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Abstract 

 

Modularity is a fundamental concept in biology. Most taxa within the colonial invertebrate phylum 

Bryozoa have achieved division of labor through the development of specialized modules (polymorphs), 

and this group is perhaps the most outstanding exemplar of the phenomenon. This thesis addresses 

several gaps in the literature concerning the morphology, ecology, energetics, and evolvability of 

bryozoan polymorphism.   

It has been over 40 years since the last review of bryozoan polymorphism, and here I provide a 

comprehensive update that describes the diversity, morphology, and function of bryozoan polymorphs 

and the significance of modularity to their evolutionary success. While the degree of module 

compartmentalization is important for the evolution of polymorphism in bryozoans, this does not appear 

to be the case for other colonial invertebrates.  

To facilitate data collection, I developed a classification system for polymorphism in cheilostome 

bryozoans.  While classification systems exist for bryozoan colony form, the system presented here is the 

first developed for polymorphism.  This system is fully illustrated and non-hierarchical, enabling swift 

classification and statistical comparisons at many levels of detail.  

Understanding community assembly is a key goal in community ecology, but previous work on bryozoan 

communities has focused on colony form rather than polymorphism.  Environmental filtering influences 

community assembly by excluding ill-adapted species, resulting in communities with similar functional 

traits. An RLQ (a four-way ordination) analysis incorporating spatial data was run on a dataset of 642 

species of cheilostomes from 779 New Zealand sites, to investigate environmental filtering of colony form 

and zooid polymorphism. This revealed environmental filtering of colony form: encrusting-cemented taxa 

were predominant in shallow environments with hard substrata (<200m), while erect-rooted taxa 

characterized deeper environments with soft substrata (>200 m). Furthermore, erect taxa found in 

shallow environments with high current speeds were typically jointed. Surprisingly, polymorphism also 

followed environmental gradients. External ovicells (brood chambers) were more common in deeper, low 

oxygen water than immersed and internal ovicells. This may reflect the oxygen needs of the embryo or 

increased predation intensity in shallow environments. Bryozoans with costae (rib-like spines) tended to 

be found in deeper water as well, while bryozoans with calcified frontal shields were found in shallow 

environments with a higher concentration of CaCO3. Avicularia (defensive grasping structures) were not 
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related to environmental conditions, and changes in pivot bar structure with depth likely represent a 

phylogenetic signal. Factors influencing community assembly were somewhat partitioned by levels of 

organization, since colony form responds to environmental conditions, while the effects of evolutionary 

history, predation, and environmental conditions were not well-separated for zooid-level morphology. 

Finally, rootlets may have been a key innovation that allowed cementing taxa to escape hard substrata, 

potentially contributing to the cheilostome radiation. 

Despite the diversity of life on earth, many morphologies have not been achieved. Morphology can be 

limited by a variety of constraints (developmental, historical, biomechanical) and comparing the 

distribution of realized forms in a theoretical form-space (i.e. “morphospace”) can highlight which 

constraints are at play and potential functions. If traits cluster around biomechanical optima, then 

morphology may be shaped by strong selective pressures. In contrast, a well-explored (filled) 

morphospace suggests weak constraints and high morphological evolvability. Here, constraints on 

morphospace exploration were examined for 125 cheilostome bryozoan species from New Zealand. The 

mandible morphospaces for avicularia (beak-like polymorphs) were visualized using Coordinate-Point 

Extended Eigenshape analysis. Mechanical advantage, moment of inertia, drag, peak force, and rotational 

work required to close the mandible were calculated for theoretical (n=47) and real mandibles (n=224) to 

identify biomechanical optima. The volume and surface of area of the parcel of water passed through by 

the closing mandible (referred to as the “domain”) was also calculated. The theoretical morphospace of 

avicularia is well-explored, suggesting they are highly evolvable and have relaxed developmental 

constraints. However, there may be constraints within lineages. A well-developed fulcrum (complete pivot 

bar) may be an evolutionary pre/corequisite to evolving mandibles with extreme moments of inertia such 

as setose and highly spathulate forms. The most common mandible shape, triangular, represents a trade-

off between maximizing domain size, minimizing energetic cost (force and construction material), and 

minimizing the potential for breakage. This suggests that they are well suited for catching epibionts, 

representing the first empirical evidence for avicularian function. Tendon length and mechanical 

advantage are limited by tendon width, which itself is constrained by the base width of the mandible. This 

explains the low mechanical advantage of setose mandibles and suggests that they are unable to grasp 

epibionts. The calories required to close the mandible of an avicularium (estimated from rotational work) 

are quite small (1.24 x 10-16 to 8.82 x 10-11 cal).  

Overall, this thesis highlights the complexity of bryozoan polymorphism and suggests cheilostome 

avicularia could provide a unique evolutionary system to study due to their apparent lack of strong 



iii 
 

developmental constraints.  Future studies into the ecology of polymorphism should focus on the degree 

of investment (polymorph abundance within a colony) rather than presence or absence.  
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Chapter 1: Introduction 

 

Modularity is the degree of compartmentalization between the units of a system (e.g. genes, organs, 

individuals within a colony, etc.). Modular organization is an important concept in biology, since it allows 

selection to act separately on each module (rather than on the organism as a whole). The ability to 

simultaneously respond to different selection pressures, combined with function-preserving redundant 

molecules (which reduce the impact of deleterious mutations), enhances the adaptive potential of 

modular organisms [1–3]. In this way, modularity is thought to counter the inherent cost of complexity: 

the genome size increases with organism complexity, which means a single mutation has less impact 

[1,4–6].  

Bryozoans are colonial, sessile suspension feeders that exhibit a high degree of modularity. Their 

colonies are composed of physically connected individuals called zooids. The degree of 

compartmentalization between zooids may be responsible for the presence of polymorphism in some 

bryozoan taxa [7].  Polymorphic zooids exhibit discontinuous variation in form and contribute the 

division of labor within a colony by performing different functions [8,9].  Colonies that exhibit greater 

polymorphism can be considered more complex than monomorphic colonies. Polymorphism is absent in 

Phylactolaemata (which has relatively uncompartmentalized zooids), but is present to varying degrees in 

the Ctenostomata, Cyclostomata, and Cheilostomata (which have increasingly more compartmentalized 

zooids) [7]. The relationship between modularity and polymorphism is worthy of further study, both in 

bryozoans and other colonial invertebrates.  Bryozoan polymorphism in particular is in dire need of an 

updated review, since it has been 40 years since the last comprehensive review [8].  

The degree of polymorphism in bryozoans and other colonial organisms was previously thought to relate 

to disturbance [10,11]. Fluctuating environmental conditions would render highly specialized 

polymorphs useless, so polymorphism should only evolve in consistent environments.  However, this 

does not appear to be the case for eusocial insects (incidence of polymorphism is instead related to 

colony size [12]), or bryozoans [13,14]. While the degree of polymorphism (i.e. degree of complexity) 

may be unrelated to environmental conditions, it is highly likely that polymorphism has an effect on 

bryozoan ecology. If bryozoans live an energetically marginal existence  [15], then the cost of 

polymorphic zooids (which are often non-feeding) should significantly influence their energy budget. 

This could restrict taxa with energetically expensive polymorphs to food-rich habitats. In addition, there 
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may be environments that are only accessible to taxa with certain polymorphs (i.e. environmental 

filtering). For example, habitats with high sedimentation rates or an abundance of fouling organisms 

may only be accessible to colonies with cleaning polymorphs (e.g. vibracula). Understanding the 

relationship between polymorphs and the environment can be used to predict community responses to 

environmental change, reconstruct the paleoenvironment, predict the success of invasive species, 

suggest trait functions, and identify “key innovations” that allow species to bypass environmental filters. 

These key innovations could have triggered species radiations by providing access to new habitats and 

niches.  Of course, communities with similar traits can also be due to colonization history or 

phylogenetic relatedness, so it is important to include spatial and phylogenetic data when available [16].   

Modularity in bryozoan colonies suggests that polymorphism and colony form (which varies with 

substratum type and depth [17]) should respond independently to environmental conditions and other 

selection pressures [18].  However, the relationship between polymorph morphology, colony form, and 

the environment has yet to be thoroughly investigated.  

Bryozoan polymorphs include heterozooids (avicularia, vibracula, kenozooids), autozooidal polymorphs 

(reproductive zooids, some spines and rootlets), and multi-zooidal complexes (some embryo incubation 

chambers) [8].  All of these types possess diverse morphologies [19–21], suggesting specializations for 

different functions within each type [8,22]. For example, avicularia are beak-like structures with an 

articulated mandible. Pointed mandibles may grasp epibionts, while spathulate ones may direct 

wastewater over the surface of the colony [11,22].  Lumping polymorphs together by general type, 

without regard for morphology, can result in noisy data, obscuring underlying trends. A classification 

system would ensure that morphological variation is captured, and that the criteria used to categorize 

different morphologies remains constant through the classification process. While classification systems 

exist for bryozoan colony form [23], none exist for polymorphism.  

The morphological variation present in bryozoan polymorphism lends itself to morphospace analysis. A 

morphospace is a hypothetical space that encompasses the variation in morphology of a particular trait. 

The axes of a morphospace are typically quantitative measurements (e.g. body length, degree of shell 

curvature, surface area to volume ratio, etc.). Theoretical morphospaces (usually generated 

mathematically) can be compared to empirical ones to determine the effect of evolutionary history, 

developmental constraints, and biomechanical trade-offs on current morphology [24,25].  Modular 

organization within zooids themselves would reduce development constraints (through the dissociation 

of components) and may allow for more homogeneous morphospace exploration. In other words, 
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modular organisms may more easily realize a wider range of theoretical morphologies compared to 

unitary organisms.  Polymorphs are typically morphologically complex, three-dimensional structures. 

However, much of the variation in avicularian mandible shape can be captured in a two-dimensional 

plane. This allows the use of geometric morphometric techniques that can provide an objective measure 

of shape and generate theoretical morphospaces. The simple movement of avicularia also allows for a 

detailed analysis of their biomechanics, though this has only been attempted once before [26].  An 

empirical morphospace that is well-aligned with biomechanical optima suggests that morphospace 

exploration is at least partly driven by selection.  In contrast, a patchy morphospace (particularly one 

that does not approach biomechanical optima) may be driven more by developmental and historical 

constraints. Identifying biomechanical optima can also suggest functions for different mandible 

morphologies (many of which are still debated [22]). Finally, these biomechanical analyses can calculate 

the energetic cost associated with different mandible shapes and sizes. Knowing the energetic 

investment required to perform certain tasks can provide insight into the life-history strategies and 

energy budgets of bryozoans. However, the energetic costs associated with avicularia – or any other 

polymorphism – are currently unknown. It is clear that the energetics, functions, and evolution of 

avicularia require further study.  

Bryozoans, though understudied, are economically and ecologically important. They provide “micro-

reef” habitats for diverse communities of epibionts and juvenile fish [27,28], and are important fouling 

species on docks, in harbors, and (for freshwater species) wastewater treatment plants [29].  Like many 

overlooked marine organisms, bryozoans are a valuable resource for marine natural products, including 

anti-cancer and anti-bacterial compounds [30,31].  The results presented in this thesis provide insights 

into their ecology and evolution, but also highlight why these “modular marvels” are worthy of further 

investigation.  

Chapter 2: Modularity is the mother of invention: a review of polymorphism in bryozoans 

This chapter is an extensive literature review, recently published in Biological Reviews [32], that 

compares polymorphism across all bryozoans through the lens of modularity. Plasticity, cormidium 

construction, and the role of modularity in the evolution of polymorphism are described theoretically.  

Chapter 3: Classification of cheilostome polymorphs  

The second data chapter details a thorough classification system of cheilostome polymorphism, 

published in the Annals of Bryozoology [33]. This classification system is non-hierarchical, allowing 

statistical comparisons to be made at any level of detail.  
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Chapter 4: Community assembly in a modular organism: the impact of environmental filtering on 

bryozoan colony form and polymorphism 

Utilizing the framework created in Chapter 3, this chapter examines whether bryozoan communities are 

environmentally filtered by their polymorphs.   Here an ordination technique (RLQ) is used to link 

environmental conditions to species traits.   

Chapter 5: Cheap labor and high evolvability: A lack of strong developmental constraints on mandible 

shape of avicularia in New Zealand bryozoans 

In this chapter, the morphology, evolvability, and energetics of mandible shape in cheilostome avicularia 

are examined using geometric morphometrics (Coordinate-Point Extended Eigenshape analysis) and a 

biomechanical analysis.  

Chapter 6: Discussion 

Here the results of the prior chapters are synthesized, and future directions are outlined.  

Appendix 1: Errata for Chapter 2 and 3 

Appendix 2: Errata for Chapter 3 

Appendix 3:  Supplementary methods and figures from Chapter 4 

Appendix 4: Supplementary figures from Chapter 5 

Supporting information: Data from Chapters 4-5 and R code from Chapter 5.  
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Appendix 1  

 

Errata for:  

Chapter 2, Modularity is the mother of invention. Page numbers area given as they appear in the thesis, 

while journal page numbers are given in parentheticals.  

Page Original text Corrected text 

(787) …damage and maintain tugor pressure… …damage and maintain turgor pressure… 

(793) In addition to the formation of non-spinose 

ovicells, there is trend towards… 

In addition to the formation of non-spinose 

ovicells, there is a trend towards… 

(800) However, each zooid follows the same 

‘instructions’, which results the formation… 

However, each zooid follows the same 

‘instructions’, which results in the formation… 
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Appendix 2 

 

Errata for:  

Chapter 3, Classification of cheilostome polymorphs. Page numbers area given as they appear in the 

thesis, while journal page numbers are given in parentheticals.  

Page Original text Corrected text 

43 (87) The system complements… The system described here complements… 

49 (93) …relationships; building a database of 
cheilostome polymorphs; etc. 

…relationships; and building a database of 
cheilostome polymorphs. 

49 (93) May retain functional polypide and gut. May 
retain functional polypide and gut (as in 
Steginoporella, Crassimarginatella, and 
Wilbertopora). 

May retain functional polypide and gut (as in 
Steginoporella, Crassimarginatella, and 
Wilbertopora). 

49 (93), Fig. 1 
legend 

B. Frontral surface i. membranous… B. Frontal surface i. membranous… 

49 (93), Fig. 1 
legend 

D. Hypoetheical cormidium… D. Hypothetical cormidium… 

55 (99), Fig. 4 
legend 

Projection locations i. mid-disal… Projection locations i. mid-distal… 

70 (114) Prop (0):…  - Prop (0):… 

75 (119), 
Table 5 

unbranched… 
autozooid… 

Unbranched… 
Autozooid… 

80 (127), 
footnote 114 

“Why bryozoans have avicularia- A review of 
the evidence.” 

“Why bryozoans have avicularia—A review of 
the evidence.” 
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Chapter 4: Community assembly in a modular organism: the impact of environmental 
filtering on bryozoan colony form and polymorphism 

 

Abstract 

Understanding community assembly is a key goal in community ecology. Environmental filtering 

influences community assembly by excluding ill-adapted species, resulting in communities with similar 

functional traits. An RLQ (a four-way ordination) analysis incorporating spatial data was run on a dataset 

of 642 species of cheilostomes (Bryozoa) from 779 New Zealand sites, to investigate environmental 

filtering of colony form and zooid polymorphism. This revealed environmental filtering of colony form: 

encrusting-cemented taxa were predominant in shallow environments with hard substrata (<200 m), 

while erect-rooted taxa characterized deeper environments with soft substrata (>200 m). Furthermore, 

erect taxa found in shallow environments with high current speeds were typically jointed. Polymorphism 

also followed environmental gradients. External ovicells (brood chambers) were more common than 

immersed and internal ovicells in deeper, low oxygen water. This may reflect the oxygen needs of the 

embryo or increased predation intensity in shallow environments. Bryozoans with costae tended to be 

found in deeper water, while bryozoans with calcified frontal shields were found in shallow environments 

with a higher concentration of CaCO3. Avicularia did not appear to be related to environmental conditions, 

and changes in pivot structure with depth likely represent a phylogenetic signal. Factors influencing 

community assembly are somewhat partitioned by levels of organization, since colony form responds to 

environmental conditions, while the effects of evolutionary history, predation, and environmental 

conditions were not well-separated for zooid-level morphology. Finally, rootlets may have been a key 

innovation that allowed cementing taxa to escape hard substrata, potentially contributing to the 

cheilostome radiation. 
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Graphical Abstract: Both colony form and polymorphism in New Zealand cheilostomes change along environmental 

gradients. Encrusting taxa are limited to areas with hard substrata, while erect rooted forms dominate deep, soft-

substratum habitats. Brood chambers became more prominent in deeper waters, potentially due to decreased 

oxygen availability or a decrease in predation. In erect taxa, colonies with flexible joints were common in areas with 

fast-current regimes due to their ability to reduce mechanical stress. Encrusters with Costae/Cribrimorph frontal 

shields tended to be found in deeper waters, potentially due to low CaCO3 and predation. While pivot structure in 

avicularia appeared to change with productivity and variability in sea-surface temperature, this likely reflects a 

phylogenetic signal rather than a true trait-environment relationship.  
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1. Introduction: 

A key goal in ecology is to understand the factors influencing community assembly. Community assembly 

can reflect evolutionary history and stochastic processes (dispersal and colonization), environmental 

conditions, and the influence of other organisms. Environmental filtering occurs when abiotic conditions 

restrict species from forming self-sustaining populations in a particular habitat [1,2]. Only taxa with a pre-

existing tolerance to the environmental filter remain, forming a community of species with suites of 

similar functional traits. For example, ant communities under a high-temperature filter tend to have 

longer legs and increased heat tolerance [3]. Of course, traits not associated with the environmental filter 

can undergo character displacement [4]. Such trait-environment relationships can predict the success of 

invasive species [5], predict the community response to changing environmental conditions, reconstruct 

the paleoenvironment [6], suggest functions for obscure traits, and pinpoint “key innovations” that may 

have sparked species radiations.  

However, environmental filters are not always strict. A weak filter (which simply decreases fitness) 

combined with biotic pressures can also produce communities of species with similar functional traits [7]. 

Identical community patterns may result from close phylogenetic relatedness among member taxa and 

stochastic processes (e.g. dispersal). Of course, community assembly may be simultaneously influenced 

by multiple processes [8,9], making it difficult to tease out the relative impacts of environmental 

conditions.  

This is further complicated in highly integrated taxa, since groups of genetically or developmentally linked 

traits may all appear to follow the same environmental gradient – even when the environment directly 

impacts a single trait. Studying modular organisms allows the impact of certain factors (environmental, 

biological, stochastic) to be parceled out into biologically meaningful components (e.g. unique traits or 

levels of organization) [10]. This makes the highly modular Bryozoa an ideal taxon to study community 

assembly. Bryozoans are an understudied phylum of mostly marine, sessile, colonial invertebrates. They 

are an important fouling taxon, they provide “micro-reef” habitats, and their calcified skeletons make 

them vulnerable to ocean acidification [11]. Bryozoan colony form is thought to respond to environmental 

conditions [12], while polymorphism (presence of individuals specialized for certain tasks) is thought to 

respond to predation by small epibionts [13–15]. However, previous studies on bryozoan polymorphism 

were based on the number of polymorphs, rather than their morphology. These studies only focused on 

shallow-water reef communities (<25 m, <100 species), neglecting potential trends with depth and 

substratum type.  
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In this paper, I investigate environmental filtering of cheilostome bryozoan communities from New 

Zealand over a wide range of depths (0-7,400 m). The goal of this analysis is to identify those bryozoan 

traits that are linked to what environmental conditions (i.e. extract the shared structure between traits 

and the environment) and identify potential “key innovations”. I predict that colony-level trends will relate 

to large-scale environmental gradients such as substratum type and depth [12]. In contrast, polymorphism 

should exhibit no pattern with the environment – instead reflecting evolutionary history, dispersal, or 

biotic interactions [13,14]. 

1.1 Bryozoan Morphology: Bryozoan colonies are composed of iterated units (zooids), and non-

polymorphic zooids are referred to as autozooids. Bryozoan polymorphism is reviewed in Schack et al. 

[16]. Briefly, avicularia are mandibulate polymorphs that typically exhibit a grasping function (though they 

may also function as cleaning or locomotory appendages). The term “spine” refers to a wide variety of 

structures hosted on the zooid wall that exhibit similar form and function (e.g. defense). Ovicells are 

reproductive structures with a calcified hood (ooecium) that protects developing embryos. Rootlets (also 

known as rhizoids) are simple attachment structures used to anchor the colony to the substratum.  

2. Methods: 

2.1 Occurrences and trait classification: Community data for New Zealand cheilostomes were acquired 

from various monographs [17–23], with positional and environmental data for species supplied by the 

National Institute of Water and Atmospheric Research (NIWA) Invertebrate Collection, funded by NIWA 

SSIF Marine Platform funding (Coasts & Oceans National Centre, Programme 2: Marine Biological 

Resources: Discovery and definition of the marine biota of New Zealand).  

Specific NIWA voyages are acknowledged in Supplementary Data 1. Only samples with location data 

(latitude and longitude) were used, resulting in a total of 721 species from 953 sites. Forty species traits, 

encompassing both colony form and polymorphism, were classified from monographs (descriptions, 

drawings, and scanning electron micrographs) in addition to unpublished scanning electron micrographs 

(Data S1). If characters were not documented, they were assumed from genus-level descriptions. Colony-

level traits were classified according to Hageman et al. [24], while polymorphs were classified according 

to Schack et al. [25] and Ostrovsky [26]. Unfortunately, polymorphisms were often inadequately described 

in the literature and classification had to be simplified to accommodate the available data (Data S1). 

Species ranges (endemic, native, or adventive) were taken from Gordon et al. [27], and undescribed 

species were assumed to be endemic. A complete list of species traits is provided in (Data S1).  
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Bryozoans can have multiple types of avicularia and spines [16]. To account for this intracolonial variation, 

each level in variable traits (excluding pivot structure, spine branching, and maximum spine number) was 

converted into a separate binary variable. While this decouples traits in species with multiple types of 

avicularia or spines, it allows each trait level to be examined separately. Pivot structure was kept as an 

ordinal variable, and if a species possessed multiple pivot structures then only the most complete 

structure was recorded (i.e. a species with condyles and pivot bars would be recorded as just having pivot 

bars).  

2.2 Environmental variables: The study area was confined to waters around New Zealand and 

southeastern Australia (20° S to 60° S, 143° E to 175° W). Location (longitude and latitude), date, and 

depth for each site were obtained from cruise reports from NIWA and other sources [17–23] (see Data 

S2). Distance from shore was calculated using a custom Mercator projection to preserve great-circle 

(orthodrome) distances between stations (function omerc() from R package mapmisc [28]). Stations with 

incorrect or missing depth data (Galathea station 649; NIWA stations I97, KAH1206/2, KAH1206/29, 

KAH1206/94, U1011, Z16144, Z2810) were corrected using a NIWA bathymetry. 

Environmental variables and sources are given in Supplementary Data 2. Grain-size proportions (mud, 

sand, gravel), and the presence of hard-substratum “islands”[29] were included to provide a detailed 

picture of the substratum. 

The standard deviations of satellite-derived sea surface temperature (SST) and surface chlorophyll-a were 

included as a measure of seasonality. One site in Doubtless Bay (NIWA station number P368) had a 

curiously high standard deviation in surface chlorophyll (9.00 mg chl-a m-3), likely caused by its proximity 

(<15 km) to the mouths of four rivers. This large concentration was corrected to that of a nearby site in 

Doubtless Bay (P641, 0.63 chl-a mg m-3). 

Ocean chemistry, current speed, bottom stress, and benthic chlorophyll data were obtained from the New 

Zealand Regional Ocean Climatology model (NZROCS) (MacDonald 2019, pers. comm). This model couples 

a circulation model (Coastal and Regional Ocean Community model, CROCO [30]) and a biogeochemical 

model (Pelagic Interactions Scheme for Carbon and Ecosystem Studies model, PISCES [31]). The model 

was run for 98 time-steps (30 days each, ~8 years in total) and 30 depth intervals at each site. The 

Environmental conditions used in this paper represent the average value (across all time steps) at the 

depth interval closest to the sea floor. The NZROCS model has a resolution of 0.125 degrees, and the 

modeled sites were relatively close to the actual site locations (3.98 ± 1.57 km). However, the fidelity of 
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model depth locations was better for euphotic sites (169.25 ± 315.56 m, n= 395) than deeper ones 

(twilight, 310 ± 392.95 m, n=243; bathyal, 477.66 ± 430.74 m, n=131; abyssal, 376.70 ± 117.55 m, n=6), 

and was quite poor for sites below 6,000 m (2270.57 ± 983.55 m, n=2). 

2.3 Data preparation: Rare species (with a single presence) were kept as long as they were not the sole 

member of their community. This reduces the influence of rare morphologies without removing them 

from the dataset entirely. In addition, sites with missing environmental data were excluded from the 

analysis. This resulted in a final community matrix of 642 species and 779 sites (Data S1). 

Numeric environmental variables with a skewed distribution (distance from shore, depth, bottom stress, 

current speed, benthic chlorophyll, standard deviation of surface chlorophyll, and CaCO3 concentration) 

were log transformed (base 10). Zeroes were present in depth, standard deviation of surface chlorophyll, 

and current speed so these variables were scaled by adding the minimum non-zero value to all values 

before log transforming. Proportional environmental variables (mud, gravel, sand) were logit transformed 

following Warton & Hui [32]. Since zeroes were present, the minimum non-zero value was also added to 

these variables before transformation. All environmental variables were then standardized by scaling 

values to have a range of 0-1.  

To check collinearity among environmental variables, the variable inflation factors (VIFs) were examined 

(function vif in R package car [33]) and a non-metric multidimensional scaling (nMDS) analysis was run 

(function metaMDS in R package vegan [34]).  Variables were removed from the dataset until all had a VIF 

less than three, resulting in a final suite of environmental variables (Table 1). Finally, a Moran’s I test was 

performed to determine if environmental variables were spatially autocorrelated (function gearymoran 

in R package ade4 [35]).  

Table 1. Environmental data used in the RLQs. Full list of environmental variables used in the nMDs provided in 

Supplementary Data S2. 

Variable Type Units 

Sea Surface Temperature  
(Standard deviation) 

Numeric oC 

CaCO3 Numeric µmol / L 

Benthic Chlorophyll Numeric mg chl / m3 

Surface Chlorophyll-a 
(Standard deviation) 

Numeric mg chl / m3 

Current Speed Numeric m/s 

Depth Numeric m 

Gravel Numeric % 

Sand Numeric % 

Hard Substrata Binary - 
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Plots were made with R packages ggplot2, cowplot, and ggridges [36–38]. 

2.4 RLQ analyses:  The four-way RLQ was performed in R (version 3.5.2), following the methods of Pavoine 

et al. [8].  Despite recent efforts [39,40], our understanding of bryozoan phylogeny (particularly inter-

family relationships) is not complete and could not be included in this analysis. This means that 

phylogenetic signals cannot yet be statistically separated from environmental trends. 

Including a large number of variables in an ordination can artificially inflate the variance explained. To 

reduce the number of traits included in the analysis, the relationship between each trait and the 

environment was analyzed separately. For each trait, a permutation test was run to determine if the 

results of an RLQ (the sum of the eigenvalues) for the original dataset were significantly greater than one 

where species traits were randomized [8]. Only traits with a significant relationship with environmental 

variables were included in the final RLQ (Table 2). 

Table 2. Traits used in each RLQ (all taxa, encrusting only, or erect only). Full trait levels are provided in 

supplementary Data S1. 

Trait Type (levels) Description All Encrusting Erect 

Colony 
orientation 

Categorical (6) Whether the colony is encrusting, erect, or 
other 

+   

Colony surface Categorical (5) Occupation of space (unilaminate, radial, 
etc.) 

+ + + 

Colony 
attachment 

Ordinal (4) Attachment to substratum +   

Arrangement of 
zooids 

Ordinal (4) Colony width in number of zooids 
(uniserial, macroserial, etc.) 

+   

Joints Ordinal (3) Colony joint type   + 

Branching Binary Presence of branching in colony  +  

Brood chamber 
immersion 

Categorical (5) Degree of brood chamber immersion 
(external, immersed, no brooding, etc.) 

+ + + 

Ovicells Binary Presence of ovicells  + + + 

Vicarious 
avicularia 

Binary Presence of large avicularia that take the 
place of an autozooid in the colony 

+  + 

Pivot structure Ordinal (4) Structure of the pivot bar, including 
whether the species lacks avicularia 

+ +  

Costae Binary Presence of rib-like, unjointed spines + +  

Jointed Spines Binary Presence/absence of jointed spines +   

 

It is possible that colony form could obscure relationships between polymorphism and the environment. 

To test this, separate RLQ analyses were performed for encrusting (302 species, 270 sites) and erect 

species (144 species, 215 sites), removing rare species as above. Permutation tests for individual traits 

were rerun and only significant traits were kept for each of the RLQs. Finally, global fourth-corner 
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permutation tests were performed on each dataset (all orientations, encrusting only, erect only) to 

determine if the selected traits had a significant relationship with either the environment or spatial 

structure of sites.  The null hypothesis of this test assumes that species are randomly distributed across 

environmental conditions and space. Species occurrences are permuted while holding sites constant and 

a new RLQ analysis is run for each permutation.  A p-value is simulated from the proportion of 

permutations that resulted in a higher variance explained (i.e. sum of eigenvalues) compared to the 

original RLQ. 

3. Results: 

3.1 nMDs: The nMDs of environmental variables resulted in low stress (0.061, k=3), indicated a good fit. 

The first axis of the nMDs contained variables related to depth, including most of the environmental 

variables modeled by NZROCs (Data S2). The second axis was related to sediment type and variability in 

surface chlorophyll, while the third axis was characterized by current speed, variation in SST, salinity, 

pCO2, and the concentration of O2.  

All environmental variables were spatially autocorrelated (p <0.001 in all cases). This may be due in part 

to the use of modeled/interpolated data and the resolution of the environmental grid cells. 

3.2 Full RLQ: The results of RLQ indicate trends at the community-level (i.e. “average” trait expression of 

a particular community). While certain species may be exceptions within a community, the bryozoan 

communities as whole should reflect the results presented here. The first three axes of the full RLQ 

explained 89% of the total inertia (variation in species scores) (Fig. 1). Total inertia (0.005) and eigen values 

(<0.003) were low. This is due to the use of exclusively qualitative traits, which allows multiple species to 

occupy the same location in “trait-space”. Despite this, global fourth-corner tests suggest that the trait-

environment and trait-spatial relationships are significant (999 permutations, p< 0.001 in both cases).  

The first axis explained 47.44% of the variation and was linked to substratum characteristics and 

productivity. Sites with high scores along this axis are characterized by the presence of hard substrata and 

gravel, less sand, low benthic chlorophyll, and low variability in surface chlorophyll-a (Fig. 1). Cemented, 

sheet-like encrusters with external ovicells and jointed spines tended to have higher scores on this axis 

(Fig. 2-3, S1). 
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Figure 1. Biplots showing site scores along the first three axes of the full RLQ. Sites (points) are colored by the 

presence of hard substrata. Arrow length indicates the importance of environmental variables along each axis. For 

clarity, only environmental variables with a correlation of 0.3 or more on either axis were included. Abbreviations 

for environmental variables are as follows: CaCO3, calcium carbonate concentration; CHL, benthic chlorophyll 

concentration; CSD, standard deviation of surface chlorophyll-a; DPTH, depth; GRV, percent gravel; SND, percent 

sand; SST, sea surface temperature.  
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Figure 2. Colony orientation and attachment method for taxa in the full RLQ. A. Density plots showing the 

distribution of colony form along axes 1-3. B. Plot showing species scores along Axis 1 and Axis 2. Note that all species 

capable of both encrusting and massive colony forms (En/Mass) are obscured by regular encrusting species.  



102 
 

 

Figure 3. Degree of brood chamber immersion and presence of ovicells for taxa in the full RLQ. A. 
Density plots showing the distribution of brooding species along axes 1-3. B. Plot showing species scores 
along Axis 1 and Axis 2. 

 

Axis 2 explained 31.48% of the variation and represents increasing depth, decreasing chlorophyll, and 

decreasing CaCO3 (Fig. 1). This axis corresponds to the first axis of the nMDS (Data S2), linking it to 

increasing nutrients / dissolved inorganic carbon and decreasing temperature / salinity / oxygen / pH. 

Erect rooted taxa that lack avicularia score highly on this axis, while cemented encrusters that possess 

avicularia with complete pivotbars have low scores (Fig. 2, Fig. S2) 

The third axis only explained 10.36% of the variation and relates to the presence of hard substrata and 

increasing variability in SST and surface chlorophyll (Fig. 1). External brooders with complete pivotbars 

have low scores on this axis, while internal brooders that lack avicularia have high scores (Fig. 2, Fig. S2).  

3.3 Encrusting taxa: When encrusters were analyzed separately, colony attachment, arrangement of 

zooids, and the presence of vicarious avicularia were no longer significant traits. Like the full RLQ, total 
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inertia (0.004) and eigenvalues (<0.003) were low, but fourth-corner tests showed significant relationships 

among traits, the environment, and spatial structure (p< 0.001 in both cases).  

Axis 1, which explained 62.24% of the variation, is the inverse of Axis 2 in the full RLQ and represents 

decreasing depth and nutrients (Fig. S3 D). However, surface variability and benthic concentration of 

chlorophyll are more important to Axis 1. Internal brooders capable of multilaminate growth and lacking 

costae have high scores on this axis (i.e. in shallow environments) (Fig. S4).  

The second axis explained 24.83% of the variation and is characterized by decreasing variability in SST, 

increasing benthic chlorophyll and variability in surface chlorophyll (Fig. S3 D). Taxa lacking both ovicells 

and avicularia have low scores on this axis (Fig. S4).  

3.4 Erect taxa: Only colony surface, degree of brood chamber immersion, joint type, and the presence of 

vicarious avicularia and ovicells had a significant relationship with the environment in the erect-only 

analysis. As expected, total inertia (0.026) and eigenvalues (<0.015) were low but relationships were 

significant (p< 0.001). 

The first axis (explaining 57.60% of the variation) is nearly identical to Axis 1 in the analysis of encrusters. 

In contrast to the RLQ of encrusters, on this axis gravel increases along Axis 1 (decreasing depth and 

nutrients) (Fig. S3 A-B). Internal brooders with determinate cuticular joints and vicarious avicularia have 

high scores on this axis (Fig. S5). 

Axis 2 explained 21.43% of the variation and is related to decreasing depth and SST variability, increasing 

gravel, current speed, and variability in surface chlorophyll (Fig. S3 A,C). Taxa with no joints have low 

scores on this axis, while taxa with determinate or indeterminate cuticular joints score highly (Fig. S5).  

Axis 3 explained 10.95% of the variation and is related to increasing depth, current speed, and 

concentration of CaCO3 (Fig. S3 B-C). Internal brooders lacking ovicells have low scores on this axis, while 

taxa with external or semi-internal ovicells score highly (Fig. S5). 

4. Discussion 

4.1 Colony form: Bryozoan colony form was primarily related to substratum type. Encrusting-cemented 

taxa were confined to habitats with hard substrata, while erect-rooted taxa have no such limitation. For 

example, many cheilostomes with rootlets attach to vertical rock walls and other hard substrata (e.g. 

Bugula). This may be an example of a strict environmental filter, where recruits of cementing species have 

complete mortality in a soft-substratum environment (with the exception of single-grain encrusters, 
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which were not present in this study). Therefore, rootlets may be a “key innovation” that freed bryozoan 

colonies from hard substrata and contributed to the radiation of cheilostomes.  

It is likely that rootlets evolved during the cheilostome radiation, between the emergence of the oldest 

rigid-erect species (Late Albian [41]) and the oldest flexible-erect taxa (Cenomanian [42], 93.9-100 mya). 

However, rootlets evolved multiple times in cheilostomes, since they can be either kenozooidal, simple 

evaginations of the frontal wall, or extrazooidal [43]. Multiple reinvasions of soft-substratum 

environments by different cheilostome lineages suggest a series of diversifications, rather than a single 

burst.  

Colony form is also related to depth: encrusting species dominate shallow-water communities (< 500 m), 

while deep-water communities contain more erect taxa (> 500 m). This confirms previous results from 

North Atlantic and Panamanian bryozoan communities [12,13], suggesting that this a universal trend 

among cheilostomes. The shift from encrusting to erect taxa may be driven by decreasing disturbance 

with depth [12]. As depth increases, there is decreased current speed, bottom stress, and wave scour. In 

addition, there is a general reduction in the abundance of large grazers [44], which often consume 

bryozoan colonies as “bycatch” [45]. Erect taxa are more vulnerable to disturbance than encrusters since 

they extend into the water column. Indeed, erect taxa from shallow, fast-current habitats in this analysis 

tended to possess cuticular joints. Flexible joints allow erect colonies to withstand mechanical stress and 

ensure breakage occurs at the joint rather than the zooid-bearing internode [6]. In addition to 

disturbance, the relationship between colony form and depth may also be driven by increased 

sedimentation rates (due to slower currents) and reduced food availability. Erect growth provides greater 

feeding performance (clearance rate) than encrusting forms [46] and allows for gravitational shedding of 

sediment from subhorizontal surfaces [47] – making erect colonies well adapted for deep-water habitats.  

In encrusting taxa, multilaminate growth was more common in shallow water environments. 

Multilaminate growth occurs when an encrusting colony has multiple layers of zooids from self-

overgrowth or frontal budding [48] and together, these modifications increase the thickness of the colony 

edge. This provides a competitive advantage by making the colony difficult to overgrow [49–51]. Increased 

spatial competition in shallow, food-rich environments may drive the increase in multilaminate taxa. 

While current speed was unimportant, increased wave scour in shallow-water environments may also 

influence the presence of multilaminate encrusters. This trend may be linked to the increased presence 

of umbonuloid and lepralioid taxa in shallow water: these taxa possess hypostegal coeloms, which 
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facilitate the development of frontal budding and thus multilaminate growth [52]. However, 

multilaminate colonies can also result from self-overgrowth, which is not restricted to these taxa.  

4.2 Polymorphism: Unlike previous studies [13,14], the RLQ analyses reveal a clear relationship between 

polymorphism and the environment. The most striking relationship is between the degree of brood 

chamber immersion into the autozooid and depth. For both encrusting and erect taxa, internal brooding 

and immersed ovicells are common in shallow-water communities, while external ovicells are common in 

deep-water. Deeper sites (most of which were between 200-2000 m) exhibited decreased oxygen 

concentrations (Data S2), suggesting that immersion of the brood chamber may be related to the 

availability of oxygen. Within the Celleporella hyalina species complex, the surface area of the ovicell is 

invariant to changes in oxygen concentration while the number of pseudopores in the ovicells increase in 

low oxygen conditions [53]. However, taxa that lack a plastic response to oxygen concentration (e.g. 

internal brooders lacking ovicells) may have high embryo mortality in oxygen-poor waters and be 

restricted from establishing populations.  

The shift from external to internal brooding is a general evolutionary trend among Cheilostomes [26]. 

Internal brooding is less costly due to the reduced/absent calcified ooecium and provides greater 

protection for the developing embryo [26]. For example, some polychaete predators are able to suck out 

the embryo from external ovicells [54]. Internal brooding may also produce larger, more competitive 

larvae since it provides a larger cavity for embryo incubation [26]. Therefore, the ecological shift from 

external to internal brooding with decreasing depth may be driven by changes in predation and 

competition. Syllid polychaetes, which are most abundant and diverse in shallow environments with hard 

substrata [55], may be particularly impactful predators [45]. This would support previous work that 

suggested that zooid-level predation is the main driver of bryozoan polymorphism [13–15].  

While the RLQ on encrusting and erect taxa suggests that spines are more common in areas with hard 

substrata, this simply reflects the higher prevalence of spines on encrusting species. This makes sense; 

since encrusters are more vulnerable to overgrowth competition than erect taxa, only encrusting species 

were found with more than ten spines (signifying heavier investment), and a significantly greater 

proportion of encrusters have jointed spines (two tailed z-test for proportions: p< 0.001, nerect = 65/211, 

nencrusting = 187/385). 

When only encrusting taxa are considered, costal spines tend to be present in deep-water species rather 

than shallow-water species. Spines are typically thought of as defensive structures: they are an effective 
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deterrent against grazing nudibranchs [56], they can protect the frontal surface from abrasion [57], and 

many species produce spines to combat competitive overgrowth (despite not conferring a significant 

advantage [49,51,58]). Such spines may redirect or delay overgrowth, giving the losing colony a chance to 

reproduce or to grow into a spatial refuge. Costae are spines that lack a basal joint and are flattened over 

the frontal surface of the zooid (resembling ribs). This configuration of spines should defend against 

abrasion and predators that pierce the frontal membrane (like syllid polychaetes [59]). However, 

bryozoans have a variety of morphologies for protecting the frontal body wall. The cribrimorph frontal 

shield is composed of fused costae, and this structure is an evolutionary precursor for more-calcified 

frontal shields (gymnocystal, umbonuloid, and lepralioid) [60,61]. The more heavily calcified frontal shield 

morphologies of encrusters are more common in shallow environments (Fig. 4). This may be due to 

increased predation, wave-related abrasion, and calcium carbonate availability (Data S2) in shallow water. 

Such environmental factors should increase the benefit of producing a heavily calcified frontal shield. The 

depth-partitioning of different bryozoan taxa suggests a potential sequence of events where 1) 

cribrimorph morphology evolved (multiple times) under predation from small epibionts [15,61]; 2) 

continued predation pressure and abrasion led to the (repeated) evolution of taxa with calcified frontal 

walls; 3) such taxa out-competed most cribrimorphs in shallow habitats; 4) cribrimorphs survived in 

deeper refuges (200-2000 m) characterized by decreased predation and CaCO3 availability. This series of 

events assumes that there are differences in predation between shallow and deep environments, and that 

ascophorans have a higher competitive ability than cribrimorphs (which may be inaccurate [51]). Syllid 

polychaetes, bryozoan-eating nudibranchs and Monodontin Trochidae gastropods are more common in 

shallow water [55,62–65]. However, bryozoan-eating pycnogonid genera can be found from 0-5000 m, 

and Calliostoma gastropods are found from 0-3000 m [66–69]. It is clear that more information on 

bryozoan predation is needed.  
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Figure 4. Density plots showing distribution of traits in encrusting taxa along the first two axes of the encrusting-
only RLQ. Only presence of costae was included in the RLQ, and frontal wall morphology and the presence of 
jointed spines are just presented for comparison.  
 

Most avicularian characteristics (including shape, size, and degree of integration) were not significantly 

related to the environment. However, in encrusting taxa, pivotbar structure appears to be related to 

seasonality. Encrusting taxa tend to lack avicularia in sites with high variability in SST and low benthic 

chlorophyll, while those encrusters in high-chlorophyll sites (high variability in surface chlorophyll but 

stable SST) tend to have avicularia with complete pivot bars. The absence of avicularia in encrusters 

appears to coincide with the absence of ovicells (Fig. S4), suggesting that monomorphic taxa are more 

suited for such food deserts. Bryozoans have an “energetically marginal” existence [70], and unnecessary 

or expensive polymorphs may be maladaptive where food is scarce. However, these monomorphic 

encrusters occur in the absence of hard substrata. These taxa (which include Aetea, Electra, and Jellyella, 

among others) probably encrust flexible, ephemeral substrata like eel grass and kelp. It makes sense that 

such short-lived taxa should invest in colony growth and swift reproduction rather than defensive 

structures like avicularia. Therefore, the presence/absence of avicularia is related to bryozoan life history 
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rather than environmental conditions. Any remaining pattern in pivot structure likely represents a 

phylogenetic signal: anascans tend to have condyles, while ascophorans tend to have pivotbars (with a 

few exceptions, like Adeonellopsis) [71].  

Erect species with vicarious avicularia are more common in shallow-water environments (Fig. S5). 

However, any relationship between vicarious avicularia and depth is likely a phylogenetic signal. Of the 

ten erect taxa with vicarious avicularia, five were species in the genus Cellaria. This genus has avicularia 

with flexible joints that allow them to withstand mechanical stress from fast currents at shallower depths.  

5. Conclusions:  

Community assembly in cheilostome bryozoans is complex, and appears to be driven by environmental 

filtering, biotic interaction, and historical processes. 1) Colony form is strongly related to the 

environmental conditions: attachment mode (cemented vs rooted) is related to substratum type, while 

orientation (encrusting vs erect) and the presence of joints are related to a depth gradient (decreasing 

current speed and food availability, increasing sedimentation). 2) The degree of brood chamber 

immersion may reflect depth-related changes in oxygen concentration or predation. 3) 

Costae/cribrimorph frontal walls may relate to decreased CaCO3 availability, wave-action, and predation 

with depth.4) Morphology of avicularia was not related to environmental gradients and reflected 

potential phylogenetic signals. This suggests that morphology may be less important than potential 

chemical defenses [72] or plastic characters like the ratio of avicularia to feeding zooids. Finally, rootlets 

appear to be a key innovation that may have freed cementing taxa from hard substrata and contributed 

to the radiation of cheilostomes.  

The pattern of bryozoan community assembly in New Zealand reflects a complex blend of evolutionary 

history, environmental conditions, and biotic factors (i.e. predation). These factors are somewhat 

partitioned by levels of organization, since colony form responds to environmental conditions, while the 

effects of evolutionary history, predation, and environmental conditions were not well-separated for 

zooid-level morphology. It must be stressed that trends found here are at the community-level (and 

exceptions certainly exist), and they need to be confirmed by phylogenetic analyses, in-situ environmental 

data, and information on the distribution of bryozoan predators in New Zealand.  
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Appendix 3 

 

Supplementary Information for: 

Chapter 4: Community assembly in a modular organism: the impact of environmental filtering on 

bryozoan colony form and polymorphism 
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Figure S1. Density plots showing distribution of traits along axes 1-3 of the full RLQ.   



114 
 

 

 

Figure S2. Pivotbar structure and the presence of vicarious avicularia for taxa in the full RLQ. A. Density 

plots showing the distribution of pivot structure along axes 1-3. B. Plot showing species scores along Axis 

2 and Axis 3. 
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Figure S3. Biplots showing site scores for the erect-only RLQ (A-C) and the encrusting-only RLQ (D). Sites 

(points) are colored by the presence of hard substrata. Arrow length indicates the importance of 

environmental variables along each axis. For clarity, only environmental variables with a correlation of 0.3 

or more on either axis were included. Abbreviations for environmental variables are as follows: CaCO3, 

calcium carbonate concentration; CHL, benthic chlorophyll; CRR, current speed; CSD, standard deviation 

of surface chlorophyll-a; DPTH, depth; GRV, percent gravel; SND, percent sand; SST, sea surface 

temperature 
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Figure S4. Density plots showing distribution of traits in encrusting taxa along the first two axes of the 

encrusting-only RLQ. Note that the presence of jointed spines was not included in the RLQ as a trait 

variable and is shown here only as comparison with costae.  
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Figure S5. Density plots showing distribution of traits in erect taxa along the first three axes of the erect-

only RLQ. Abbreviations for joints are as follows: AICC, articulated indeterminate cuticular connections; 

ADCJ, articulated determinate cuticular joints.  
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Table S1. Results of all three RLQ analyses, showing eigenvalues, and percent inertia (variance in species scores) 

explained, and simulated p-values from fourth-corner permutation tests.  

Taxa set All Taxa Erect Only Encrusting 
Only 

# Species 642 144 302 

# Sites 779 215 270 

Total inertia 0.0052 0.0259 0.0040 

Eigenvalues Axis 1 0.0025 0.0149 0.0025 

Axis 2 0.0016 0.0055 0.0010 

Axis 3 0.0005 0.0028 0.0002 

Axis 4 0.0002 0.0010 0.0001 

Axis 5 0.0001 0.0008 0.0001 

Projected inertia 
(%) 

Axis 1 47.44 57.603 62.236 

Axis 2 31.48 21.431 24.831 

Axis 3 10.36 10.945 4.263 

Axis 4 3.14 3.976 3.781 

Axis 5 1.76 2.963 2.18 

Sum (1-3) 89.29 89.98 91.33 

Permutation Test 
(p-value) 

Environment 0.001 0.001 0.001 

Location 0.001 0.001 0.001 
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Data S1. Species data used in the analysis, including 1) description of traits; 2-3) sources for trait data; 4) 

species list with traits, including species scores on RLQ axes; 5) presence-absence of species at each 

station; 6) Results of monte-carlo permutation tests for each trait; 7) relationships of traits to RLQ axes.  

Data S2. Environmental data used in the analysis, including 1) description of environmental variables; 2) 

data sources; 3) acknowledgements for specific NIWA cruises; 4) environmental conditions at each 

station, including site scores on RLQ axes; and 5) relationships of environmental variables to RLQ axes.  
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Chapter 5: Cheap labor and high evolvability: A lack of strong 
developmental constraints on the mandible shape of avicularia in New 

Zealand bryozoans 

 

Abstract 

Despite the diversity of life on earth, many morphologies have not been achieved. Morphology can be 

limited by a variety of constraints (developmental, historical, biomechanical) and comparing the 

distribution of realized forms in a theoretical form-space (i.e. “morphospace”) can highlight which 

constraints are at play and potential functions. If traits cluster around biomechanical optima, then 

morphology may be shaped by strong selective pressures. In contrast, a well-explored (filled) 

morphospace suggests weak constraints and high morphological evolvability. Here, constraints on 

morphospace exploration were examined for 125 cheilostome bryozoan species from New Zealand. The 

mandible morphospaces for avicularia (beak-like polymorphs) were visualized using Coordinate-Point 

Extended Eigenshape analysis. Mechanical advantage, moment of inertia, drag, peak force, and rotational 

work required to close the mandible were calculated for theoretical (n=47) and real mandibles (n=224) to 

identify biomechanical optima. The volume and surface of area of the parcel of water passed through by 

the closing mandible (referred to as the “domain”) was also calculated. The theoretical morphospace of 

avicularia is well-explored, suggesting they are highly evolvable and have relaxed developmental 

constraints. However, there may be constraints within lineages. A well-developed fulcrum (complete pivot 

bar) may be an evolutionary pre/corequisite to evolving mandibles with extreme moments of inertia such 

as setose and highly spathulate forms. The most common mandible shape, triangular, represents a trade-

off between maximizing domain size, minimizing energetic cost (force and construction material), and 

minimizing the potential for breakage. This suggests that they are well suited for catching epibionts, 

representing the first empirical evidence for avicularian function. Tendon length and mechanical 

advantage are limited by tendon width, which itself is constrained by the base width of the mandible. This 

explains the low mechanical advantage of setose mandibles and suggests that they are unable to grasp 

epibionts. The calories required to close the mandible of an avicularium (estimated from rotational work) 

are quite small (1.24 x 10-16 to 8.82 x 10-11 cal).  
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1. Introduction 

Despite the stunning array of phenotypes present in both living and extinct faunas, many theoretical 

phenotypes are unrealized. Differences between theoretical and empirical morphospaces can be caused 

by sampling artefacts, evolutionary history, adaptive peaks, or biomechanical and developmental 

constraints [1,2]. Traits may have constrained morphospaces owing to coupling with other traits. For 

example, beak shape in raptorial birds is strongly constrained by braincase morphology [3]. Modular 

organisms may be able to occupy a larger proportion of the theoretical morphospace than unitary taxa. 

Modularity uncouples traits, allowing them to evolve separately. Foremost among modular organisms are 

the Bryozoa. These colonial, sessile suspension feeders are composed of individual units (zooids). Nutrient 

transduction between zooids allows feeding zooids (autozooids) to support specialized polymorphic 

zooids [4]. While polymorphic zooids are constrained by the same evolutionary starting point (an 

autozooid), a wide array of morphologies has arisen [4].  

The most striking and enigmatic polymorph is the avicularium of cheilostome bryozoans. Darwin described 

these structures as “curiously [resembling] the head and beak of a vulture in miniature” that were able to 

“seize [a needle] so firmly that the [colony] branch can thus be shaken”[5]. Not all avicularia resemble 

bird heads. Nevertheless, there is a comparable diversity of “beak” shapes in avicularia, from spathulate 

forms resembling spoonbills, to bristle-like forms that mirror the beaks of sword-billed hummingbirds. As 

in birds, the extensive morphology of avicularia hints at a variety of functions. Colony defense (both 

mechanical and chemical), waste-water movement, cleaning, and locomotion have all been proposed [6]. 

Avicularia have a patchy record in terms of mechanical defense: they perform well against gammaridean 

amphipods [7] and nematodes (L. Vieira, pers. comm 2019), but poorly against pycnogonids [8] and 

nudibranchs [6]. It is unknown how efficient avicularia may be at performing other functions.  

Avicularia are modified autozooids: the articulated mandible and adductor muscles are derived from the 

operculum and its occlusor muscles, respectively [9]. Unlike autozooids, avicularia have a severely 

reduced polypide and are unable to feed (with the exception of B-zooids)[4,10,11]. This means that 

investment in an avicularium has four potential costs: 1) the loss of a feeding autozooid, 2) cost of material 

construction, 3) cost of passive upkeep, 4) cost of operation. The loss of a feeding zooid can be avoided 

by switching from vicarious avicularia (which takes the place of a zooid in the colony) to interzooidal or 

adventitious avicularia (small structures that rest between or on the autozooid surface). The energetic 

costs associated with construction, upkeep, and operation are unknown, but the latter can be estimated. 



122 
 

Biomechanical analysis of avicularian mandibles can highlight potential trade-offs (e.g. force vs velocity), 

predict adaptive peaks and troughs for different functions, and describe impossible morphologies.  

In this analysis I use geometric morphometrics and biomechanical analyses to determine the constraints 

on the morphological variation of avicularian mandibles in New Zealand cheilostomes. A patchy 

morphospace distribution indicates developmental, evolutionary, or biomechanical constraints. If the 

“patches” align with biomechanical optima then selection may constrain avicularian morphology. If 

instead the patches appear to be random, then variation in mandible structure may be constrained by 

lineage (i.e. a random walk through the morphospace, contingent on the morphology of the ancestral 

operculum and subsequent mutations), or developmental mechanisms (e.g. continuous genotype 

mapped to discontinuous phenotype) [2,12]. While patchy morphospace distributions are most common 

[1,2,12], other distributions are possible. For example, a thorough exploration of the theoretical 

morphospace would suggest weak developmental and evolutionary constraints. Such a distribution would 

imply that avicularian mandibles are highly evolvable, and differences in the frequency of certain 

morphologies may indicate directional selection if they align with biomechanical optima. Finally, I use 

biomechanical analysis of mandibles to better understand the function of avicularia and the energetic cost 

to the bryozoan colony.  

2. Methods 

2.1 Samples and image preparation 

Bryozoan specimens were obtained from the National Institute of Water and Atmospheric Research 

(NIWA) Invertebrate Collection, a full list of specimens is available in the Supplementary Materials. The 

majority of sample were air dried following preservation in ethanol.  

Avicularia were photographed using an Hitachi Tabletop 3000 Scanning Electron Microscope (SEM). 

Unbleached specimens were sputter-coated with gold-palladium to prevent charging. Avicularia were 

positioned so that the broad side of the mandible was perpendicular to the electron beam. Two-

dimensional outlines of three-dimensional shapes are sensitive to viewing angle, so a constant angle 

ensures that outline comparisons are valid.  

Five mandibles of each type of avicularium present in each specimen were photographed, although this 

was not always possible for rare avicularia. Mandibles were not photographed if they appeared strongly 

curled or shrunk, though some shrinkage was expected from air-dried specimens. If the specimen lacked 

mandibles, the rostrum was photographed instead. Rostra that diverge from mandible shape (as in 
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Bryopesanser pesanseris) and rostra with an open tip (which indicates that the mandible protrudes 

beyond the rostrum) were excluded from the analysis.  

This resulted in photographs of 855 mandibles and rostra from 129 species (184 specimens). Each 

mandible was traced by hand in Inkscape using a Wacom tablet (Intuos4, model PTK-440) and exported as 

PNG images (Fig. 1A-D). To estimate error associated with tracing, the same photograph was traced at the 

start of each drawing session (resulting in 29 outlines).  

 

Figure 1: Image preparation, morphometrics, and landmarking of avicularia. SEM images of mandibles (A) were 

traced by hand, set to black, rotated so that mandible base was vertical, and placed on a white background while 

preserving the scale bar. Measurements (base width BW, maximum span SP, and chord length CH) were then taken 

on the traced mandible in ImageJ (B). The tendon (highlighted in pink) was measured on SEM images from the 

mandible base to the maximum point of attachment for tendon length (TL) and at the mandible base for tendon 

width (TW) (C). The position of landmarks (L1-L3) and the starting position for the digitized outline (OS) of the traced 

mandible are as shown (D). A-B show a vicarious avicularium of Euthyroides jellyae, while C-D show an adventitious 

avicularium of Adeonellopsis sulcata. Contrast is enhanced on A and C for visual clarity.  
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The mandible area, chord length (maximum length), span (maximum width), and base width of the PNG 

outlines were measured in ImageJ (Fig. 1B). Tendon lengths and widths were measured from the original 

SEM photographs (Fig. 1C), though tendons were only visible for 224 avicularia. 

2.2 Geometric morphometrics 

Coordinate-point extended eigenshape analysis (CP-EES) is a morphometric technique that provides an 

objective comparison between shapes. CP-EES constrains shape outlines using landmarks (which can 

represent evolutionarily or functionally homologous points) [13]. In other words, the landmarks divide the 

outline into sections that can be compared across shapes. The detail in these sections can then be 

“weighted” by the changing number of outline coordinates allowed. In CP-EES, outline coordinates and 

landmarks are aligned using Procrustes generalized least squares superimposition. Shape differences are 

then given as the variation from the mean shape along a series of eigenshape axes. A full description of 

CP-EES is given in MacLeod [13]. This analysis produces axes of shape variation, scores mandible shapes 

along each axis, and generates a theoretical morphospace.  

Outlines and landmarks were digitized for all 884 PNGs in using tpsUtil and tpsDIG (version 1.40) software 

by F.J. Rohlf. Since avicularia are thought to have evolved multiple times, evolutionarily homologous 

landmarks cannot be chosen. Instead, three landmarks were chosen based on shape homology: L1, left 

corner of the mandible base; L2, mandible tip (the furthest part of the mandible along its center line); L3 

right corner of the mandible base (Fig. 1D). Outline segments L1-L2 and L2-L3 had 250 coordinates each. 

Variation at the base of the mandible was not of interest, so only 50 coordinates were used for segment 

L3-L1. After shape digitization, CP-EES was performed using Mathematica notebooks provided by J. 

Kreiger [14]. 

2.3 Mechanical Advantage 

Avicularia are closed by adductor muscles, which are attached to the mandible by either one or two 

tendons. The tendon of the adductor muscle is attached to the mandible in between the hinge (fulcrum) 

and the tip of the mandible (Fig. 1C). This construction is a third-order lever, which operates on the same 

principle as a hinged door. The mechanical advantage of a lever can be calculated by 

 
𝑀𝐴 =  

𝐹𝑜𝑢𝑡

𝐹𝑖𝑛
=  

𝑑𝑖𝑛

𝑑𝑜𝑢𝑡
 (1) 
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where Fin and Fout are the input (applied) and output (resulting) forces, and din and dout are the distances 

from those forces to the fulcrum. In a third-order lever din is always less than dout, so mechanical advantage 

is always less than 1 (Fout < Fin). The force needed to move the lever is minimized when din is close to dout 

(which is why door handles are placed at the edge of the door, rather than close to the hinge). Mechanical 

advantage was calculated using equation (1) for the 224 mandibles where tendon length could be 

measured. This represents the ideal mechanical advantage, which does not account for differences in 

deformation of the fulcrum or friction between the mandible and the fulcrum. Multiplying peak input 

force (applied force at the point of tendon attachment) by mechanical advantage provides an estimate of 

the ideal output force (at the tip of the mandible).  

2.4 Moment of inertia 

The moment of inertia is the resistance of an object to rotational motion. This property depends on the 

distribution of mass perpendicular to the axis of rotation. The more mass there is farther from the axis of 

rotation, the greater the moment of inertia. Therefore, a spathulate mandible will have a greater moment 

of inertia than a triangular mandible of the same area and mass distribution. The moment of inertia for 

each mandible about its axis of rotation was approximated with the formula:  

 
𝜌𝑚ℎ ∑ 𝐴𝑖𝑟𝑖

2

𝑛

𝑖=1

+  𝐴𝑖+1𝑟𝑖+1
2 + ⋯ 𝐴𝑛𝑟𝑛

2 (2) 

Where ρman is the density of the mandible, h is the thickness, Ai is the area of a thin slice i, and ri is the 

distance of the slice from the axis of rotation, and n is the total number of slices used in the approximation. 

In this analysis 100 slices were used to reduce computing time.  

To simplify calculations, density and thickness were assumed to be constant throughout the mandible 

(though this is unlikely to be the case for most taxa). The density of avicularian mandibles is unknown, 

though they are strongly cuticularized (i.e. a proteinaceous mucopolysaccharide with chitin fibrils) [15,16]. 

In phylactolaemate bryozoans, chitin is similar in structure (α-chitin) and surface morphology to insect 

chitin, though it has a crystalline index (ratio of crystalline to amorphous matter) that is closer to that of 

decapods [17]. Low-density decapod cuticle is around 1.39-1.43 g/cm3 (uncalcified, near the density of 

pure α-chitin: 1.400 -1.425 g/cm3), while high-density decapod cuticle ranges from 2.06-2.34 g/cm3 (high 

calcification, closer to the density of pure calcite: 2.71 g/cm3) [18]. Insect cuticle has a similar density to 

uncalcified decapod cuticle (1-1.4 g/cm3) [19,20]. While the operculum can be calcified in some taxa [15], 

calcified avicularian mandibles have not yet been reported. Therefore, the density of avicularian 
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mandibles was assumed to be 1.4 g/cm3. While the operculum can be calcified in some taxa [15], calcified 

avicularian mandibles have only been reported in the B-zooids of Macropora and Monoporella exsculpta 

[21]. 

2.5 Torque, drag, and work 

Torque is the rotational equivalent of force, and can be calculated from in two ways: 

 𝜏𝑛𝑒𝑡 = 𝐼𝛼 
(3) 

 𝜏 = 𝐹 ∗ 𝑟 ∗ (sin 𝜃) (4) 

Where I is the moment of inertia (kgm2), ɑ is the angular acceleration (radians/second2), and t is the time 

(seconds), F is the force, r is the distance from the applied force to the axis of rotation, and θ is the angle 

in radians between the applied force and the mandible. Only force applied perpendicularly to the axis of 

rotation generates torque (which is why you cannot open a door by pushing on its edge). To calculate the 

torque generated by the adductor muscles (applied torque), drag torque (which is negative) is subtracted 

from the net torque. This assumes that gravitational torque acts parallel to the axis of rotation (and is thus 

equal to zero) and that the acceleration reaction is nominal.  

Displacement, angular velocity and angular acceleration need to be estimated in order to calculate net 

torque and drag. The maximum displacement of a living avicularium is 90o (1.57 radians)—any greater 

than that and the tendon wraps around the hinge [7]. However, displacement angle does not change 

linearly with time (i.e. angular velocity is not constant). Rotational motion in ant mandibles, copepod legs, 

and brachiopod shells follows a logistic curve [22–24], which can be described with the equation: 

 
𝜑 =

𝑏

(1 + 𝑒(−𝑘(𝑥−𝑐)))
 

(5) 

Where b is the maximum displacement in radians (1.57), x is the time, φ is the displacement at time x, c 

is the center of the curve, and k is the steepness of the curve. Equations for velocity and angular 

acceleration can then be found by taking the first and second derivatives of Equation 5, respectively: 

 
𝜔 =  

𝑘𝑏𝑒(−𝑘(𝑥−𝑐))

(1 + 𝑒−𝑘(𝑥−𝑐))2
 

(6) 

 
𝛼 =

2𝑏𝑘2(𝑒(−𝑘(𝑥−𝑐)))2

(1 + 𝑒(−𝑘(𝑥−𝑐)))3
−

𝑘2𝑏𝑒(−𝑘(𝑥−𝑐))

(1 + 𝑒−𝑘(𝑥−𝑐))
 

(7) 
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Where ω is the angular velocity (rad/s) and ɑ is the angular acceleration (rad/s2). Retraction of the 

bryozoan tentacle crown takes 60-80 milliseconds [25], so avicularia may take a similar time to close. This 

results in low angular velocities (44.07- 58.75 rad/s; Table 1), and it is possible that avicularia close 

considerably faster. The P5 legs of the copepod Cylcops scutifer have a peak angular velocity between 

480-610 rad/s and are ~200 μm long [26] (equal in size to some of the larger avicularia). To achieve peak 

angular velocity ~480 rad/s, an avicularium would have to snap shut in under 8 milliseconds (Table 1). 

Both slow (60-80 msec) and fast (8 msec) closing speeds were included in this analysis to compare the 

relative energetic cost associated with each.  

Table 1: Estimated constants (c & k) for equations 5-7 and resulting values for peak angular velocity (ω) and angular 
acceleration (α). Note that c is also the time of peak angular velocity.  

Time (s) c k ω (rads/s) α (rads/s2) 

60 x 10-3 30 x 10-3 149.6218 58.7563 3,383.741  

80 x 10-3 40 x 10-3 112.2163 44.0672 1,903.353  

8 x 10-3 4 x 10-3 1122.163 440.672 190,331.2 

Drag is influenced by the size and shape of avicularia. For linear motion, the force owing to drag can be 

calculated using the equation  

 
𝐹𝑑𝑟𝑎𝑔 =

1

2
𝜌𝑣2 ∗ 𝐶𝑑 ∗ 𝐴 

(8) 

Where ρ is the density of the fluid, v is the velocity, Cd is the coefficient of drag, and A is the area. In 

rotational motion, velocity of each point of the mandible becomes the cross-product of the distance from 

the axis of rotation (r) and the angular velocity (ω). Since the fluid motion is perpendicular to the mandible 

surface, the cross product is simply r*ω (i.e. the arc length traveled by each slice during mandible 

rotation). The change in velocity is integrated over the surface of the mandible to find drag force:  

 
𝐹𝑑𝑟𝑎𝑔 =

1

2
𝜌 ∗ 𝐶𝑑 ∫(𝑟𝜔)2

𝑟

𝑟=0

∗ 𝐴 𝑑𝑟 
(9) 

where ω is the angular velocity in radians/second and r0 is the maximum distance from the axis of rotation 

(i.e. total length of the mandible). As with moment of inertia, force can be approximated by 

 
𝐹𝑑𝑟𝑎𝑔 =

1

2
𝜌 ∗ 𝐶𝑑  ∑(𝑟𝑖𝜔)2 ∗ 𝐴𝑖

𝑛

𝑖=0

+ ⋯ (𝑟𝑛𝜔)2 ∗ 𝐴𝑛 
(10) 

Where Ai is the area of a thin slice i, and ri is the distance of the slice from the axis of rotation, Cdi is the 

coefficient of drag, and n is the total number of slices used in the approximation (in this case, n= 100). 
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Drag due to torque is calculated by substituting Equation 4 into Equation 9. Since drag is perpendicular to 

the surface of the mandible, sin(θ) becomes 1, giving the equation  

 
𝜏𝑑𝑟𝑎𝑔 =

1

2
𝜌 ∗ 𝐶𝑑 ∫(𝑟𝜔)2

𝑟

𝑟=0

∗ 𝐴 ∗ 𝑟 𝑑𝑟 
(11) 

The resulting drag torque can then be subtracted from net torque (Equation 4) to calculated applied 

torque. Note that drag torque operates in the opposite direction to the applied torque and will be the 

opposite sign.  

The coefficient of drag is determined by shape, angle of incidence, and Reynolds number (Re). Usually this 

property is calculated empirically from drag measurements. While shape is important for angles of 

incidence less than 90o, the shape of a flat plate normal to flow does not strongly influence the coefficient 

of drag [27,28]. Higher aspect ratios do increase the coefficient of drag, but these changes are gradual 

until an aspect ratio of ~1:10 [27,29]. Therefore, differences in the coefficient of drag owing to aspect 

ratio are assumed to be nominal. There is no formula for the coefficient of drag that encompasses all 

Reynolds numbers, so here we use equation 10.1 from Imai [30] for Re ≤ 5, and equation 7.2 from Tamada 

& Miyagi [31] for Re ≥ 20. A monotonic cubic spline was then used to determine the coefficient of drag 

for 5 < Re < 20. The coefficient of drag depends on Reynolds number, which found using the formula:  

 
𝑅𝑒 =

𝜌 ∗ (𝑟𝑐𝜔) ∗ 𝐿

𝜇
 

(12) 

Where ρ is the density of the fluid, μ is dynamic viscosity of the fluid, L is the characteristic length (in this 

case, the total length of the mandible), and rc is the distance from the mandible centroid to the axis of 

rotation. Angular velocity changes over time, so the Reynolds number, the coefficient of drag, and the 

torque due to drag also change over time.  

To find the rotational work when torque is variable, torque must be integrated over the angular 

displacement: 

 
𝑊𝑎𝑝𝑝 = ∫ 𝜏𝑎𝑝𝑝 𝑑𝜑

𝜑𝑚𝑎𝑥

0

 
(13) 

Where φ is the displacement in radians. The rotational work applied by the adductor muscles represents 

the energetic cost of operating the mandible.  

The force applied by the adductor muscles is also of interest. This can be calculated by:  
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 𝐹𝑎𝑝𝑝 =  
𝜏𝑎𝑝𝑝

𝑟𝑡 sin 𝜃
  (14) 

Where rt is the tendon length and θ is the angle between the tendon and the mandible (in radians). The 

angle θ increases from <1o to 90o as the mandible closes (i.e. as φ increases from 0o to 90o) (22) and is 

assumed to be equal to φ.  

The applied force and torque calculated here do not account for shear stress or rolling friction of the 

mandible against the hinges. Rolling friction is likely greater for avicularia with complete pivot bars than 

it is for those with condyles, since pivot bars provide a greater area of contact with the mandible. 

However, surface area of pivot structures was not measured and the coefficient of friction for different 

pivot structures is unknown.  

2.6 Water displacement 

It is thought that some avicularia serve to direct water over the surface of the colony. In this case, the 

volume of water displaced by the movement of the mandible can be calculated as surface of rotation.  

 
𝑉 =  ∫ 2𝜋𝑟 ∗ ℎ ∗ 𝑑𝑥 (12) 

Essentially, each slice (parallel to the axis of rotation) is rotated around the axis of rotation 360o , at some 

radius r from the axis. To get the volume of the ring (or “shell”) the slice passes through, the height h and 

depth dx of the slice are multiplied by the circumference of the circle the slice travels (2πr). This can be 

approximated by taking a finite number of thin slices instead of integrating. Since the mandible does not 

actually rotate 360o, the volume is multiplied by the mandible gape rather than 2π: 

 
𝑉 =

𝜑 ∗ 𝜋

180
∑ 2𝜋𝑟𝑖 ∗ 𝐴𝑖

𝑛

𝑖=𝑖

+ ⋯ 2𝜋𝑟𝑛 ∗ 𝐴𝑛 (13) 

Where Ai is the area of thin slice parallel to the axis of rotation (defined as the height h multiplied the 

depth d), φ is the gape of the mandible in degrees, and n is the number of slices. This can then be divided 

by the total area to determine the water displacement per area.  

2.7 Surface area of water parcel 

The parcel of water that the avicularian mandible passes through can also be defined in terms of its surface 

area. The surface area to volume ratio of the water parcel may reflect the function of the avicularium. 

This can be calculated as 
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𝑆 =  ∫ 2𝜋(𝑟1 − 𝑟2) ∗ 𝑑𝑠 (14) 

In contrast to volume, surface area is estimated by taking slices perpendicular to the axis of rotation. These 

slices, when rotated 360o, form a frustrum (i.e. a cone without the tip). The frustrum is defined by the 

radii of its top and bottom circles (r1 and r2) and the length of the slant between the two (ds). The lateral 

surface area of each frustrum is summed to find the total surface area. This can be approximated with 

finite slices: 

 
𝑆 =  

𝜑 ∗ 𝜋

180
∑ 𝜋(𝑟1𝑖 − 𝑟2𝑖) ∗ √(𝑟1𝑖 − 𝑟2𝑖)2 + ℎ2

𝑛

𝑖=0

+. . . 𝜋(𝑟1𝑛 − 𝑟2𝑛) ∗ √(𝑟1𝑛 − 𝑟2𝑛)2 + ℎ2 (15) 

Where h is the height of each slice (constant for each mandible). 

2.8 Data used in calculations 

Moment of inertia was calculated for 244 avicularia mandibles and 47 mandible shapes generated by CP-

EES. Surface area of the water parcel were only calculated for the 47 mandible shapes generated by CP-

EES. Input force, drag, mechanical advantage, crushing force, volume of water displacement, and 

rotational work were calculated for 224 avicularia for closing speeds of 60 and 80 milliseconds. The density 

and dynamic viscosity for seawater at 0oC (1028 kg/m3 and 0.00188 kg/m·s, respectively) were used to 

calculate Reynolds number and drag. All calculations were performed in R ((version 3.5.2; Data S2-S11), 

and graphs were made using ggplot2 and cowplot [32,32]. 

3. Results 

3.1 Morphospace of avicularia 

The first eight eigenshape axes of the CP-EES explained 98.98% of the shape variation in avicularian 

mandibles (Table 2). Overall, the theoretical morphospace generated by the first two axes is well-explored 

by actual bryozoans (Fig. 2). Note that there is a small gap between heavily spathulate and moderately 

spathulate forms where no intermediate avicularia were found (Fig. 3). Mandibles with moderate aspect 

ratios (1:2) and relatively straight sides were the most common in the sample. Unexplored shapes were 

either biologically impossible (mandible edges cross over), low-aspect ratio triangles, or heavily bilobed.  

While morphospace exploration was broad for the whole sample, setose and highly spathulate mandibles 

only appeared in species with complete pivot bars (Fig. 3). This supports a preliminary analysis that 

suggested that rounded mandibles are more common in taxa with complete pivot bars (two tailed z-test 

for proportions, p<0.001, npointed = 324, nrounded =250 species).  
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Table 2: The first eight eigenshape axes from CP-EES, visualized at size points along each axis. Degree of variation 

from the mean shape (0) is illustrated by overlaying the other shapes along a particular axis.  

Axis 
Variance 
Explained 

Shape variation Interpretation 
 -3 -2 -1 0 +1 +2 +3 Overlay 

ES1 

78.59%  

High to low aspect 
ratio 

ES2 

12.06%  

Hastate to spathulate 

ES3 

2.65%  

Degree of and 
direction of curvature 

ES4 

2.31%  

Parallel and pointed to 
concave and rounded 

ES5 

1.61%  

Covex and pointed to 
concave and broad 

ES6 

1.06%  

Degree of base slant 

ES7 

0.35%  

Concave and pointed 
to convex and 
bifurcated 

ES8 

0.35%  

Sharp base transition 
to smooth transition 
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Figure 2: Heatmap of model shapes generated by the CP-EES along the first two eigenshape axes, showing the 

frequency of mandible shape in the sample (854 mandibles). Some shapes are biologically impossible (mandible 

edges cross over), while others were not found in the sample (e.g. bilobed mandibles). Note that the shape axes are 

not equally spaced. For example, there is more variation in the positive direction along ES2 than the negative 

direction. 
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Figure 3. Pivot structures of three suborders (Flustrina, n= 395 avicularia; Lepraliomorpha, n=277; 

Umbonulomorpha, n=94) along the first two axes of the CP-EES. Grey circles show the extent of the full sample, 

including the suborders Acanthostega (n=46), Hippothoomorpha (n=6), and Thalamoporellina (n=7). 

 

3.1.2 Tracing uncertainty  

Tracing replications produced a standard deviation between 3.95 pixels (width) and 13.90 pixels (length), 

resulting in an uncertainty of 1-2%. This translates to an uncertainty of 2.07–7.28 μm for low resolution 

SEMs (low pixel:μm ratio) and 0.62–2.17 um at high resolution. The majority of SEMS were at a high 

resolution (5.0 ± 3.45 pixels: 1μm). The standard deviation along the first eight axes of CP-EES was below 
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7.4x10-5 for all axes, which is well below the range of axis values across the whole sample. These results 

indicate uncertainty associated with tracing is small enough to ignore. 

3.2 Biomechanics 

3.2.1 Moment of inertia  

Comparing the inertia of mandible shapes generated by CP-EES reveals the relative cost of each shape. 

When area is constant, setose mandibles (high scoring on ES1) have the highest moment of inertia, but 

within shapes of equal aspect ratio (constant score on ES1) spathulate mandibles have the highest 

moment of inertia due to their distribution of area (Fig. 4).  For example, triangular and hastate mandibles 

require 1.47-times and 2.02-times less force than a spathulate mandible of equal area. Closing a setose 

mandible requires 4.96-times more force than a spathulate mandible of equal area.  

Moment of inertia scales faster with length than area (equation 2). Therefore, increasing the area of an 

elongate (setose) mandible results in a greater moment of inertia than the same increase in area for a 

squat (lunate) mandible (Fig. 5A). When the increase in length is held constant, squat mandibles have 

greater moments of inertia due to their large area (Fig. 5B). Changing mandible shape with increasing size 

(allometry) can reduce energetic cost, but isometric changes may be biologically or evolutionarily easier 

than allometric ones. 

Perhaps unsurprisingly, lunate and setose mandibles only appear at certain length ranges (Fig.6). This 

likely reflects structural requirements: a tiny setose mandible would be quite fragile (minimum width), 

while a huge lunate mandible may take up too much space in the colony (maximum width). Highly 

spathulate mandibles are confined to a small range of lengths (190.56-217.17 um), though moderately 

spathulate forms exhibit a much wider range (39.59-254.40 um). Highly spathulate forms are typified by 

narrow base widths, so their truncated size range probably reflects a minimum base width. Mandibles 

with less extreme aspect ratios have a wide range of sizes. This suggests that isometric scaling of size does 

occur for most mandible shapes.  
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Figure 4: Adaptive landscape for computer-generated avicularian mandibles along the first two axes of the CP-EES. 
A, moment of inertia (kg m2; log scale; mandible area = 1 x 104 μm2), B, angular acceleration (rads s-2; mandible area 
=1 x 104 μm2) when the force is constant (2 x 10-12 N), C, length of each mandible (μm), D, volume of water displaced 
by the mandible (area =500 μm 2), E, ratio between displacement volume and mandible area (length= 500 μm), F, 
ratio between surface area of the water parcel and mandible area (length = 500 μm).  
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Figure 5: Isometric increases in mandible size and resulting moment of inertia when area (A) and length (B) are held 
constant between different mandible shapes (setose, spathulate, triangular, hastate, and lunate). Note that the x-
axis of B is on a reversed scale. 
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Figure 6: Relationships between mandible length and area, grouped by their scores on the first axis of CP-EES. 

Shaded polygons show 95% confidence intervals. Representative shapes along ES1 are provided in the bottom 

right of each plot.  

 

Mandible curvature (CP-EES axis 3) does not affect moment of inertia as much as changing mandible 

shape. When mandible area is constant (10000 μm2) there is little change in inertia along ES3 (3.43x10-19 

to 3.68x10-19 kgm2), despite large changes along ES1 and ES2 (8.93-20 to 2.65x10-18 kgm2).  

3.2.2 Water displacement and surface area 

At constant area, setose mandibles displace the greatest volume of water (Fig. 4D). The ratio of 

displacement volume to mandible area is highest for spathulate mandibles, while the ratios for surface 

area to mandible area and surface area to volume are highest to setose mandibles (Fig. 4E-F). 

3.2.3 Drag, torque, and force 

Moment of inertia was miniscule for all mandibles, resulting in very low net torques (equation 3). This 

means that the force applied to the mandibles by the adductor muscles is used to overcome drag rather 

than mandible inertia (Fig. 7).  
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Figure 7: Torques and applied forces on a mandible of Adeonellopsis sp. with a length of 106.85 μm, assuming a total 

closing time of 60 msec. A, net torque (proportional to angular acceleration; equation 3) over time; B, comparison 

of net, applied, and drag torques over time (drag is proportional to velocity at low Re); C, force applied by the 

adductor muscles over time (which depends on the angle between the tendon and the mandible; equations 4 and 

14). By convention, positive torque acts in the counterclockwise direction and negative torque acts in the clockwise 

direction.  

 

The force needed to close the mandible of an avicularium spans five orders of magnitude across the 

sampled avicularia (Fig. 8). The peak force required to close a mandible is negatively correlated with ES1 

(-0.61, when force is log-transformed) and uncorrelated with ES2 (0.10). In contrast, mechanical 

advantage is positively correlated with ES1 (0.82). The difference between the peak input force (at the 

point of tendon attachment) and the ideal output force (at the mandible tip) can span an order of 

magnitude for setose forms (Fig. 8).  This suggests that mandibles with a high-aspect ratio (e.g. setose 

forms) are more expensive to use than those with a low-aspect ratio (e.g. lunate).  
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Figure 8: Comparison of the applied force (input at tendon attachment) and crushing forces (output at mandible 

tip) along the first axis of the CP-EES. Here, force is calculated assuming total closing time of 60 milliseconds.  

High-aspect-ratio mandibles tend to be longer (Fig. 6), which may reflect a biological limit on tendon 

length. The longest tendon was 266.08 μm, recorded from a 502.40 μm long triangular vicarious 

avicularium (Chaperiopsis sp.). Setose mandibles in Microporellidae reached a similar length (553–169 

μm), but their tendon lengths were all less than 43 μm. However, the tendon in Chaperiopsis had a 

maximum width of 157.80 μm, which was greater than the mandible widths of the setose avicularia in 

Microporellidae (90.32-55.60 μm). This suggests that the mechanical advantage of setose mandibles is 

limited by the ratio of tendon width: tendon length. In other words, a long, thin tendon may not withstand 

the forces needed to close the mandible. Tendon length is positively correlated with tendon width for 

taxa with a single tendon (0.74, n= 152) and those with two tendons (0.84, n= 56). Similarly, tendon length 

is positively related to the width of the mandible (single tendon: 0.83, n= 161; double: 0.59, n=60). 

Therefore, base width limits mechanical advantage by constraining tendon width.  

3.3 Energetic requirements 

As with force, the energy needed to close the mandible of an avicularium spans a wide range (Fig. 9). 

Assuming a closing time of 60 milliseconds, the energy needed to close the mandible of an avicularium 
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ranges from 5.81 x 10-16 to 3.69 x 10-10 J (1.24 x 10-16 to 8.82 x 10-11 cal). The median cost is 2.89 x 10-14 J 

(6.92 x 10-15 cal), while the mean cost is 4.05 x 10-12 ± 3.11 x 10-11 J (9.67 x 10-13 ± 7.43 x 10-12 cal).  

Figure 9. Energy required to close mandibles of avicularia (input torque + torque needed to overcome drag), 
shown along the first axis of CP-EES. Here, energy is calculated assuming a total closing time of 60 milliseconds. 
Note that the y-axis is on a log scale. 

4. Discussion 

4.1 Morphospace exploration 

The avicularian morphospace generated by the first two axes of the CP-EEs was well explored (Fig. 2). This 

suggests that the mandible shape of avicularia is highly evolvable across cheilostomes and lacks strong 

developmental constraints. Aside from impossible morphologies, low-aspect ratio triangles and bilobed 

mandibles were not realized for the sampled taxa. However, a variety of bi-, tri-, and tetrafurcated shapes 

have been reported in bryozoans (Fig. 10) [33–35]. Comparing these realized mandibles to the theoretical 

bilobed mandibles shows that bifurcation typically occurs in in mandibles with higher aspect-ratios 

(comparing length to base width). This makes sense, since bifurcation extends the range (reach and 

breadth) of the avicularium while reducing the construction cost (total mandible area). In contrast, low-

aspect-ratio bilobed forms barely extend the range and do not significantly reduce the mandible area. 

Both forms restrict the maximum tendon length to the depth of bifurcation, reducing mechanical 
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advantage. Therefore, it is unlikely that such deeply bifurcated, low-aspect-ratio mandibles would be 

adaptive (though they are not necessarily maladaptive). 

 

Figure 10. Comparison of bi/tri/tetrafurcated, bilobed, and fan-shaped mandibles (not to scale). A Platypyxis n. sp., 

B Hippaliosina acutirostris, C Licornia longispinosa, D Iodictyum idmoneoides, E-F Reteporella suluensis, G 

Triphyllozoon hirsutum, H Triphyllozoon tubulatum, I Bryopesanser pesanseris, J unexplored theoretical mandible 

shapes. Only A and I were present in the CP-EES. B reproduced from Fig. 148b in Canu & Bassler 1929; C 

reproduced from Fig. 29, Plate 25 in Harmer 1926; D-F reproduced from Figs. 26m, 10e, and 11b from Plate 38 in 

Harmer 1934; G-H reproduced from Figs. 4d and 10a from Plate 39 in Harmer 1934.  

 

The absence of extremely low-aspect-ratio, pointed mandibles is worth noting. The “ancestral operculum” 

of most avicularia was probably a round, low-aspect-ratio shape [36,37] so it is unlikely that a random 

evolutionary walk would not have stumbled into this slightly pointier morphospace. Forms quite close to 

these low-aspect-ratio triangles have been realized, so it also seems unlikely that this gap in the 

morphospace is caused by developmental constraints. Instead, this gap may be due to differing selection 

pressures for pointy vs low-aspect-ratio mandibles (see section 4.2).  

Finally, there is a small gap between highly spathulate (fan-like) mandibles of Bryopesanser pesanseris 

and those that are more moderately spathulate (Fig. 3). These intermediate morphologies are likely 

realized during the ontology of highly-spathulate mandibles, or may be present in unsampled taxa.  

4.2 Form, function, and trade-offs 

The differences in moment of inertia across the CP-EES shape axes suggest differences in function (Fig.4). 

To maximize speed of closure or minimize energetic cost, the mandible should be small with a low-aspect 

ratio. A prime example of this are lunate mandibles, which are typically between 25-50 μm in length. Such 

avicularia also tend to have a high mechanical advantage (0.74 ± 0.08). Such avicularia probably provide 
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a rapid, cheap response to stimulus from wandering epibionts. Indeed, high densities of these small lunate 

mandibles like those found in some species of Phidoloporidae could allow multiple avicularia to grasp a 

single epibiont [38]. Compared to other mandible shapes at the same length, lunate mandibles guard a 

parcel of water that has a high volume and a high surface area. This parcel of water is henceforth referred 

to as the “domain” of the avicularium. A large domain means that the avicularium is guarding more of the 

colony. The domain of the avicularium can be enhanced by increasing the length or area of the mandible. 

Domain size can also be increased by the “nodding” behavior of some pedunculate avicularia [7], though 

most avicularia lack this ability.  

If the mandible is enlarged isometrically (retaining shape), lunate mandibles soon become unwieldy owing 

to their large total area. For example, a lunate mandible 500 μm long would be about 1000 μm wide – 

twice as wide as many autozooids. This favors allometric scaling (changing shape) as mandibles increase 

in size. However, the moment of inertia also increases with size. Shifting from a lunate mandible to a 

setose mandible at constant area provides a 4.84-times increase in domain volume and a 4.38-times 

increase in reach– at the cost of a 23.97-times increase in inertia. This trade-off between domain size and 

moment of inertia favors triangular mandibles with moderate aspect ratios. Hastate mandibles are 

particularly optimized. A shift from a lunate mandible to hastate mandible of the same area produces a 

1.40-times increase in domain volume, with only a 2.40-times increase in inertia. Therefore, hastate 

mandibles could have evolved to maximize domain size and minimize the force needed to close the 

mandible. 

However, triangular mandibles were more common than hastate mandibles in the sample (Fig. 2). While 

this may reflect sampling bias, it suggests that there may be additional constraints on mandible shape. 

The slender tip of a hastate mandible may be more prone to breakage than a simple triangular mandible. 

To maintain structural integrity, hastate mandibles might need to be thicker or more heavily cuticularized. 

Therefore, triangular mandibles are the result of three divergent constraints: maximizing domain size, 

minimizing energetic cost (force and construction material), and minimizing the potential for breakage. 

This provides support for the idea that such pointed mandibles are optimized for epibiont capture [39]. 

Prior discussions of mandible shape in relation to function have been speculative [6,39], and these results 

provide clear evidence of adaptation for colony defense. 

Both spathulate and setose mandibles have a large domain size at the cost of a high moment of inertia. In 

order to minimize the energetic cost of closing the mandible the rotational velocity or angular acceleration 

must be reduced. For example, highly spathulate mandibles should close at least 1.91-times slower than 
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a triangular mandible of the same length. Similarly, a setose mandible should close 3.17-times slower than 

a triangular mandible of the same area. This likely means that setose and spathulate mandibles close too 

slowly to capture epibionts.  

Setose mandibles are thought to be used for cleaning the colony [6,40]. While vibracula are able to swing 

over the colony surface and sweep off epibionts and detritus, the motion of setose avicularia examined 

in this analysis is limited to a single plane. Such mandibles may serve as sensory structures. Alternatively, 

setose mandibles may function like whips: startling epibionts off the colony through touch or sudden 

motion. Neither of these functions requires a strong crushing force (i.e. output force at the mandible tip), 

which allows these mandibles to reduce both base width and mechanical advantage. Setose mandibles 

maximize the domain surface area to mandible area ratio, as well as the ratio between domain surface 

area and domain volume. In other words, they reduce water displacement and material costs while 

maximizing the surface area of their domain.  

Spathulate mandibles may be used to direct wastewater or chemical secretions over the surface of the 

colony, rather than serving as defense against epibionts [6,11,41]. In contrast to setose mandibles, 

spathulate mandibles maximize the volume of their domain while minimizing the mandible area (Fig. 4E). 

This allows spathulate mandibles to displace a large volume of water with minimum material cost.  

Mandibles that represent intermediate morphologies may fulfill multiple functions. Colonies with a high 

division of labor of avicularia (e.g. Phidoloporidae) are likely more efficient, since they can optimize each 

type of avicularium for a particular function. Plasticity in mandible size/shape and budding plasticity (i.e. 

budding certain types only when signaled by external cues) would also help optimize the energy 

investment in bryozoan colonies.  

The above discussion assumes that mandible shape should be well suited for the function(s) it performs. 

This may not necessarily be the case. For instance, the morphology of bird beaks does not strongly predict 

diet or feeding behavior (e.g. a beak well-suited for cracking seeds may instead be used to consume fruit) 

[42].  

4.3 Pivot structure 

Mandibles that require greater force to operate (setose, spathulate) are more common in taxa with 

complete pivot bars (Fig. 3). This suggests that a sturdier fulcrum may be necessary to withstand the 

increased forces applied. The movement of the mandible applies compressional stress to the fulcrum, and 

constructing the fulcrum out of calcite provides high compressional strength [7]. A complete, calcite pivot 
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bar may reduce compressional stress owing to its increased surface area (reducing force per unit area). 

Condyles should therefore experience greater force per area under an equal compressional stress, and 

may deform (reducing mechanical advantage) or break. On the other hand, increased surface area of 

complete pivot bars should generate more friction (reducing mechanical advantage) and increase the cost 

of construction. Pivot bars may then represent a trade-off between increasing compressional strength 

and reducing friction.  

The results presented here suggest that pivot bars are an evolutionary prerequisite to developing highly 

spathulate and setose avicularia (not vibracula). However, sampling in this analysis was conducted to 

maximize the variation in mandible shape, rather than pivot structure or phylogenetic completeness. In 

this analysis, most avicularia with pivotbars were found in umbonulomorphs and lepraliomorphs (Fig. 3). 

This finding aligns with previous observations that condyles are common in anascans, while pivot bars are 

common in ascophorans [15]. Therefore, the relationship between pivotbar structure and mandible shape 

may instead reflect greater “evolvability” of lepraliomorph/umbonulomorph avicularia.  

While mandible shape appears unconstrained when taxa are examined together, the consideration above 

highlights the potential for mandible shape to be constrained by phylogeny. Avicularia are thought to have 

evolved multiple times [36,37,43], and each lineage of avicularia may be subject to different 

developmental restrictions. A comparison of morphospaces between lineages, including morphology of 

the mandible and pivotbar, is warranted.  

 4.4 Energetic investment 

The estimated caloric requirements to close the mandible of an avicularium are quite small (1.24 x 10-16 

to 8.82 x 10-11 cal), and tend to be greater for larger avicularia (Fig. 8). To put this into perspective, a 500 

ng rotifer provides enough energy (~8.81 x 10-3 cal [44–46]) to close the mandibles of 9.98 x 107 expensive 

avicularia or 7.11 x 1013 cheap avicularia. This suggests that avicularia are energetically inexpensive. 

However, bryozoans are thought to live an “energetically marginal existence” and slight changes in 

energetic efficiency could have a large impact on their energy budget [47].  

In colonies with multiple types of avicularia, more-expensive types are less common (Table 3). Large 

adventitious avicularia in Chaperiopsis rubida require 32.17x more calories than smaller forms and occur 

5.49x less often. In contrast, large avicularia in Hippomenella vellicata are almost as common (~1.15x less 

often) and only require 10.61x more calories. It is tempting to suggest that energetic cost could predict 

the degree of investment in certain avicularia. However, large avicularia in Chaperiopsis splendida appear 
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less often than those in C. rubida, despite having a similar energy ratio with smaller avicularia. The 

different abundances of avicularium types do not equalize their energetic cost, suggesting that even a 

limited number of large avicularia require significant investment. These comparisons represent a tentative 

first step and assume that different avicularia close at the same speed (which is likely not the case). The 

different occurrence rates within colonies may also reflect spatial/developmental limitations, 

construction costs, the influence of external forces, or division of labor between types of avicularia.  

Table 3: Average characteristics of six avicularia. The number of colonies, total zooids, and mandibles 

measured is provided below each species name. Energy required represents the energy needed to close 

the mandible once and is calculated based on a closing time of 60 milliseconds. Abundance of avicularia 

from Schack, unpublished data.  

Species   Shape Mandible 
Silhouette  

Area 
(μm2) 

Energy 
Required 
(cal) 

#/ 100 
zooids 

Ratios (Small : Large) 

Area Energy Abundance 

Hippomenella 
vellicata 
(1, 72, 11) 

Large 
lingulate 

 

4676 3.48x10-14  164 

1:3.57 1:19.77 1.15:1 
Small 
lingulate 

 

1309 1.76x10-15 188 

Chaperiopsis 
rubida 
(6, 515, 15) 

Large 
triangular 

 

31777 1.71x10-12  31 

1:13.16 1: 403.48 5.49:1 
Small 
triangular 

 

2414 4.24x10-15  171 

Chaperiopsis 
splendida 
(14, 1299, 5) 

Large 
triangular 

 

18429 3.82x10-13  15 

1:7.01 1:69.27 11.64:1  Small 
triangular 

 

2628 5.51x10-15  171 

 

4.5 A note on Reynolds numbers 

At the angular velocities examined here, most avicularia (< 180 μm long) have a Reynolds number below 

unity. At low Reynolds numbers, inertial forces and thus differences in moment of inertia become nominal 

[48]. Since shape differences and the distribution of area perpendicular to the axis of rotation still 

influences drag, our discussion of form and function still applies. 

Many avicularia (≤ 30 μm long) exist in Stokes’ flow (RE < 0.2). In Stokes’ flow, reciprocal motion cannot 

generate thrust [48]: avicularia operating in such conditions cannot move waste-water and must rely on 

diffusion to carry any chemical defenses. In addition, close proximity to walls (i.e. the colony surface) can 

greatly increase drag in Stokes’ flow. To escape these conditions, it is possible that avicularia move at 

higher angular velocities than assumed here. At 440 rads s-2 (approximate speed of a ~200 μm leg of 
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Cyclops scutifer [26]), only avicularia < 10 μm long would be in Stokes’ flow. Naturally, increasing peak 

angular velocity raises the energetic cost (ranging from 1.24 x10-15 to 3.93 x 10-9 cal). 

4.6 Limitations and future directions 

To simplify calculations, this analysis assumed that mandibles were flat plates of constant thickness and 

density. There are many exceptions to this, such as hooked projections at the tip of the mandible, 

serrations along the mandible edge, concavity of the mandible itself, and changing thickness/degree of 

cuticularization along the mandible [15,49]. To more accurately understand the biomechanics of 

avicularia, measurements need to be conducted on living bryozoan colonies using high-speed cameras. 

Empirical tests on mandible models and three-dimensional geometric morphometrics would also be 

informative. As mentioned previously, phylogeny should be included to elucidate evolutionary and 

developmental constraints in mandible shape.  

 Additionally, vibracula were absent from this analysis. The constraints on their biomechanics, and the 

evolutionary shift from avicularia to vibracula is worth investigation.  

Conclusions 

• Biomechanical analysis of morphospace provides the first quantitative evidence for functional 

specialization in avicularia  

• The theoretical morphospace of mandible shape is well-explored, suggesting that mandible shape 

is highly evolvable across New Zealand cheilostomes and lack strong developmental constraints.  

• Triangular mandibles represent a trade-off between maximizing domain size, minimizing 

energetic cost (force and construction material), and minimizing the potential for breakage. This 

implies that they are well-suited to catching epibionts. 

• Tendon length and mechanical advantage are limited by tendon width, which itself is constrained 

by the base width of the mandible. This explains the low mechanical advantage of setose 

mandibles. 

• Mandible shape may be developmentally constrained within different lineages. Complete pivot 

bars may be an evolutionary pre/corequisite to evolving mandibles with extreme moments of 

inertia such as setose and highly spathulate forms. 

• Avicularia appear to be energetically inexpensive, ranging from 1.24 x 10-16 to 8.82 x 10-11 cal to 

close.  
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Nomenclature 
A Area of the of the avicularian mandible (m).  

Ai Area of a thin slice of the avicularian mandible (m). The slice is parallel to the axis of rotation in 
equations 2,9, and 13 and perpendicular to the axis of rotation in equation 15. 

ɑ Angular acceleration (rad/s2) 

Cd Coefficient of drag (dimensionless) 

F Force (N) 

Fdrag Force owing to drag (N) 

γ Euler’s constant: 0.57721 

h Height of a thin slice of the mandible perpendicular to the axis of rotation (m)  

I Moment of inertia (kgm2) 

L Characteristic length (square root of the total area) used to calculate Reynolds Number (m) 

μ Dynamic viscosity of seawater at 0oC (0.00188 kg/m·s) 

n Number of thin slices of the mandible (100), either parallel to the axis of rotation (equations 2,9,13) or 
perpendicular to the axis of rotation (equation 15) 

φ Gape of the mandible (radians, equation 5; degrees, equation 13,15) 

ρ Density of seawater at 0oC (1028 kg/m3) 

ρm Density of the mandible, assumed to be equal to the density of α-chitin (1400 kg/m3) 

r distance from the applied force to the axis of rotation (equation 4,6) (m) 

ri Distance of a thin slice parallel to the axis of rotation to the axis of rotation (equations 8-9,11,13) (m)  

r1 , r2 Radii of a thin frustrum, equal to the length of a thin slice perpendicular to axis of rotation (equation 
14-15) 

R Reynolds number (dimensionless) 

S Surface area of the parcel of water that the mandible of an avicularium passes through (m2) 

t Total time required to close the mandible (s) 

ti Time at constant angular acceleration of the mandible 

tf Total time required to close the mandible (s) 

τ Torque (Nm) 

θ Angle between the applied force and the surface of the mandible, i.e. the angle between the tendon 
and the mandible (radians) 

v Translational velocity of the mandible (m/s) 

V Volume of water displaced (m3) 

ω Rotational velocity of the mandible (rad/s) 

W Rotational work (J) 
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Appendix 4 

 

Supplementary information for:  

Chapter 5: Cheap labor and high evolvability: A lack of strong developmental constraints on mandible 

shape of avicularia in New Zealand bryozoans 
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Figure S1: Heatmap of model shapes generated by the CP-EES along the eigenshape axes ES1 and ES4, which describe 

78.59% and 2.31% of the shape variation, respectively. Color represents the frequency of that mandible 

shape (i.e. score combination) in the sample.  
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Figure S2: Heatmap of model shapes generated by the CP-EES along the eigenshape axes ES1 and ES5, which describe 

78.59% and 1.61% of the shape variation, respectively. Color represents the frequency of that mandible 

shape (i.e. score combination) in the sample. Note the concentration of mandibles with a score of zero 

along on ES5. 

  



153 
 

 

Figure S3: Heatmap of model shapes generated by the CP-EES along the eigenshape axes ES2 and ES4, which describe 

12.06% and 2.31% of the shape variation, respectively. Color represents the frequency of that mandible 

shape (i.e. score combination) in the sample.  
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Figure S4: Heatmap of model shapes generated by the CP-EES along the eigenshape axes ES2 and ES5, which describe 

12.06% and 1.61% of the shape variation, respectively. Color represents the frequency of that mandible 

shape (i.e. score combination) in the sample.  
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Data S1: An excel file containing 1) CP-EES scores for all avicularia; 2) measurement error; 3) data used to 

estimate mandible thickness; 4) integral approximations for mandibles with tendons; 5) calculated inertia, 

water displacement, force, drag, torque, and work for mandibles with tendons; 6) calculated inertia, water 

displacement, and domain surface area for mandible shapes generated by the CP-EES.  

File S1: “shape_extraction”. R-code to extract a shapefile from a png image. 

File S2: “Shape_integration”. R-code to calculate moment of inertia, water displacement, force, drag, 

torque, and work from shapefiles.  

File S3: “avi.df” Sample data to be run with r-code in File S1 and S2 

File S4-S7: Sample pngs to be run with R-code in File S1 

File S8-S10: Sample shapefiles to be run with R-code in File S2 
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Chapter 6: Discussion 

 

1. Overview 

The goal of this thesis was to investigate the morphology, ecology, and energetics of cheilostome modular 

polymorphism in relation to environmental parameters and evolvability. The degree of modularity (i.e. 

degree of dissociation between zooids) appears to be an important factor in the evolution of 

polymorphism, at least in bryozoans (Chapter 2). Modularity enhances adaptive potential by allowing 

selection to act separately on dissociated modules, while redundant modules reduce the impact of 

deleterious mutations [1]. Resource translocation between modules (zooids) allows the existence of non-

feeding zooids like kenozooids and avicularia. Dissociation between module components (e.g. operculum, 

polypide, cystid) can also enhance adaptive potential by allowing zooids to generate “appendages” (e.g. 

cystid projections that do not influence polypide structure).  

Rootlets can be either zooidal (modified kenozooids) or appendages (evaginations of the body wall). 

Regardless of type, these structures were likely a “key innovation” in bryozoan evolution (Chapter 4). In 

particular, they freed cementing cheilostomes from hard substrata, allowing them to colonize muddy and 

sandy environments. This may have triggered a species radiation in the presence of a new habitat, though 

the degree to which rootlets may have contributed to the cheilostome evolutionary radiation will have 

depended on the availability of new niches in the soft-substratum environment (which may be small).  

Interestingly, rootlets do not appear to be important in the radiation of cyclostomes. In cyclostomes, 

rootlets are only present in the articulated-erect family Crisiidae [2]. The earliest potential members of 

this family appeared in the Late Valanginian (135-140 mya), in the middle of the Mid-Mesozoic cyclostome 

radiation and 50 million years after the development of erect growth [3–5]. It is unclear whether these 

Early Cretaceous cyclostomes are true “crisiids”, and definite crisiids do not appear until the Maastrichtian 

(72.1-63 mya)[5,6]. The late timing and restriction to single family suggests that rootlets did not contribute 

to the radiation of cyclostomes. This also supports the idea that decreased modularity and stronger 

developmental constraints made kenozooids harder to evolve in cyclostomes (Chapter 2).  

Dissociation of components within zooids and a resulting lack of strong developmental constraints may 

be responsible for the high evolvability of mandible shapes in avicularia (Chapter 5). Mandible shape is 

likely driven by biomechanical trade-offs and selection pressures. However, there may be developmental 

constraints within lineages (potentially linked to pivot structure). Mandible morphology strongly 



157 
 

influences both energetic cost and biomechanical optimization for different functions (Chapter 5). 

However, the morphology of avicularia does not appear to change along environmental gradients 

(Chapter 4). This suggests that the degree of energetic investment in each type of avicularium, rather than 

simple presence/absence of certain morphologies, may respond to changes in the environment (discussed 

below).  

In contrast to avicularia, colony form, degree of brood-chamber immersion, and presence of costae (rib-

like spines) all changed along environmental gradients (Chapter 4). Brood-chamber immersion decreased 

in low oxygen conditions, and cribrimorphs were predominate in areas with low CaCO3 concentrations. 

Better defenses (internal brooding, calcified frontal walls) were more common in shallow environments 

that likely experienced high predation. These results confirm previous studies on colony form [7], but 

conflict with studies on polymorphism that found no relationship the environment [8,9]. However, 

previous studies examined presence/absence of polymorph types (rather than morphology) of < 100 

species, over a small depth range (0–25m). These results hint at the potential importance of 

environmental conditions in the ecology and evolution of bryozoan polymorphism, instead of being driven 

solely by small epibionts [8,10]. Of course, these trait-environment relationships need to be confirmed 

with data on predation intensity and phylogeny (to rule out potential phylogenetic signals). 

While geometric morphometrics is a highly useful tool for describing shape, it is extremely time consuming 

and requires direct access to specimens. The classification system presented in Chapter 3 will be highly 

useful for those that only have access to the literature or have limited time. Polymorphs described using 

this system will be easy to compare, even if classified by different workers.  

Overall, this thesis highlights the complexity of bryozoan polymorphism and addresses several gaps in the 

literature. For the first time, the relative energetic cost of different mandible shapes has been calculated 

and detailed polymorph morphology has been included in ecological analysis (facilitated by a new 

classification system). These results lay important groundwork for further energetic and ecological 

studies. In addition, the results of this thesis suggest cheilostome avicularia could provide a unique 

evolutionary system to study. Heterogeneous filling of morphospaces is the norm, highlighting the 

ubiquity of developmental constraints [11–13]. Therefore, the high evolvability of the avicularian 

mandible may provide a rare glimpse into the evolution of traits that are (relatively) developmentally 

unconstrainted —particularly since avicularia evolved multiple times [14].  
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2. Avicularia 

2.1 Environmental conditions  

Avicularia represent a persistent cost (passive upkeep, operation of the mandible, repair) and are not shed 

as the colony grows (as with some spines). Indeed, avicularia cannot be modified once budded (except 

through regeneration after breakage). In colonies with multiple types of avicularia, how heavily should 

colonies invest in each type? If colonies produce certain avicularia in response to environmental 

conditions, then older zooids may be stuck with relatively useless avicularia when conditions shift. 

Therefore, long-lived colonies in rapidly fluctuating environments should have consistent investment into 

all types of avicularia to benefit older zooids. Constant investment should also occur when the lag time 

between an environmental cue and avicularium production is longer than the rate of environmental 

change. For inducible spines, the lag time between the cue and spine production is only two days (and 

only one day to cease production) [15]. However, it is unlikely that avicularia can be produced in such a 

short time. Short-lived colonies or colonies in rapidly changing environments (where conditions change 

during the colony lifespan but are constant during the zooid lifespan) should have plastic investment that 

strongly reflects external conditions, since zooids will die before being hindered by “obsolete” avicularia.  

2.2 Spatial constraints 

Investment in avicularia is complicated by spatial constraints. Vicarious and interzooidal avicularia are less 

hindered by spatial constraints than adventitious avicularia. Occasionally, vicarious avicularia provide a 

similar space-filling function to kenozooids, budding in areas that are too small for an autozooid. This 

could explain why clusters of vicarious avicularia sometimes occur (Fig. 1). Such clusters represent a 

significant resource sink into a small area of the colony but may provide an effective defensive line against 

predators (but not against other bryozoans [16]).   

Adventitious avicularia are constrained by the amount of space available on the calcified frontal shield or 

the gymnocyst (in taxa with a membranous frontal wall). Additional or larger avicularia can be 

accommodated by elevating them on rigid columns (columnar avicularia) or flexible stalks (pedunculate 

avicularia) that have a small locus of attachment. The space available on the gymnocyst/frontal wall is not 

constant across zooids (Fig. 2), and this internal factor may have a greater influence on avicularium 

type/size than any external condition (though it may be influenced by substratum irregularities).  
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Figure. 1: Clusters of vicarious avicularia at colony edges in Chaperiopsis sp. (A) and C. funda (B). 

 

Figure 2: Spatial limitations and avicularia. Gymnocyst size appears to influence type/size of avicularia in 

Chaperiopsis rubida (A). In Hippomenella vellicata narrow zooids (B) appear to host fewer/smaller avicularia than 

wide zooids (C). Avicularia are circled in B-C and contrast is enhanced for clarity. Images B-C were photographed by 

Charlotte Bridger.  

Naturally, avicularia should be located where they will be most effective. Potentially defensive avicularia 

are often found adjacent to the orifice, inside peristomes, or crowning ovicells. Avicularia on the proximal 

gymnocyst likely protect the orifice of the proximal zooid(s) in addition to the frontal surface of its host 

zooid. This serves to further limit the number of avicularia per zooid, since there are only a few locations 

where avicularia will be beneficial. Avicularia with chemical defenses or those that direct wastewater 

should have different optimal locations than mechanically defensive avicularia. The positions of these 

avicularia should reflect water flow over the surface of the colony and thus will be influenced by colony 

size and orientation.  
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If two types of avicularia can only appear in the same location (e.g. distal to the orifice), then the colony 

should allocate resources (space and energy) to the most appropriate avicularium, determined by 

external/internal cues. I can construct a potential decision-tree for avicularium production that takes 

these factors into account (Fig. 3). Expensive avicularia should be produced in response to a cue only if 

there is sufficient space and energy. Cues could be external (predation, sedimentation, fouling), or internal 

(colony size, neighboring avicularium types, presence of ovicells). The number and type of nearby 

avicularia may be particularly important for some avicularian functions. For example, a high-density of 

cheap avicularia may be necessary to provide effective defense [17], while there be a optimal distance 

between avicularia that direct waste-water. Internal cues may drive investment in long-lived colonies, 

while external cues may be more important in short-lived colonies. If the cue is absent, but there is 

abundant space and energy, then multiple cheap avicularia or a larger size class (isometric scaling) may 

occur. Gradients in size likely relate to spatial constraints more than external cues. If isometric scaling is 

prohibited due to high energetic cost or developmental mechanisms, then allometric scaling (contingent 

on available space but invariant of external cues) may produce mandibles capable of different functions. 

Otherwise, cheap avicularia should be produced unless the colony has a severe energy shortage (i.e. 

starvation or extreme stress).  

 

Figure 3: Hypothetical factors influencing investment in avicularia. A large, expensive avicularium should only be 

produced if there is sufficient energy, space, and an external cue. B when there is only sufficient space and energy, 

then multiple inexpensive avicularia or a larger size class (isometric scaling) may be produced. C when space is 

limiting, only small inexpensive avicularia can be produced. D under extreme energy limitations (starvation) no 

avicularia should be produced. 

However, if two types of avicularia appear in different locations, then the colony can always invest in both 

types if it has sufficient energy. For example, an erect colony may possess defensive avicularia near the 

zooid orifice and a cleaning vibraculum on the underside of a branch (as in Caberea). Spatial partitioning 

of avicularia by type may be easier in erect colonies (multiple surfaces) than encrusting ones (single 
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surface). This could explain why cormidia in erect colonies appear to be fixed, while cormidia in encrusting 

colonies appear more plastic.  

3. The cost of defense  

The energetic cost required to operate the mandible of an avicularium appears to be quite small (1.24 x 

10-16 to 8.82 x 10-11 cal). However, the energetic cost can stack up for a colony with many avicularia that 

close multiple times per day. There are also additional costs for growth, maintenance, production of 

chemical secretions (in avicularia that possess them), and regeneration. This is likely why taxa with 

avicularia tend to lose competitive interactions – particularly if they possess large vicarious avicularia. 

While ascophorans (which possess a calcified frontal shield) typically lose to anascans, ascophorans win if 

the anascan possess a vicarious avicularium [16]. Similarly, colonies with oral spines (or spines in general 

[18,19]) lose to unarmored colonies, and colonies with adventitious avicularia lose to those with spines 

[16]. It is clear that there is an energetic trade-off between defending against predators and investing in 

competitive ability.  

However, competitive exclusion appears to be rare between bryozoans. Good competitors are usually 

rare, and poor competitors with fast growth rates can be the most abundant under disturbed conditions 

(e.g. ice scour [18]) and when space is not limiting [20]. While heavily armored taxa likely have reduced 

growth rates [15], it is unlikely they would be excluded from communities. Indeed, high predation should 

allow heavily armored taxa to flourish.  

This reveals the importance of including some measure of abundance (be it biomass, number of zooids, 

or percent cover) when examining trait-environment relationships of bryozoan communities. Most 

environmental filters are weak and combine pressure from competition to generate community-level 

trends in functional traits [21]. If competitive exclusion is non-existent, then mere presence/absence data 

(like that used in chapter 4) makes it difficult to distinguish which environments are favorable for certain 

traits.  

It is also worth noting that other factors (zooid size, colony angle, ability to produce stolons) also strongly 

affect competitive ability [16,22–24]. Since zooid size is a key predictor of competitive ability, defensive 

polymorphs may be more favorable in colonies with larger zooids. Size may also offset the energetic cost 

of defensive polymorphs: larger zooids with larger tentacle crowns could capture more food (as long as 

metabolic requirements scale sub-isometrically with zooid size). If true, then species with larger zooids 

could exhibit increased polymorphism. The above trends in competition only refer to encrusting taxa. 
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Erect colonies are able to escape competitive interactions by growing away from the substratum [7]. Erect 

growth may also allow colonies to invest more in defensive polymorphism – indeed, a significantly greater 

proportion of erect taxa have pointed and setiform avicularia compared to encrusting species (two tailed 

z-test of proportions, p < 0.001 in both cases ,nerect =211, nencrusting=385). This may be particularly important 

for erect bryozoans, since their elevated profile and high surface area may attract more epibionts and 

fouling organisms.  

4. Future directions 

4.1 Avicularia 

It is clear that future investigations into avicularian morphology and environmental conditions (both 

abiotic and biotic) need to consider 1) colony and zooid life span, 2) frequency of environmental change, 

and 3) degree of investment. Degree of investment could either be measured as the number of avicularia 

of each type per zooid (counting all zooids in the colony), or the number of avicularia of each type per 

zooid size class (which accounts for spatial requirements of different adventitious avicularia). Controlling 

each factor experimentally would be ideal. While much of the variation in avicularia shape is explained by 

changes in aspect-ratio and a general descriptor of shape (Chapters 2 and 4), geometric morphometrics 

should be employed to determine if differences between avicularium types are continuous or discrete.  

As mentioned in Chapter 5, the closing speed of different avicularia needs to be measured in order to truly 

compare different mandible shapes. Mandibles with a high moment of inertia can reduce the energy 

required to close them by reducing their angular acceleration. Knowing closing speed will allow for more 

accurate energetic comparisons of different mandible types or avicularian functions. In addition, 

behavioral studies (similar to those of Winston [25]) should be performed to quantify the effectiveness of 

different avicularia at performing different functions / defending against different epibionts.  

The multiple independent evolutions of avicularia [14] serve as natural replication studies. Comparing 

evolutionary trajectories (i.e. rate morphospace exploration over time) between different lineages could 

determine the intensity and direction of potential selection pressures and developmental constraints.  

Thorough study of avicularian morphology and biomechanics is not just useful for bryozoology. Bryozoans 

are capable of synthesizing chemical defenses [26,27] , some of which may be secreted by avicularia [17]. 

Linking certain mandible shapes to the production or distribution of chemical defenses can narrow the 

search for marine natural products. In addition, understanding rotational motion at low Reynolds 

numbers can inform the construction of micro-robots for health and pest-control applications. 
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4.2 Ecology 

The ecological analysis in Chapter 4 is one of the most thorough explorations of the ecology of bryozoan 

polymorphism so far. However, this analysis needs to be followed up with addition information. Once a 

phylogeny of New Zealand cheilostomes is complete, it can be plugged into the existing trait/community 

database to determine whether phylogenetic signals are truly present in the data. The analysis in Chapter 

4 is also mostly limited to New Zealand Cheilostomes, but could easily be expanded to include more taxa 

from Australia [28] or compared with well-sampled fauna from other oceans (e.g. the North Atlantic or 

Mediterranean).  

Ideally, a replication study would also be carried out to confirm the results of Chapter 4. Such a study 

would collect new samples of both the bryozoan and predator communities around New Zealand. While 

bryozoans would need to be sampled directly, towed underwater cameras or ROVs could be used to 

determine predator composition and abundance. Sediment type, benthic chlorophyll, the concentration 

of oxygen and calcium carbonate, and CTD measurements should also be taken to verify the modeled 

environmental data. Each bryozoan specimen would need to be identified, and then classified under the 

SEM. Classifying bryozoans from samples, rather than literature, allows plasticity to be accounted for, and 

would allow the classification system presented in Chapter 3 to be used to its full extent. For example, 

rootlet morphology and spine length could be directly measured. Abundance of each species in each 

sample, as well to degree of investment in each polymorphism in each specimen, should also be 

calculated. The addition of genetic analysis on voucher specimens would strengthen the analysis further.  

4.3 Universal assembly rules 

Analyses in Chapter 4 demonstrated shifts in colony form with depth (sedimentation rate) and substratum 

type. Similar trait-environment relationships may exist for other sessile marine taxa, such as sponges and 

ascidians.  

Deep-sea sponges often have a stalked or elongate colony morphology [29], analogous to erect bryozoans. 

An RLQ analysis of sponge growth forms in Indonesian reefs found that massive (encrusting and creeping) 

forms were associated with shallow, inshore environments with clear water. In contrast, erect forms 

(fistulose and fan-shaped) were found in deeper, offshore environments with fluctuating sediment loads 

[30]. Similarly, the sponge Biemna fortis adopts an erect growth form under high sedimentation rates, and 

a massive growth form in clearer water [31]. The massive growth forms of Biemna fortis are unable to 

survive if transplanted to high-sedimentation rate areas [31], suggesting that sedimentation rate 

represents a strong environmental filter on colony form across sessile organisms. 



164 
 

In addition to possessing erect growth, sponges subject to high sedimentation loads are often hairy or 

rough-textured, which entrains sediment and keeps their oscula unclogged [30]. Surface texture of 

bryozoans (modified by spines, protrusions, rugosity of the frontal shield, and vibracula) and other taxa 

may be an overlooked but important aspect of deep-sea survival.  

Contrary to sponges and bryozoans, erect ascidians appear to be more adversely affected by increased 

sedimentation rates than flat-form ones [32]. Flat-form species have lower respiration rates (due to their 

unfolded branchial sacs), which allow them to tolerate low oxygen and wait-out high-sedimentation 

conditions [32].  Erect taxa have higher respiration rates (folded branchial sacs) and under high-

sedimentation rates continue filtering water (resulting in hypoxia from sediment-clogged branchial sacs) 

or engage in squirting behavior until exhausted [32]. Therefore, ascidian colony form seems less important 

for surviving sedimentation than branchial sac morphology and behavior.  Indeed, deep sea ascidians 

possess simplified branchial sacs to combat sedimentation [33].  Erect growth may still be necessary to 

prevent burial and increase feeding performance, since these deep-sea taxa often adopt a stalked growth 

form [33]. 

Like bryozoans, sponges and ascidians require specialized structures to anchor themselves to soft, deep-

sea sediments. In sponges, these take the form of rootlets, spicule tufts, or the ability to agglutinate 

sediment [29], while ascidians generate rhizoid-like protrusions from their tunic [33].  

The shift from encrusting-cemented to erect-anchored in bryozoans, sponges, and ascidians suggests that 

substratum type and sedimentation rate are universal environmental filters for communities of sessile, 

marine organisms. Confirming this “universal assembly rule” would require further investigation, but it 

could prove useful for studying deep-sea colonization events and “key innovations”, in addition to 

improving conservation efforts in an era of deep-sea mining.  

4.5 Brooding shifts 

One of the unique findings in Chapter 4 was the shift from internal to external brooding with increasing 

depth, wither due to predation or reduced oxygen. These factors may result in shifts in brooding mode in 

other taxa, like crinoids and sea anemones [34,35]. However, comparisons across taxa must be made with 

caution due to differences in energetic cost and evolutionary history. Both crinoids and sea anemones 

lack specialized structures for external brooding: released eggs/embryos simply adhere to the maternal 

surface [34,35]. This suggests that external brooding is less expensive in crinoids and sea anemones than 

in bryozoans, which can possess external ovisacs or calcified ovicells and gonozooids. And while bryozoans 
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exhibited an evolutionary shift from external to internal brooding, external brooding in sea anemones is 

thought to have evolved from internal brooding [35]. Despite these differences, comparing shifts in 

brooding mode across taxa can reveal which environmental pressures were important to the evolution of 

internal and external brooding in marine invertebrates.  
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