

1977, Harvell 1990).  

Among cheilostomes, the cribrimorph genus Puellina (Bishop and Househam 

1987) is an excellent candidate for this sort of study.  Puellina is a extant genus with a 

long geologic duration, extending perhaps as far back as the Cretaceous (Cheetham and 

Cook 1983, Taylor 1993).  Good fossil material is readily available from the Eocene to the 

Recent.  Colonies grow as unilaminate encrustations on smooth substrate such as shells 

and stones.  The result is a colony growing as a plane.  A two dimensional colony form 

such as this is well suited for the imaging process used in this study as described below.  

Puellina polymorphs are large and exceptionally easy to distinguish (Figure 8).  Both 

ovicells and avicularia are common within the overall colony budding structure.  

Ovicells appear as large spheroids growing on the upper surface of a autozooid just 

distal to the orifice.  Puellina ovicells typically range from one-quarter to one-half the 

size of autozooids.  Avicularia take the shape of elongated teardrops interdispersed in 

the budding pattern of the colony.  They are typically one-third to one-half the size of  
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Figure 8: A Section of a Puellina Colony 

Several avicularia and ovicells can be seen interdispersed in the budding pattern.  
Avicularia appear as long, pointed structures.  Ovicells appear as spheroid structures 

just distal to the autozooid orifice.  Several autozooids that lack ovicells are also 
depicted.  Av: Avicularium, Ov: Ovicell 

 

autozooids.  Puellina has the drawback of being the default taxonomic dumping group 

for cribrimorph species.  Nevertheless, it is likely that the majority of species currently 

assigned to Puellina do represent a true lineage (Taylor personal communication), and 

thus Puellina is still useful for tracking the trend in individuation of a lineage over 

evolutionary time. 
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Puellina specimens were obtained from the fossil and extant collections at the 

National Museum of Natural History in Washington, DC and the Natural History 

Museum in London, England.  Additional specimens were collected from the Eocene 

deposits at the Martin Marietta Quarry near Castle Hayne, NC. 

Individuation in Puellina colonies was quantified though an analysis of the 

spatial arrangement of the avicularia and ovicells within the overall colony budding 

pattern.  Spatial arrangement of zooids will be measured using the Clark-Evans Nearest 

Neighbor test (CENN) (Clark and Evans 1954, Diggle 1983).  This statistical method is 

considered to be one of the strongest tests for measuring departure from spatial 

randomness in ecological systems (Ripley 1979, Sinclair 1985, Fisher 1993).   The Clark-

Evans Nearest Neighbor test takes a series of points, which here were derived from the 

locations of polymorphs in the colony budding pattern, and calculates the distances of 

each point to its nearest neighbor.  It then compares the distribution of these distances to 

what would be expected from a random distribution.  A randomly distributed set of 

points returns a value of 1.0, while a aggregated set of points returns a value that 

approaches zero with increasing strength of aggregation.  An aggregation of 

polymorphs is indicative of a “colony tissue”, thus a decrease in CENN values over 

evolutionary time indicates that the arrangements of polymorphs within the colony are 

becoming more tissue-like.  
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In addition to randomness and aggregation, a set of points may also be 

organized “regularly”, like the squares on a chess board.  Regularly distributed points 

return a CENN value approaching ~2.15 with increasing regularity.  This condition will 

not be relevant to the results presented below and is mentioned here only for the sake of 

completeness. 

Nearest neighbor distances are susceptible to edge effects (Donnelly 1978, Ripley 

1979, Sinclair 1985).  In theory, a single point’s nearest neighbor could fall outside the 

prescribed study region.  The version of the CENN test applied here used Donnelly’s 

edge correction (Donnelly 1978) to assume an infinite landscape.  This is an acceptable 

assumption since an encrusting bryozoan colony is potentially infinite in growth, limited 

only by rate of growth and obstructions in the landscape.  Polymorphs are assumed to 

exist in the area outside of the region of the colony under study, and it is assumed that 

polymorphs would have been formed in regions of the colony beyond the growing edge 

should the colony have continued to grow instead of dying. 

Polymorph locations in the specimens colonies were converted to a set of x,y 

coordinates by first imaging the colonies with an Environmental Scanning Electron 

Microscope and then landmarking the polymorphs visible in the resulting images using 

the morphometric software ImageJ (Abramoff et al. 2004).  In theory, the Clark-Evans 

Nearest Neighbor test can analyze data sets of n-dimensions.  The study, however, was 

limited to data that could be collected from two-dimensional images.  Thus, specimens 
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growing on flat or near-flat surfaces were preferred.  The ESEM has a wider focal range 

than that found in light microscopes, and thus minor degrees of three-dimensionality in 

the specimens were permitted.  However, highly three-dimensional colonies could not 

be focused into one focal plane, and thus had to be rejected.  Colonies were also rejected 

if high amounts of damage during fossilization or collections obscured the identification 

of polymorphs is the budding pattern.  Finally, large colonies were preferred over small 

colonies.  The power of the CENN test is dependant on sample size.  Larger, more 

mature colonies were more likely to exhibit accurate polymorph budding patterns.  Thus 

those colonies comprising fewer than a hundred autozooids and fewer than ten 

avicularia or ovicells were rejected.  The result was 56 specimens representing six fossil 

localities and two geographic regions from the Recent.   

The morphometrics software package ImageJ was used to convert polymorph 

locations in the ESEM images into x,y coordinates that could be analyzed by the CENN 

statistical software.  ESEM images were visually inspected, and each polymorph was 

flagged at a common landmark.  Ovicells were landmarked at the point at which the 

base of the ovicell met the most distal part of the orifice of the underlying autozooid 

Avicularia were landmarked at most distal point orifice. It was not possible to obtain 

data sets for both polymorph types from some specimens.  The end result was 50 sets of 

ovicell x,y coordinates and 39 sets of avicularia x,y coordinates. 
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Bryozoan autozooids are of a consistent size and shape, like bricks in a wall.  

Autozooids and ovicells occupy positions in this budding pattern, thus there is a limit to 

the degree of fine scale aggregation possible within the colony.  This will cause 

neighboring polymorphs to form a regular pattern simply by virtue of being part of the 

natural budding pattern of the colony.  Measurement of large scale aggregation using 

the Clark-Evans Nearest Neighbor test may be obscured if the data points exhibit fine 

scale regularity.  This fine scale regularity will make a large scale aggregation return a 

CENN score closer to random than would be expected.  This technical problem was 

solved by “jiggling” the data points in order to break up any fine scale regularity.  Each 

data point was shifted randomly by a maximum of ±50% of one autozooid length in both 

the x- and y-dimensions.  In other words, each data point was shifted slightly to occupy 

a position no more than 50% of one autozooid length from where it was previously.  The 

degree and direction of shifting was different for each point in a data set.  This “jiggling” 

process disrupted the fine scale regularity that was symptomatic of the colony budding 

structure while preserving the larger pattern of polymorph locations within the colony.  

Each data set was modified in this manner.  The resulting data sets were then subjected 

to the Clark-Evans Nearest Neighbor test. 

CENN values were obtained for each data set.  The CENN values for ovicell and 

avicularia samples were compiled into separate data sets.  The results were then plotted 

over geologic time (Figures 9 and 10).  CENN values for specimens from the same locale 
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were averaged, and these averages were plotted with corresponding standard 

deviations at the appropriate points on the geologic time line.  Specimens from the 

Recent were grouped into two geographic ranges, Western Atlantic (including the 

southeastern coast of the United States, the Gulf of Mexico, and Bermuda) and the 

Western Pacific (primarily the Philippines).  The separate grouping of Recent specimens 

provides the opportunity to examine variation between two locales of the same time 

period. 

 

4.3 Results

The majority of study specimens fall into the two Recent geographic groupings 

and two Plio-Pleistocene formations, the Waccamaw Formation of the southeastern 

United States and the Coralline Crag Formation of England.  The Waccamaw Formation 

is dated to the Early Pleistocene, which here is approximated at 1.5 million years ago 

(MYA)(Gradstein et al. 2004).  The Coralline Crag Formation is dated to approximately 

3.7 MYA (Head 1997).  The Plio-Pleistocene was also represented by a small number of 

specimens from the Moin Formation, the midpoint of which is dated to approximately 

2.1 MYA (Collins and Coates 1999).  In addition, scattered specimens were available as 

far back as the Eocene.  Most notable are seven specimens from the Castle Hayne 

Formation of North Carolina.  The Castle Hayne Formation is dated to the Luteian stage 

of the Eocene, the midpoint of which is at approximately 44.5 MYA (Gradstein et al. 
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2004).  A smaller number of specimens are dated to the Vicksburgian stage of the 

Oligocene (midpoint at approximately 31 MYA) and the middle Miocene of Hungary 

(midpoint at approximately 13.8 MYA) (Gradstein et al. 2004). 

CENN values plotted over time show that there is very little change from the 

Eocene to the Recent in the aggregation of either avicularia or ovicells (Figures 9 and 10).  

The possible range for all CENN values is a minimum of 0.0 (maximum aggregation) 

and ~2.15 (maximum regularity).  The mean avicularia CENN values for each locale fall 

between 0.722 and 0.883.  Taken together, the avicularia CENN values in the study have 

a standard deviation of just ±0.126, with 58.97% of all avicularia CENN values falling 

within one standard deviation of the overall mean, and 94.87% falling within two 

standard deviations. 

The ovicell CENN values were slightly more grouped, although still showed 

remarkably little variation.  Mean ovicell CENN values for each of the nine locales fall in 

a range between 0.604 and 0.827, with a standard deviation of all ovicell CENN values of 

±0.165.  Overall, 70.0% of ovicell CENN values fell within one standard deviation of the 

overall mean, and 92.0% fell within two standard deviations. 



119 

AviculariaCENNValuesOverTime

0

0.2

0.4

0.6

0.8

1

1.2

05101520253035404550

Millionsof YearsAgo

C
E

N
N

V
al

u
e

AverageAviculariaCENNValues

0.0

0.2

0.4

0.6

0.8

1.0

1.2

05101520253035404550

Millionsof YearsAgo

C
E

N
N

V
al

u
e

Figure 9: Plots of Avicularia CENN Values Over Time 

Graph A shows individual CENN values for avicularia over geologic time.  Graph B 
shows these values averaged by locale with standard deviations. 
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OvicellCENNValuesOverTime
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Figure 10: Plots of Ovicell CENN Values Over Time 

Graph A shows individual CENN values for ovicells over geologic time.  Graph B shows 
these values averaged by locale with standard deviations. 
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The overall picture is one of little variation, either within locales, or across time.  

Polymorph aggregation within the overall colony budding pattern does not appear to 

have experienced much change between the Eocene and the Recent among members of 

the Puellina lineage.  Furthermore, the low standard deviations of the CENN values 

observed in a single locale (Table 11) indicate that contemporary specimens tend to have 

similar CENN values.  This is true for both ovicells and avicularia. 

It is possible that error may have been introduced in the CENN values due to “unusable 

area” in the colony images.  Unusable areas include small damaged regions of the 

colony, empty space outside the growing margin of the colony, or regions of the colony 

that were out of focus in the image.  In all case, these areas were regions in which it 

would be impossible to landmark a polymorph, but which the CENN software would 

consider as a potential location of study point.  The result is that these unusable areas 

would bias the CENN value towards aggregation (i.e. away form 1.0 and towards 0.0).  

In other words, a truly random collection of points scattered in a landscape that 

contained some unusable regions would return a CENN value indicating that the points 

were slightly aggregated. 

It was necessary to establish the degree in which unusable area biased the CENN 

values, as well as how much of the variation among CENN value was due to unusable 

area error.  Ten specimens were selected at random and analyzed for the percentage of  
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Table 11: Average CENN values for study locales 

CENN Value of 1.0 indicates randomness, a value of 0.0 is maximum aggregation, and a 
value of ~2.15 is maximum regularity 

 

Locale MYA 
Mean Avicularia 

CENN Value 
Standard 
Deviation 

Mean Ovicell 
CENN Value 

Standard 
Deviation 

W Atlantic 0 0.879 ± 0.134 0.768 ± 0.139 

W Pacific 0 0.736 ± 0.049 0.777 ± 0.149 

Waccamaw 1.5 0.804 ± 0.147 0.692 ± 0.111 

Moin 2.1 0.871 ± 0.288 0.604 ± 0.000 

Coralline Crag 3.7 0.757 ± 0.051 0.699 ± 0.109 

Hungary 13.8 0.883 ± 0.000 0.827 ± 0.168 

Vicksburgian 31 0.722 ± 0.120 0.751 ± 0.030 

Castle Hayne 44.5 0.787 ± 0.113 0.701 ± 0.160 

unusable area.  There was found to be an average of 22.23% unusable area in the ten 

representative images.  This was rounded up to 25% to provide a liberal estimate of the 

unusable area in any given study image.  Two data sets of two-dimensional points 

obtained from Diggle (1983) were used to estimate the error introduced by removing the 

points from one quadrant (25%) of the area of a data set.  One data set from Diggle 

(1983) was known to be nearly random (CENN value = 1.0), the other was known to be 

moderately aggregated (CENN value = 0.639).  Graphical representations of these data 

sets can be found in Figure 11.  The CENN values for these data sets coincided with the  
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Random Aggregated

Figure 11: Example Spatial Patterns 

The random and aggregated spatial data sets used to estimate the error introduced by 
unusable area.  The random set has a CENN value of 1.0 and the aggregated set has a 

CENN value of 0.639.  Reproduced from Diggle (1983) 
 

upper and lower limits of the CENN values obtained from the experiment specimens, 

thus the error introduced by unusable area in the experimental images could be 

reasonably assumed to fall between the error observed by introducing a like amount of 

unusable area into these data sets.  

This was accomplished by first calculating the CENN value for each of the 

unmodified Diggle data sets.  One quadrant of each data set was removed to represent a 

loss of 25% of the usable area in the image.  The CENN was recalculated for the 

modified data set.  This was repeated for each of the four quadrants in each of the data 

sets.  The result was four CENN values for each data set, each representing the effect of 
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removing one quadrant of the set.  These values were then compared to the CENN 

values from the unmodified data sets.  On average, the modified data sets returned a 

CENN value that was 0.0964 less the values of the unmodified data sets.  The standard 

deviation of the differences was ±0.0619, a value that is less than the standard deviation 

observed from the CENN values at any of the experimental time slices.  Thus the 

variation observed between specimens at a single time slice is likely to represent real 

differences and is not due exclusively to variability in specimen quality. 

 

4.4 Discussion and Conclusion

This demonstration of the Clark-Evans Nearest Neighbor test as a metric for 

measuring individuation in biological collectives should be considered a success.  CENN 

values consistently exhibited low standard deviations within each study locale for the 

estimates of aggregation in both avicularia and ovicells.  This indicates that the CENN 

values are reasonably consistent among the Puellina specimens obtained from the same 

time periods and geographic locations.  The CENN value for polymorph locations can 

be considered a viable metric for estimating individuation in biological collectives 

Regarding individuation within the Puellina lineage, two conclusions can be 

drawn.  First, Puellina colonies are weakly individuated at best.  The average CENN 

values for avicularia and ovicells are 0.830 and 0.805, respectively.  Completely random 

distributions would return a CENN value of 1.0, thus the observed values are near to 
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random.  The results from the analysis of usable area suggest that observed CENN 

values may be underestimated by an average of 0.0964.  Correcting for this 

underestimation, the CENN values are shifted even closer to random.  Thus, it appears 

that Puellina polymorphs are not strongly aggregated and do not form colony-level 

tissues.  By extension, Puellina is not a strongly individuated colonial animal, at least by 

the criteria defined here. 

Second, it can be concluded that there is no evident trend towards either 

increasing or decreasing individuation in Puellina during the time spanning from the 

Cenozoic to the Recent.  There is no obvious change in the mean CENN values for either 

avicularia or ovicells over this time period, and by proxy there is no change in 

individuation.  This has two interpretations.  If the correction for unusable area is 

ignored, it could be inferred that Puellina reached an evolutionary stable degree of 

polymorph aggregation at some point in history earlier than the geologic range of this 

study.  Speaking in terms of individuation, a certain low level of individuation would 

have been achieved early in the evolutionary history of Puellina. This was then followed 

by a long period of stasis, including the time period examined by this study.  If the 

correction for unusable area is taken into account, it can be inferred that individuation 

has never been selected for in Puellina. The correction places the CENN values at or near 

random for the entire geologic time span of the study.  Assuming that randomness is the 

primitive state for polymorph spatial arrangement, there appears to be a complete lack 
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of selection for the formation of colony-level tissues.  As such, there also appears to be a 

lack of selection for individuation. 

These results have interesting and somewhat vexing consequences.  The 

apparent lack of selection in Puellina is unexpected, although perhaps it should not be.  

As humans, we think of individuation as a good thing.  Being strong individuals, this is 

unsurprising.  But is this true?  Individuation is truly a good thing only for those 

biological collectives that benefit from interacting with the environment as a cohesive 

unit (Rosen 1986).  Other collectives might benefit from decentralization, and hence from 

a lack of individuation.  It would be very disadvantageous if, for instance, all Puellina 

ovicells were grouped in one area of a colony, and that region subsequently suffered a 

catastrophe such a predation event or an overgrowth by another sessile colonial animal.  

The colony would be left without a way to brood and release larvae, and thus would be 

at a severe reproductive disadvantage.  There are drawbacks to a highly individuated 

organization.  In order for individuation to be selected for, the benefits of increasingly 

complex spatial organization must outweigh the disadvantages.   

Bryozoans, like more sessile colonial marine invertebrates, live by many of the 

same rules as plants.  The food source is cosmopolitan and can be absorbed at almost 

any point on the surface of the colony.  Lacking a method of locomotion, the plants and 

sessile colonial invertebrates cannot flee or hide from threats.  Instead, threats are 

overcome through sustaining injury and regrowing.  Such a strategy is only effective if 
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the injured region of the colony or plant is non-essential, or if the functions performed in 

that region are redundantly performed somewhere else.  A decentralized organism is 

less likely to lose an essential function to injury.  This defense strategy is common 

among weakly individuated modular organisms (Dyrynda 1986). 

Plants tend to be decentralized and poorly individuated, at least relative to 

animals (Harper 1977, Rosen 1979).  Since bryozoans are subject to the same constraints 

as plants, it is not surprising that they to would similarly lack a strong degree of 

individuation. 

This, however, is not entirely consistent with the observed results of this study.  

As alluded to above, spatial non-randomness can occur in two forms: aggregation and 

regularity.  A regular pattern is the ultimate form of decentralization.  Polymorphic 

zooids would be distributed evenly across the colony surface, thus minimizing the risk 

of colony-level loss of functionality due to injury.  If decentralization is selected for in 

Puellina, it would be expected that CENN values would increase from 1.0 towards 

maximum regularity at a value of approximately 2.15.  Yet, this is not observed. 

A final possibility, and perhaps the one that ultimately explains the lack of a 

trend in spatial arrangement of polymorphs, is simply that Puellina colonies have little to 

no control over the occurrence of polymorphic zooids in the colony budding pattern.  

The formation of avicularia and ovicells may be induced via environmental cues.  If 

these cues cannot be assimilated into the developmental pattern of the colony, then it 
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would be impossible for the colony to induce polymorph formation on its own.  The 

question of selection for or against individuation would be rendered moot, and the 

result would be a colony for with randomly arranged polymorphs, an effect consistent 

with the pattern observed here. 
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5. Conclusion: “Rules” for the Evolution of Higher-level
Individuation in Colonial Marine Invertebrates

The results presented here demonstrate a few of the ways in which 

polymorphism evolves in colonial marine invertebrate taxa.  Understanding how 

polymorphism evolves can increase our understanding of how colonial animals 

individuate.  Polymorphism is the physical evidence of division of labor in colonial 

marine invertebrates.  Division of labor increases the degree to which the zooids in a 

colony are interdependent.  This increasing network of dependency draws the zooids 

into closer association, resulting in a more strongly individuated colony.    Thus, there is 

a close link between the evolution of polymorphism and the evolution of colony-level 

individuation. 

The evolution of polymorphism is constrained by the degree of 

compartmentalization present in the colony.  Polymorphism only appears in those 

colonies with moderately or strongly compartmentalized zooids.  Conversely, 

polymorphism is never found in modern colonial taxa that are either fully 

compartmentalized or weakly compartmentalized.  Thus, polymorphism is only found 

in those colonies occupying the middle ground of compartmentalization.  Fully 

compartmentalized colonies lack the interzooidal connections necessary to subsidize 

non-feeding polymorphs with nutrients.  The lack of polymorphism in weakly 
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compartmentalized colonies is more difficult to understand and for the moment remains 

unexplained. 

The evolution of polymorphism in the presence of weak compartmentalization 

can be observed in stenolaemate bryozoans over the course of the Paleozoic.  Paleozoic 

stenolaemates are inferred from the fossil record to have been weakly 

compartmentalized.  Unlike modern taxa with weak compartmentalization, many of the 

stenolaemates that appear early in the Paleozoic are polymorphic.  These polymorphic 

taxa gradually give way to monomorphic taxa over the course of the Paleozoic.  This 

may be due to a higher extinction rate in the polymorphic taxa.  The fact that 

stenolaemates actually become less polymorphic across the course of the Paleozoic 

demonstrates that the progress of colony-level individuation can sometimes run 

backwards, and thus individuation does not always win out.   

Ecological factors may also guide the evolution of polymorphism.  Unstable 

environments seem to be unfavorable to the evolution of complex systems of 

polymorphism in cheilostome bryozoans.  Selection in these environments appears to 

eliminate multiple types of functionally similar polymorphs, which limits the overall 

complexity the division of labor found in the cheilostome colonies present in these 

environments.  The scope of the analysis conducted here is limited and intended 

primarily to be a supplement to the existing literature.  There are also significant 

concerns as to the definition of environmental stability used in Wilson (1968) and Schopf 
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(1973).  That being said, the pattern observed here may one day be shown to be 

indicative of a more robust phenomenon.  If this ultimately proves to be the case, highly 

individuated colonies should be expected to more easily evolve in constant 

environments than in unstable ones.  In this way, the selective pressure imposed by 

environmental instability may act as a kind of “ecological constraint” on the evolution of 

individuation. 

Finally, it was learned that the evolution of colony-level tissues is static in one 

genus of cheilostome bryozoan, suggesting that the progress of individuation is also 

static in that group.  There was no observable increase in the non-randomness of 

polymorph organization in the colonial budding pattern of the cheilostome genus 

Puellina during the Cenozoic.  This lack of increase in organizational translates to a lack 

of increase in individuation.  This may be because increases in colony-level 

individuation are not selected for in Puellina. If true, this would challenge the notion 

that higher-level individuation is always beneficial for a biological aggregate.  The 

dynamic is likely much more complex, with higher-level individuation being a good 

thing for some types of aggregates and a bad thing for others. 

Two general conclusions can be drawn from the results presented here.  First, it 

can be concluded that higher-level individuation is not predestined among colonial 

marine invertebrates, nor is it necessarily selected for in all colonial systems.  The 

progress of higher-level individuation may be hindered by morphological constraint, as 
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in the case of Paleozoic stenolaemates, or it might not be selected for at all, as may be the 

case in the cheilostome bryozoan Puellina. The conditions favorable to the progress of 

colonial individuation may ultimately prove to be very limited in scope. 

Second, the evolution of higher-level individuation in the major taxa of colonial 

marine invertebrates is governed by at least one generalized “rule”.  This study 

demonstrates that a morphological constraint is guiding the evolution of individuation 

at the class level (Paleozoic stenolaemate bryozoans), and the kingdom level (all colonial 

marine invertebrates).  “Rules” are rare in biology, especially rules that apply to such a 

diverse range of organisms.  The existence of one rule suggests that there may be others.  

It also encourages the search for rules governing the higher-level individuation of other 

types of biological aggregates, such as colonies of single-cellular organisms or societies 

of eusocial animals.  It may even be possible to identify rules that transcend hierarchical 

levels.  The identification of such rules would strongly suggest that new levels in the 

hierarchy of life evolve by a universal pattern that is independent of the type of 

organism involved.   



133 

Acknowledgements

I am indebted to several individuals for their technical help with this research.  

Scotland Leman and Carl Simpson provided much needed assistance with some of the 

statistical treatments used in the first two chapters.  JoAnn Sanner at the Smithsonian 

National Museum of Natural History and Paul Taylor and Mary Spencer Jones at the 

Natural History Museum in London were invaluable in helping me obtain loans of 

bryozoan specimens for use in Chapter 4.  Michelle Menser and Leslie Eisbet helped me 

image these specimens.  Martin Fischer provided the software I used for the Clark-Evans 

Nearest Neighbor test in that same chapter. 

This work could not have been possible without the undying support of my 

parents, my family, and my friends.  I can never thank you enough.   Your 

encouragement gave me the confidence to complete a graduate education, and your 

friendship made it worthwhile.  Thanks are also owed to my fantastic dissertation 

committee, Robert Brandon, Sonke Johnsen, Louise Roth, and Greg Wray.  Your 

thoughtful comments and conversations through the years have been essential to my 

development as a scientist.  Special thanks are due to my advisor Dan McShea, who 

always stuck up for my wacky ideas, and who somehow always managed to encourage 

and expand my imagination while simultaneously grounding me in scientific reality.  

Thanks Dan, you will always be my mentor and friend.  Finally, I would like to thank 



134 

the entire community of Duke University for providing me with the best possible place 

to live, work and learn for the last thirteen years. 

 



135 

 References

Abramoff, M. D., P. J. Magelhaes, and S. J. Ram. 2004. Image Processing with ImageJ. 
Biophotonics International 11(7):36-42. 

Anderson, C., and D. W. McShea. 2001. Individual versus social complexity, with 
particular reference to ant colonies. Biological Reviews 76(02):211-237. 

Beklemishev, W. N. 1969. Principles of comparative anatomy of invertebrates, Vol 1. 
Oliver and Boyd, Edinburgh, Scotland. 

Bell, G., and A. O. Mooers. 1997. Size and complexity among multicellular organisms. 
Biological Journal of the Linnean Society 60(3):345-363. 

Bishop, J. D. D., and B. C. Househam. 1987. Puellina (Bryozoa, Cheilostomata, 
Cribrilinidae) from British and Adjacent Waters. British Museum (Natural 
History). 

Blake, D. B. 1983. Introduction to the Suborder Rhabdomesina. Pp. 530-549. In R. A. 
Robison, ed. Treatise on Invertebrate Paleontology. Pt. G. Bryozoa revised. The 
Geological Society of America and The University of Kansas, Lawrence, KS. 

Boardman, R. S. 1983. General features of the Class Stenolaemata. Treatise on 
Invertebrate Paleontology, Pt. G, Bryozoa Revised. Geological Society of America 
and University of Kansas Press, Lawrence 625:49–137. 

Boardman, R. S., and C. J. Buttler. 2005. Zooids and extrazooidal skeleton in the Order 
Trepostomata (Bryozoa). Journal of Paleontology 79(6):1088-1104. 

Boardman, R. S., and A. H. Cheetham. 1973. Degrees of colony dominance in 
stenolaemate and gymnolaemate bryozoa. Pp. 121-220. In R. S. Boardman, 
Cheetham, A.H. & Oliver, W.A. Jr, ed. Animal Colonies. Development and 
function through time. Dowden, Hutchinson & Ross, Stroudsburg. 

Bobin, G. 1977. Interzooidal comunications and the funicular system. In R. M. 
Woollacatt, and R. L. Zimmer, eds. The Biology of Bryozoans. Academic Press, 
New York and London. 

Bone, Q. 1998. The biology of pelagic tunicates. Oxford University Press. 



136 

Bourke, A. F. G. 1999. Colony size, social complexity and reproductive conflict in social 
insects. Journal of Evolutionary Biology 12:245-257. 

Brusca, R. C., and G. J. Brusca. 1990. Invertebrates. Sinauer Associates Sunderland, MA. 

Buss, L. W. 1987. The evolution of individuality. Princeton University Press Princeton, 
NJ. 

Changizi, M. A. 2001a. Universal laws for hierarchical systems. Comments on 
Theoretical Biology 6:25–75. 

Changizi, M. A. 2001b. Universal scaling laws for hierarchical complexity in languages, 
organisms, behaviors and other combinatorial systems. J. theor. Biol 211:277–295. 

Chapman, G. 1981. Individuality and modular organisms. Biological Journal of the 
Linnean Society 15:177–235. 

Cheetham, A. H. 1973. Study of cheilostome polymorphism using principal components 
analysis. Pp. 385–409. In G. P. Larwood, ed. Living and Fossil Bryozoa. Academic 
Press, London. 

Cheetham, A. H., and P. L. Cook. 1983. General features of the Class Gymnolaemata. Pp. 
138-207. In R. A. Robison, ed. Treatise on Invertebrate Paleontology. Pt. G. 
Bryozoa revised. The Geological Society of America and The University of 
Kansas, Lawrence, KS. 

Clark, P. J., and F. C. Evans. 1954. Distance to nearest neighbor as a measure of spatial 
relations in populations. Ecology 35:445-453. 

Coates, A. G., and W. A. Oliver. 1973. Coloniality in zoantharian corals. Pp. 3–27. In R. S. 
Boardman, Cheetham, A.H. & Oliver, W.A. Jr, ed. Animal Colonies. 
Development and function through time. Dowden, Hutchinson & Ross, 
Stroudsburg. 

Collins, L. S., and A. G. Coates. 1999. A Paleobiotic Survey of the Caribbean Faunas from 
the Neogene of the Isthmus of Panama: Bulletins of American Paleontology. 
Special Volume 357:351. 

Cook, P. L. 1963. Observations on live lunulitiform zoaria of Polyzoa.  . Cahiers de 
Biologie Marine 4:407-413. 



137 

Dawkins, R. 1982. The Extended Phenotype: The gene as the unit of selection. Oxford 
University Press, Oxford. 

Diggle, P. J. 1983. Statistical analysis of spatial point patterns. New York. 

Donnelly, K. 1978. Simulations to determine the variance and edge-effect of total nearest 
neighbor distance. Pp. 91-95. In I. Hodder, ed. Simulation Methods in 
Archeology. Cambridge University Press, London. 

Dyrynda, P. E. J. 1986. Defensive Strategies of Modular Organisms. Philosophical 
Transactions of the Royal Society of London. Series B, Biological Sciences 
313(1159):227-243. 

Fisher, M. 1993. Fine-Scale Distributions of Tropical Animal Mounds: A Revised 
Statistical Analysis. Journal of Tropical Ecology 9(3):339-348. 

Goodwin, B. 1994. How the Leopard Changed Its Spots. Touchstone, New York. 

Gould, S. J., N. L. Gilinsky, and R. Z. German. 1987. Asymmetry of lineages and the 
direction of evolutionary time. Science 236(4807):1437-1441. 

Gradstein, F. M., J. G. Ogg, and A. G. Smith. 2004. A Geologic Time Scale 2004. 
Cambridge University Press. 

Haeussermann, V., and G. Foersterra. 2003. First evidence for coloniality in sea 
anemones. Marine Ecology Progress Series 257:291-294. 

Harper, J. L. 1977. Population Biology of Plants. Academic Press, London. 

Harvell, C. D. 1990. The ecology and evolution of inducible defenses. Quarterly Review 
of Biology 65(3):323-340. 

Harvell, C. D. 1994. The evolution of polymorphism in colonial invertebrates and social 
insects. Quarterly Review of Biology 69:155-185. 

Head, M. J. 1997. Thermophilic Dinoflagellate Assemblages from the Mid Pliocene of 
Eastern England. Journal of Paleontology 71(2):165-193. 

Hughes, D. J., and J. B. C. Jackson. 1990. Do constant environments promote complexity 
of form?: The distribution of bryozoan polymorphism as a test of hypotheses. 
Evolution 44:889-905. 

Huxley, J. S. 1912. The Individual in the Animal Kingdom. Cambridge University Press. 



138 

Karklins, O. L. 1983. Introduction to the Suborder Ptilodictynia. Pp. 453-488. In R. A. 
Robison, ed. Treatise on Invertebrate Paleontology. Pt. G. Bryozoa revised. The 
Geological Society of America and The University of Kansas, Lawrence, KS. 

Kaufmann, K. W. 1971. The form and functions of the avicularia of Bugula (Phylum 
Ectoprocta). Postilla 151:1-26. 

Kirkpatrick, P. A., and P. R. Pugh. 1984. Siphonophores and velellids: keys and notes for 
the identification of the species. EJ Brill/Dr. W. Backhuys. 

Lee, M., and M. Wolsan. 2002. Integration, individuality and species concepts. Biology 
and Philosophy 17(5):651-660. 

Lidgard, S. 1985. Zooid and colony growth in encrusting cheilostome bryozoans. 
Palaeontology 28(2):255-291. 

Mackie, G. O. 1986. From Aggregates to Integrates: Physiological Aspects of Modularity 
in Colonial Animals. Philosophical Transactions of the Royal Society of London. 
Series B, Biological Sciences 313(1159):175-196. 

Mackie, G. O., and C. L. Singla. 1983. Coordination of compound ascidians by epithelial 
conduction in the colonial blood vessels. The Biological Bulletin 165(1):209-220. 

Maynard Smith, J., and E. Szathmáry. 1995. The Major Transitions in Evolution. 
Freeman, Oxford. 

McCullagh, P., and J. A. Nelder. 1989. Generalized Linear Models. Chapman and Hall, 
London. 

McKinney, F. K. personal communication. 

McKinney, F. K., and J. B. C. Jackson. 1991. Bryozoan Evolution. The University of 
Chicago Press, Chicago. 

McShea, D. W. 1996. Perspective: Metazoan Complexity and Evolution: Is There a 
Trend? Evolution 50(2):477-492. 

McShea, D. W. 2001a. The hierarchical structure of organisms: a scale and 
documentation of a trend in the maximum. Paleobiology 27(2):405-423. 

McShea, D. W. 2001b. The minor transitions in hierarchical evolution and the question of 
a directional bias. Journal of Evolutionary Biology 14(3):502-518. 



139 

McShea, D. W. 2002. A complexity drain on cells in the evolution of multicellularity. 
Evolution Int J Org Evolution 56(3):441-52. 

McShea, D. W., and M. A. Changizi. 2003. Three Puzzles in Hierarchical Evolution. 
Integrative and Comparative Biology 43(1):74. 

McShea, D. W., and E. P. Venit. 2001. What is a part?  . Pp. 259-284 In G. P. Wagner, ed. 
The Character Concept in Evolutionary Biology. Academic Press, San Diego. 

McShea, D. W., and E. P. Venit. 2002. Testing for bias in the evolution of coloniality: A 
demonstration in cyclostome bryozoans. Paleobiology 28:308-327. 

Mishler, B. D., and R. N. Brandon. 1987. Individuality, pluralism, and the phylogenetic 
species concept. Biology and Philosophy 2(4):397-414. 

Mukai, H., K. Sugimoto, and Y. Taneda. 1978. Comparative studies on the circulatory 
system of the compound ascidians Botryllus, Botrylloides, and Symplegma. Journal 
of Morphology 157:49-78. 

Nielsen, C. 1989. Entoprocts: Keys and Notes for the Identification of the Species, 
Synopses of the British Fauna (new series) Vol. 41. E. J. Brill Publishing, Leiden, 
The Netherlands. 

Oster, G. F., and E. O. Wilson. 1978. Caste and ecology in the social insects. Princeton 
University Press, Princeton, NJ. 

Ripley, B. D. 1979. Tests of 'Randomness' for Spatial Point Patterns. Journal of the Royal 
Statistical Society. Series B (Methodological) 41(3):368-374. 

Rosen, B. R. 1979. Modules members and communes: a postscript introduction to social 
organisms. Pp. xiii-xxxv. In G. Larwood, and B. R. Rosen, eds. Biology and 
Systematics of Colonial Organisms. Academic Press, London. 

Rosen, B. R. 1986. Modular Growth and Form of Corals: A Matter of Metamers. 
Philosophical Transactions of the Royal Society of London. Series B, Biological 
Sciences 313(1159):115-142. 

Ruppert, E. E., and R. D. Barnes. 1994. Invertebrate Zoology. Thomson Learning. 

Ryland, J. S. 1970. Bryozoans. Hutchinson London. 



140 

Ryland, J. S. 1979. Structural and physiological aspects of coloniality in Bryozoa. Pp. 
211–242. In G. Larwood, and B. R. Rosen, eds. Biology and Systematics of 
Colonial Organisms. Academic Press, New York. 

Sabbadin, A. 1979. Colonial structure and genetic patterns in ascidians. Pp. 433–444. In 
G. Larwood, and B. R. Rosen, eds. Biology and Systematics of Colonial 
Organisms. Academic Press, New York. 

Sandberg, P. A. 1973. Degree of individuality in cheilostome bryozoa: skeletal criteria. 
Pp. 305-316. In R. S. Boardman, Cheetham, A.H. & Oliver, W.A. Jr, ed. Animal 
Colonies. Development and function through time. Dowden, Hutchinson & Ross, 
Stroudsburg. 

Schopf, T. J. M. 1973. Ergonomics of polymorphism. Pp. 247-294 In R. S. Boardman, A. 
H. Cheetham, and W. A. Oliver, eds. Animal Colonies. Dowden, Hutchinson and 
Ross, Stroudsburg. 

Sepkoski, J. J. 2002. A compendium of fossil marine animal genera. Bulletins of 
American Paleontology 363. 

Silén, L. 1977. Polymorphism in marine Bryozoa. Pp. 184-227. In R. M. Woollacatt, and R. 
L. Zimmer, eds. The Biology of Bryozoans. Academic Press, New York and 
London. 

Silén, L., and J. G. Harmelin. 1974. Observations on living Diastoporidae (Bryozoa 
Cyclostomata), with special regard to polymorphism. Acta Zoologica 55:81–96. 

Simpson, C. G., and P. Harnik. in review. Abundance as a factor in post-Paleozoic 
marine bivalve extinction rates. 

Sinclair, D. F. 1985. On Tests of Spatial Randomness Using Mean Nearest Neighbor 
Distance. Ecology 66(3):1084-1085. 

Smith, A. 1776. An inquiry into the nature and causes of the wealth of nations. Methuen. 

Soong, K., and J. C. Lang. 1992. Reproductive Integration in Reef Corals. Biological 
Bulletin 183:418-431. 

Stanley, G. D. 2003. The evolution of modern corals and their early history. Earth-Science 
Reviews 60(3):195-225. 

Taylor, P. D. 1993. Bryozoa. Pp. 465-489. In M. Benton, ed. Fossil Record 2. Springer. 



141 

Taylor, P. D. personal communication. 

Utgaard, J. 1983. Paleobiology and taxonomy of the Order Cystoporata. Pp. 327–439. In 
R. A. Robison, ed. Treatise on Invertebrate Paleontology. Pt. G. Bryozoa revised. 
The Geological Society of America and The University of Kansas, Lawrence, KS. 

Van Valen, L. 1973. A new evolutionary law. Evolutionary Theory 1(1):1–30. 

Van Valen, L., and R. E. Sloan. 1966. The extinction of the multituberculates. Systematic 
Zoology 15(4):261-278. 

Venit, E. P. in review. Investigating general patterns of colonial metazoan division-of-
labour systems: The Ergonomics of Polymorphism revisited. 

Wells, J. W. 1956. Scleractinia. Pp. 328-444. In R. C. Moore, ed. Treatise on Invertebrate 
Paleontology, Pt. F, Coelenterata. Geological Society of America and University 
of Kansas Press, Lawrence. 

Wilson, D. S. 1997. Altruism and Organism: Disentangling the Themes of Multilevel 
Selection Theory. The American Naturalist 150:S122-S134. 

Wilson, E. O. 1963. The social biology of ants. Annual Review of Entomology 8:345-368. 

Wilson, E. O. 1968. The ergonomics of caste in social insects. American Naturalist 102:41-
66. 

Wilson, J. 1999. Biological Individuality: The Identity and Persistence of Living Entities. 
Cambridge University Press. 

Winston, J. E. 1986. Victims of Avicularia. PSZNI: Marine Ecology 7:193-199. 
 



142 

Biography

Ed Venit was born and raised in Bethesda MD, just outside the Washington, DC 

border.  He began his Duke career as an undergraduate in 1994, finding Biology in his 

sophomore year. After graduation, Ed decided to give back to the community that he so 

loved by joining the Office of Admissions, inspiring other impressive young minds to 

join their abilities to that of the rest of the university.  After a few years of service, Ed 

entered the Graduate School at Duke, often finding himself teaching the very students 

he recommended for admission in the first place.  He threw himself with great 

enthusiasm into his work, providing energy to his students, his peers, his friends, his 

family, and pretty much anybody else who would listen to his fervor and infectious 

zeal.  


