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ABSTRACT: Since the late Mesozoic, several bryozoan
groups have occupied unstable soft-sediment habitats
by adopting a free-living and motile mode of life.
Today, the free-living bryozoans often dominate epi-
benthic faunal communities in these expansive habi-
tats, yet their biology and ecology remain poorly un-
derstood. This study examines their unique mode of
life by exploring the relationship between form and
function in the free-living Cupuladriidae of tropical
America. Cupuladriid species occupy distinct niches
in water depth and sediment type, and these vari-
ables correlate with a variety of morphological traits
amongst species, thereby helping formulate hypothe-
ses on functional morphology. These hypotheses were
tested with disturbance, burial and mobility experi-
ments. Species deal both passively and actively with
disturbance and burial. Colony size and shape pas-
sively influences colony stability on the sea floor, sus-
ceptibility to burial and the ability to emerge once
buried. Movable mandibles (setae) assist in emergence
following burial, actively increase colony stability, and
deter the settlement and disruption of encrusting
growth of other organisms. Mandibles also enable
colonies to move over the sea floor, but such behaviour
appears to be of minimal benefit to avoid predation or
to influence dispersal. Disturbance on the sea floor is
the most important factor in driving the convergent
evolution of the mobile free-living form. Colony shape
and size and the employment of mandibles to improve
stability, return to the surface after burial, and remove
epibiota are central to the post-Mesozoic success of
free-living bryozoans.
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Colonies of free-living bryozoans dig to the surface using
setae (blue) after being buried; this explains their long-term
success on unstable sediments (scale bars: 500 pm).

False colour scanning electron micrograph:
Aaron O’Dea & Felix Rodriguez

INTRODUCTION

Most modern bryozoan species build encrusting
colonies from replicated modules (zooids) that are
fixed to a substrate such as a stone or another organism
(Ryland 1970, McKinney & Jackson 1989, Hageman et
al. 1998). Others build erect colonies, branching
upwards to escape constraints of life close to the sub-
strate, yet they too remain rooted in one position and
are thus subject to the limitations of a sessile life (Huey
et al. 2002). In contrast, free-living bryozoans are un-
attached and rest freely on the seafloor (McKinney &
Jackson 1989).
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Fig. 1. Cupuladria spp. (A) Entire colony of C. biporosa in life position showing vibracula mandibles. (B) Living colony of
C. exfragminis emerging from sediment following burial. Scale bar: 500 pm

Most free-living bryozoans were originally sessile,
but during the late Mesozoic and early Cenozoic,
members of the families Cupuladriidae and Lunuliti-
dae adopted a mobile mode of life through the use
of long tapering setae of polymorphic zooids termed
vibracula (Lagaaij 1963, Cook & Chimonides 1983,
Winston 1988, McKinney & Jackson 1989, Jackson &
McKinney 1990, Hékansson & Voigt 1996). Despite
being distantly related, Cupuladriidae and Lunulitidae
share similar morphological, behavioural and anatom-
ical characteristics, implying strong convergent evolu-
tion towards specialised adaptation to life on shifting
sediments (Cook & Chimonides 1983).

The free-living mobile mode of life (sometimes termed
‘lunulitiform') became highly successful, as demon-
strated by the rapid occupation of habitats around the
world, increasing diversity, and high abundances of
colonies from the Late Cretaceous to the present day
(Lagaaij 1963, Cook & Chimonides 1983, McKinney &
Jackson 1989, Jackson & McKinney 1990, O'Dea et al.
2008). The underlying causes and evolutionary pat-
terns of this success remain speculative. In this study, 1
explore the functional significance of the mobile free-
living form and habit by focusing on the family Cupu-
ladriidae and relating the morphology of species to
their niche habitats, life habits and behaviour.

Biology and ecology

The 2 free-living cupuladriid genera, Cupuladria
and Discoporella, are closely related, but their com-
mon ancestor is unknown (Dick et al. 2003). Both gen-
era share the same general body plan of small cup-
shaped colonies formed by radially-budded zooids
(Fig. 1), but within this arrangement, sizes and shapes
vary greatly between species. Some species form
flat colonies whilst others are highly domed (Fig. 2).
Domed colonies may have their bases filled-in by
skeletal material, which makes them exceptionally

strong (Fig. 2B), or they can be hollow and fragile
(O'Dea et al. 2008). Colony growth is either, (1) 'deter-
minate', identified by the closure of marginal zooids or
the production of a terminal ring of non-feeding keno-
zooids, or (2) ‘indeterminate’, where colonies perpetu-
ally bud marginal zooids.

Each autozooid feeds using a lophophore and is
paired with a non-feeding zooid called a vibraculum
(Fig. 3) that has a long tapering mandible (seta)
(Figs. 1A & 4) that sweeps in a roughly disto-proximal
plane across the face of the colony up to 180 degrees
(Cook 1965). Mandibles from vibraculae situated at the
colony margin curve outwards and downwards, lifting
the colony slightly above the sea floor (Fig. 1).

Colonies are abundant when conditions permit, with
densities of 1 to 10 colonies m~2 (Lagaaij 1963, Cadée

Fig. 2. (A) Cupuladria biporosa and (B) Discoporella tri-

angula. Transverse section through the middle of a colony;

dark centre in (B) is the sand grain upon which D. friangula
settled. Scale bar: 500 pm
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Fig. 3. (A) Cupuladria biporosa and (B) Discoporella bocasdel-
toroensis. Marginal autozooids (Az) and vibraculae zooids
(V). Scale bar: 500 pm

1975, Marcus & Marcus 1962), a pattern frequently
seen in the fossil record of sandy and silty Cenozoic
deposits around the world (Cook & Chimonides 1983,
O'Dea et al. 2008).

Cupuladriids propagate both sexually and asexually
(Dartevelle 1932, Baluk & Radwanski 1977, Winston
1988, Thomsen & Hakansson 1995, Hakansson &
Thomsen 2001). Sexual reproduction is via larvae that
normally settle on a grain of sand or other small object
(Driscoll et al. 1971, O'Dea et al. 2008) and metamor-
phose into the first 3 ancestral zooids. Budding extends
the colony over the edge of the original substratum, at
which point the colony becomes free-living. Asexual
(clonal) propagation can occur in many ways (O'Dea et
al. 2008), but all involve the breakage or separation of
a part or parts of a colony, which then regenerate to
form new colonies. Morphology is tightly coupled to
mode of propagation. Small, robust colonies rarely
fragment, and their colonies are sexually recruited;
large, thinly calcified and indeterminately growing
species tend to readily fragment, and their colonies are
most often clonal (O'Dea et al. 2004).

Fig. 4. Mandibles from marginal vibracula removed from

large colonies of (from top to bottom) Cupuladria sp. nov.

‘gigante’, Discoporella terminata, C. exfragminis, and D. sp.
nov. P1. Scale bar: 500 pm

Dispersal in encrusting bryozoans is thought to occur
most commonly via colony rafting, because planktonic
larvae are usually short-lived (Hoare et al. 1999, Porter
et al. 2002, Keough & Chernoff 1987). Cupuladriids do
not encrust floating debris, making rafting an unlikely
vector for dispersal, and the limited data available
suggest that cupuladriids have particularly short-lived
larvae (Cook & Chimonides 1983, Winston 1988). Col-
onies are motile, but speed of movement may not be
sufficient to influence rates of dispersal.

Aims of the study

This study compares data on habitats, modes of life
and behaviour with morphometric data to explore
adaptations of cupuladriids to soft-sediment epibenthic
life. Specifically, I examined niche variation amongst
cupuladriid bryozoans by measuring the abundance of
different species along environmental gradients. The
distributions of species in different environments are
correlated with morphology to establish hypotheses on
the relationship between form and function. The pas-
sive role of colony form and active colony behaviour
on the stability of the colony on the sea floor was in-
vestigated. The relationship between morphology and
colony strength was tested with consideration of life
history. The importance of colony and zooid form on
the behaviour of colonies above, and their behaviour
and mortality below the sediment, was measured. All
data were assessed in the context of the evolution of
form and function of free-living bryozoans.

Although free-living bryozoans often dominate epi-
benthic faunal communities in soft-sediment shelf
habitats across the tropics and have done so for much
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of the Cenozoic, their ecological importance is fre-
quently overlooked. The mode of life adopted by free-
living bryozoans is unique amongst marine animals, as
is the niche which they occupy, yet both remain drasti-
cally under studied.

MATERIALS AND METHODS

Distribution and habitats. The material used in the
present study was the same collection of recent cupu-
ladriid colonies used in an analysis of life history varia-
tion in species across the Isthmus of Panama (O'Dea et
al. 2004). Since then, cupuladriid taxonomy has
advanced (Herrera-Cubilla et al. 2006, 2008) and so
each of the nearly 20000 colonies were re-classified to
species level.

Cupuladriid colonies were collected from 193 dredge
samples in soft bottom sediments along the Caribbean
and Pacific coasts of the [sthmus of Panama (Fig. 5). All
colonies were identified according to Herrera-Cubilla
et al. (2006, 2008); see O'Dea et al. (2004, 2007) for col-
lection methods.

At each dredge sample location, bottom sediment
was sampled in triplicate using a Van Veen Grab.
Mean percent calcium carbonate (CaCQO;) and mud
fraction (proportion of sediment <63 pm) were deter-
mined for the sediments at each location (data from
O'Dea et al. 2007). To measure the distributions of each
cupuladriid species along 3 environmental gradients
(water depth,% CaCO; and % mud), mean, median,
quartiles, and 5 and 95 percentiles were calculated
from the abundances of each species. Data were first
normalised for uneven sampling intensities across the

range of each environmental variable by grouping
samples into bins and dividing the number of colonies
of each species in each sample by the number of sam-
ples represented in the bin to which the sample
belonged. For % CaCO; and % mud fraction, 10 bins
of equal size were constructed from 0 to 100%. For
water depth, 10 bins were constructed at 0-20, 20-40,
40-60, 60-80, 80-100, 100-120, 120-140, 140-160,
160-200, and 200-400 m. Every bin for each variable
contained at least one sample. Continuous distribu-
tions of colony abundance were converted to histo-
grams, standardised within the histogram bins, and
then reconverted to distributions to calculate mean,
median, quartiles and percentiles.

Colony diameter, height and shape data were gath-
ered for each species following the methods described
in O'Dea et al. (2004), using 100 colonies randomly
selected from the sampled population. All colonies
were used if the total sampled population of a species
was <100 colonies. Colonies used for morphometric
analysis were weighed to determine mean calcification
index for each species following the methods of O'Dea
et al. (2004).

Mean zooid and vibraculum length, width and area
(length x width) were determined for those species
described in Herrera-Cubilla et al. (2006, 2008). Data
on species yet to be described were determined by
measuring 5 zooids and vibracula from 5 haphazardly
selected colonies of each species. Mean length of mar-
ginal mandibles of species was determined from living
colonies by removing 5 marginal mandibles in 5
colonies of each species and measuring their entire
outstretched length. The largest colonies available of
each species were used to reduce astogenetic or onto-
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Fig. 5. Location of 193 dredge samples of Bryozoa in Pacific and Caribbean shelf seas off the Isthmus of Panama (see
O'Dea et al. 2004)
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genetic influences upon mandible length and stan-
dardise the approach.

Distributions of species along environmental gradi-
ents (normalised mean and median water depth, %
CaCO; and % mud fraction) were correlated to colony
and zooidal morphology to formulate theories on the
function of cupuladriid morphology. Pearson product
moment correlation coefficients (r) were calculated,
and the significance of coetficients was determined by
Student's f-test.

Orientation following disturbance. The effect of
colony morphology on the orientation of colonies dur-
ing times of disturbance was explored by measuring
the response of 10 replicate colonies of 6 morphologi-
cally different cupuladriid species to repeated simu-
lated disturbance events. In addition to the 6 species,
fragmented colonies of Cupuladria biporosa were also
analysed to observe how fragments differ from whole
colonies during times of disturbance.

The experiment therefore comprised 7 groups of 6
species of whole colonies and 1 group of a species’
fragments. For each group, 10 colonies were haphaz-
ardly chosen from dredge sample collections. All col-
onies used were dead and all species except one were
from the Holocene. The fossil species Discoporella sp.
nov. 3, which occurred in tropical America during the
Pliocene and is now extinct (O'Dea et al. 2008), was
included because of its unusual morphology.

Disturbance events were simulated by placing 10
replicate colonies of each group on or in (depending on
treatment) silty sand in an aquarium filled with sea
water, and then moving a 15 x 15 ¢cm paddle back and
forth through the water 10 times, approximately 5 cm
above the sediment. The turbulence had the effect of
throwing up the sediment, and turning over and bury-

ing the colonies. This is considered to approximate the
level of disturbance that benthic soft-bottom dwellers
experience during feeding by a medium sized batoid, a
process considered to be important in the lives of ben-
thic animals. Care was taken to ensure that the force
of each disturbance event was roughly equal among
experimental runs; any differences should be equal
across species, because all species were tested together.

Three treatments were prepared with the following
initial orientations of the colonies: (1) Resting on top of
the sediment upright, (2) on top of the sediment
inverted and (3) buried under 1 cm of sediment upright
(Fig. 6). The response to disturbance was measured by
noting the final orientation in which the colonies were
found after the water and sediment had settled, and
classified into the same 3 categories (Fig. 6).

Each treatment comprised 10 replicate disturbance
events. For each initial orientation, the mean proportion
of the 3 possible final orientations of colonies following
disturbance were calculated. From these proportions,
4 indexes were computed for each species (Fig. 6).

Before the experiment, morphometric data were
gathered on each of the colonies used. Maximum
and minimum diameter, height and shape (height/
median diameter) were measured, colonies were
weighed and a calcification index was calculated fol-
lowing O'Dea et al. (2004). Mean colony diameter,
height and shape of each group were correlated
against the 4 indices of stability using Pearson
moment product correlation.

Colony strength. To examine the relationship be-
tween colony morphology and colony strength, weights
were placed on top of colonies until breakage oc-
curred. The same 70 colonies were used as in the
hydrodynamic experiment. Each colony was placed at

Index Definition Initial position Final position
- Mean proportion of colonies that maintain
Stability an upright position above the sediment é é
Resistance Mean proportion of colonies on the | ]
to burial surface that do not become buried and or
Mean proportion of colonies that return
Recovery to an upright position above the sediment ; » A
Emergence Mean proportion of colonies that
emerge from burial A Disturbance %

Fig. 6. Experimental methodology used to measure the response of cupuladriid colonies to disturbance, and definition
of indices



Table 1. Cupuladria spp. and Discoporella spp. Abundance, morphology and niche optima of taxa in dredge samples from the Caribbean and Pacific coasts of Panama. Data

on zooid morphology from Herrera-Cubilla et al. (2006, 2008), except mandible length for all species and zooid size data for Cupuladria. sp. nov. aff. biporosa and Disco-
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porella sp. nov. P1, which were collected for this study. Normalized niche optima are based on the total of 19 860 colonies. N: no. of colonies; Shape: mean colony height /

mean colony diameter; Calcif.: calcification; Med: Median; C: Caribbean, P: Pacific; na: not available. Data are mean, except when stated otherwise

Normalised niche optima

Setae

Vibracula
Length Width Area Length Water depth Mud fraction Carbonate

Zooids
Length Width Area

Colonies

Coast

Species

Height Shape Calcif.

Diameter
(mm)

N

(%)

(%)

index (mm) (mm) (mm?) (mm) (mm) (mm? (mm) (m)
Mean Med Mean Med Mean Med

(mm)

(mm)
Med Max

Cupuladria

455 416

53.6

51.2

20
30
20
65

29.6

1.83
1.70

0.04
0.02
0.04
0.04
0.04
0.04
0.05
0.04

0.17
0.10
0.17
0.17
0.17
0.17
0.20
0.17

0.21
0.14
0.21
0.22
0.21
0.21
0.26
0.24

0.12
0.10
0.18
0.12
0.12
0.12
0.24
0.20

0.31
0.29
0.33
0.29
0.31
0.31
0.41
0.37

0.38
0.36
0.56
0.42
0.38
0.38
0.59
0.55

0.66
0.68
0.38
0.68
0.88
1.02
0.62
0.53

0.22
0.24
0.51
0.24
0.32
1.43
0.60
0.26

1.47
1.03
0.51
1.91
1.83
1.43
3.23
1.43

6.36 13.18
4.27 10.04

3.98 7.42

1227
1700
142
1134

C
sp. nov. aff. biporosa C

biporosa
cheethami

46.6 54.2
24 .4

439 46.8

77.0

51.4

18.9

80.5

214

na
1.63
1.68

582 362 394

55.7

79.1

7.56 19.96
570 9.32
3.17 6.06
3.23 9.83

P
C

exfragminis

incognita

47.0 37.0

47.0 53.6

23

41.8

1564
136
2014

52.0 35.5
62.5

50.6 73.1
26.3

102
79
75

na 98.0

1.42
1.27

multesima

62.6

14.7

80.6

C
C

panamensis

724 924

29.2

27.2

61.2

538 11.95

5158
13075

surinamensis

Total

Discoporella

98.1

77.7

30.0 29.2

28

33.1

1.60
1.11
1.65
2.01
0.42
0.85
1.67

0.02
0.04
0.03
0.02
0.04
0.04
0.02

0.14
0.17
0.15
0.10
0.18
0.18
0.14

0.17
0.22
0.19
0.15
0.20
0.21
0.15

0.13
0.16
0.14
0.14
0.23
0.19
0.10

0.29
0.34
0.32
0.33
0.40
0.37
0.27

0.44
0.48
0.45
0.42
0.58
0.50
0.39

1.11
1.33
1.36
1.39
1.05
1.42
1.08

0.29
0.27
0.27
0.51
0.29
0.33
0.31

1.21
241
1.07
2.86
1.17
212
1.04

4.17 9.92

1325
3

C

bocasdeltoroensis

cookae

249 27.2

34.3
43.0 394

6.4
57.5

6.2
50.7

76
94
117
70
50
28

75.5

8.25 12.54

4.03 7.80
5.54

01

29.3

89.3

3205
73
203

3

P

marcusorum
sp. nov. P1
peltae

74.6

67.4

118.8
76.9

8.31

208 693 70.1

28.4

3.82 1047
5.83 1237

3.34 517

85.6 98.1
67.3

8.1

18.3

68.0

91

scutella

54.2

43.7 46.8

46.9

1287
6785

C

terminus

Total

the base of a long, closed-bottom glass tube.
Another, slightly narrower closed-bottom tube was
placed within the former and lowered slowly until
it rested on top of the colony. Weights were added
to the internal tube until the colony fractured. The
maximum sustainable load of the colony was the
weight of the internal glass tube plus the weight of
load prior to fracture. For the 2 very heavily calci-
fied species (Discoporella sp. nov. 21 and sp. nov.
3) sufficient load could not be applied to cause
breakage using the glass tube. In these cases, plac-
ing colonies on the floor and adding heavy weights
was found to break them. When breakage
occurred, the maximum sustainable load was cal-
culated by replicating the weight on a bathroom
scale to the nearest kilogram.

Mean maximum sustainable load was correlated
against colony morphologies using Pearson mo-
ment product correlation (r). Additional morpho-
metric data on zooid size was also included to
observe if intra-colony morphologies played a sig-
nificant role in colony strength. Zooid morpho-
metrics were taken from Herrera-Cubilla et al.
(2006 & 2008), or measured from colonies in the
case of undescribed species.

Locomotion over the sediment surface. The
‘'walking’ speed of colonies was calculated from
the distances traversed by undisturbed colonies.
Aquaria were darkened, because cupuladriid col-
onies had previously shown an aversion to light. A
total of 6 species were chosen, based upon the
availability of healthy colonies, and 10 to 22
colonies of each were selected. Colonies were
placed apex upwards upon silty sand in open sea-
water systems and their initial position recorded.
After 4 to 7 d, colony positions were redetermined
and colony velocity (distance travelled per day)
was calculated assuming that colonies had trav-
elled in a straight line; colonies left faint trail marks
in the sediment, and those that had meandered
significantly were excluded.

For each species, mean velocity was calculated
and the relationship between velocity and mozr-
phology was explored. Data considered important
for locomotion included mandible length, colony
diameter, height and shape. Morphometric data
are presented in Table 1.

Locomotion and survival within the sediment.
The ability of a colony to move through the sedi-
ment towards the surface after burial is likely to
determine the types of habitat and intensity of bio-
turbation in which a species can survive. This abil-
ity was explored by measuring rates of emergence
and of mortality following burial. The experiment
was separated into 2 phases:
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Phase I was aimed to observe the abilities of differ-
ent species to voluntarily emerge or survive when
buried with sediment typical of in sifu conditions. A
layer of 2 cm of silty sand was placed on the bottom of
8 aquaria, upon which, in each aquarium, the colonies
of a single species were placed apex upwards.
Colonies were then buried by letting a further 2 cm of
sediment slowly settle on top of the colonies, taking
care not to disturb their positions (see Table 3 for spe-
cies and number of colonies). Aquaria were main-
tained in an open seawater system for 31 d with water
from the Gulf of Panama. Each day the colonies that
emerged were counted and removed from the aquaria.
After 31 d, all colonies that had not emerged were
sieved from the sediment and checked to determine if
they were alive. For each species it was therefore pos-
sible to calculate the proportion of colonies emerged
(number of emerged colonies / total number of col-

onies) and the proportion of colony mortality among
those buried (number of dead colonies / number of
colonies that did not emerge). Cumulative emergence
curves were also determined, based upon proportional
data accounting for the total number of colonies used
per species, and an index of emergence was calculated
by summing the total area beneath each species’
cumulative emergence curve.

Phase II tested how different sediment grain sizes
affect the emergence and survival of a single species.
The effect of different grain sizes on the ability of
colonies to emerge and their survival during burial was
assessed by repeating the burial experiment with
colonies of Cupuladria exfragminis, but using coarse
beach sand and sticky brown mud. A total of 30 sepa-
rate colonies was used for each sediment type and
the methods of burial of colonies; data collection and
analysis were identical to those in Phase 1.

A B C
T 40 - ]
%} 1 1 20+
3 20] until [10 1 101
g ] 400m| 5 ]
. [7s) o4 T T T T T T T ~ Q- T T T T 0
Caribbean
C. biporosa +D-—| o ] o :l:' o 4 o

C. sp. nov. a. biporosa -

C. cheethami + J +_._| o ] P +
C. incognita - {7 1 i - 3 4 i
C. multesima ° ) i T 1+ 4 T
C. panamensis - ° |—|:|> 4 4_:1:} 4

C. surinamensis ]

D. bocasdeltoroensis
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i

D. peltifera | R ) . o — F 1 <[] 4
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D. sp. nov. P1
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Depth (m) Sediment CaCO3 (%) Sediment mud fraction (%)

Fig. 7. Cupuladria spp. and Discoporella spp. Realised niches determined from abundances of colonies along gradients of (A)
depth, (B) calcium carbonate content in sediments and (C) mud fraction in sediments. Plots show median (vertical line), mean
(dashed vertical line) (where there is only 1 line the mean and median are identical), quartiles (box boundaries), 10th and 90th

percentiles (whiskers) and 5th and 95th percentiles (dots). Abundance data were normalised by number of samples (shown in
histogram at top) to account for uneven sampling intensities
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RESULTS
Habitats

A total of 19 860 whole colonies were col-
lected and 15 species identified from 193
dredge samples (Fig. 2; Table 1). The most
abundant Caribbean species was Cupuladria
surinamensis, and the most abundant Pacific
species was Discoporella marcusorum. Abun-
dance along water depth, % mud fraction and
% carbonate gradients shows high inter-spe-
cific variation (Table 1, Fig. 7). No evidence for
multimodal distributions was observed in any
in any of the environmental measures.

Species that are more abundant in deeper
waters have significantly taller and more
conical-shaped colonies (Fig. 8A,B), and are
more heavily calcified than shallow water
species (Table Al in Appendix 1). No rela-
tionship was observed between calcification
index and % CaCOsj;.

Species that are more abundant in mud-
dier regions have smaller zooids (Fig. 8C).
Significant negative correlations were ob-
served between % mud fraction and zooid
width and zooid area (Table Al). No clear
relationships were recorded between any
environmental gradient and vibraculum size
in species (Table Al). Species most abundant
in muddier environments have significantly
longer mandibles (Fig. 8D); mandible length
was not significantly correlated with any
other environmental variable (Table A1l).

Orientation following disturbance

The effect of disturbance on the orientation
of colonies appears to be strongly determined
by morphology (Tables 2 & A2). Mean colony
diameter and height were positively corre-
lated with stability (Fig. 9A,B respectively)
and diameter was correlated with recovery
after burial (Fig. 9C). Wider and higher col-
onies are therefore more likely to maintain
their upright position and wider colonies are
more likely to return from an inverted to an
upright position during a disturbance event.
Conical colonies are more likely to passively
emerge following burial (Fig. 9D), suggesting
that colony shape has some functional signif-
icance in the ability of colonies to move verti-
cally through sediment. Both colony diameter
and height showed a positive, but non-signif-
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Table 2. Cupuladria spp. and Discoporella spp. Raw data on colony morphology, resistance to fragmentation, and indices of response to disturbance. H/D: height/diameter,

calcif.: calcification, max: maximum

Disturbance indices

Stability  Resistance

Morphometrics

Colony form

Form

Species

Recovery Emergence

Calcif. Mean max.

index

Mean colony

(cross
section)

to burial

load (g)

Height Shape (H/D)

Diameter

Fairly large, flat

C. biporosa

0.14
0.12

0.61
0.39

0.75
0.68

0.45
0.28

204.7

0.54

2.58 0.24
0.22

10.86
7.97

and thinly calcified

{whole colonies)

181.2

0.54

1.82

Flat, fragmented and

C. biporosa

lightly calcified. Not round

Small, fairly conical and
moderately calcified

(fragments)

A

C. sp. nov. aff.

0.27 0.86 4454 0.19 0.27 0.19 0.09

1.59

5.64

biporosa

0.08
0.33

0.74
0.32

0.85
0.76

577.5 0.64
0.43

0.96
0.89

0.27
0.57

4.63

16.66
5.67

Very large, fairly conical
and moderately calcified

C. sp. nov.
‘gigante’

1115

3.16

Small, highly domed, moderately
calcified, base not in-filled

N
A

w

C. panamensis

0.12 0.21

0.57

0.51

3.45 0.42 3.98 9876

8.28

Highly domed, very heavily
calcified, base in-filled

D. sp. nov. 21

0.34 0.25

0.31

0.26

3.37 0.62 2.40 4867

5.39

Heavily calcified, bulbous base

D.sp.nov. 3

icant, correlation with resistance to burial (Table A2),
suggesting that larger colonies either do not sink as
easily as smaller colonies, or are more likely to pas-
sively emerge after burial. However, as colony diame-
ter was negatively correlated with the emergence in-
dex (Table A2), the former appears more likely.

Calcification was not significantly correlated with any
of the indices of response to disturbance (Table A2), al-
though negative correlations with indices of resistance to
burial as well as recovery suggest that denser colonies
may have difficulty in returning to a 'normal’ position
during times of disturbance.

Fragments were considerably less stable, and less able
to recover their position upon disturbance (Table 2).
Since colony size is correlated with stability, the poor
performance of fragments may in part be due to the
fact that they were smaller than whole colonies.

Colony strength

The mean maximum sustainable load that colonies are
able to support before breaking varied from 200 g to
nearly 10 kg amongst species (Table 2). More heavily
calcified colonies are more resistant to breakage, as are
more conical colonies, (Table A2) although the latter re-
lationship was not statistically significant and may be
due to the fact that the most heavily calcified colonies
tend to be dome-shaped (Tables 1 & 2; O'Dea et al. 2004).

Locomotion over the sediment surface

The velocity of cupuladriid colonies over the sediment
surface varied considerably both within and between
species (Table A3; Fig. 10A). The fastest species, Disco-
porella sp. nov. P1, moves at speeds of around 5 mm d-!
and produces the smallest colonies; the slowest species,
Cupuladria sp. nov. ‘gigante’, produces the largest
colonies. However, no significant relationship was found
between colony size and speed. A very highly significant
positive correlation was observed between mean
mandible length and speed (Fig. 10C). Inverted colonies
of C. biporosa moved only slightly slower than colonies
placed in a normal position (Fig. 10A,B). Fragments of C.
biporosa placed in an inverted position showed the
greatest velocity (Fig. 10B), while fragments placed in an
upright position did not move at all.

Locomotion and survival within the sediment
Active emergence of cupuladriid colonies following

burial under 2 cm of sediment was highly variable
amongst species (Table 3), although in all species at
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least some colonies were able to emerge and most had
an emergence of over 50% of the colonies after 30 to
31 d (Fig. 11). Could those species that emerge slowly
better survive burial than those that emerge rapidly? A
negative, but non-significant, relationship was found
between the proportion of colonies that emerged and
the proportion of mortality in the remaining colonies
(r =-0.58; t = 1.727; df = 6; p = 0.135). Species with
longer mandibles survived burial for longer periods of
time (Fig. 11C).

Sediment grain size influenced a colony's ability to
emerge and survive burial (Fig. 11B). Emergence rates
of Cupuladria exfragminis were highest in their native
silty sand, where almost all the colonies emerged

within 2 wk, intermediate in coarse sand, but very low
in mud, where only 3 of the 30 colonies emerged
(Fig. 11B, Table 3).

Morphometrics

Colony diameter varied 5-fold from the smallest spe-
cies (Cupuladria multesima) to the largest (Cupuladria
sp. nov. ‘gigante'), colony shape ranged from almost
flat (C. biporosa) to an isosceles profile (C. multesima),
and the calcification of colonies varied from so thin that
fragmentation occurs at the lightest touch (C. multes-
ima), to so heavily calcified that it takes the weight of a
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Fig. 11. Cupuladria spp. and Discoporella spp. Cumulative emergence curves for (A) various species buried in silty sand (num-
bers as in Table 3) and (B) C. biporosa buried in sediments of different grain sizes. (C) Correlation of mean mandible length and
mortality rate following burial; thick line is Pearson product moment correlation, thin lines are 95 % confidence intervals
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Table 3. Cupuladria spp. and Discoporella spp. Response to burial under 2 cm of

sediment. Proportion of colonies emerged and emergence index demonstrate

the ability of colonies to move through the sediment to the surface, while mor-

tality (proportion) indicates the ability of colonies to live while buried for 31 d.
Numbers relate to cumulative curves presented in Fig. 11

separate cryptic species. Cupuladria
biporosa, for example, is abundant in
very shallow waters, while its morpho-
logically similar cousin Cupuladria sp.
nov. aff. biporosa has a distinctly

Expt  Species N No. Proportion Emergence Mortality deept—?r dl%trlbutlon (Fig. 7A). C. Che?‘f_
emerged emerged index thami, Discoporella bocadeltoroensis

and D. terminata parallel the very shal-

Phase I (sandy silt) low depth distribution of C. biporosa,
Cupuladria while the abundant C. surinamensis

! biporosa 102 59 0.58 10.37 0.00 and the less common C. incognita oc
2 exfragminis 30 23 0.77 14.53 0.29 . ’ 9g: }
3 sp. nov. ‘gigante’ 53 20 0.38 6.17 0.73 cur in abundance at moderate water
4 incognita 47 21 0.45 7.70 0.19 depths (Fig. 7A). In deeper Caribbean
Discoporella waters C. multesima, C. panamensis,
5 bocasdeltoroensis 8 2 0.25 6.75 0.30 D. peltifera and D. scutella are found in
6 marcusorum 18 13 0.72 16.06 0.20 abundance (Fig. 7A). Cadée (1975)
7 terminus 52 40 077 16.98 0.08 found C. biporosa in abundance on the
8 sp. nov. P1 13 13 1.00 21.77 n.a. . .

Guyana Shelf in slightly deeper waters

Phase IL (C. biporosa) than found in this stud ossibl
9  Silty sand 30 23 0.77 14.53 0.29 , , Y P Y
10 Sand 30 15 0.50 11.07 0.13 because high terreginous inputs and
11 Mud 30 3 0.10 1.87 0.85 fluctuations in salinity in the shallow

man to break the colony (Discoporella sp. nov. 3)
(Tables 1 & 2). Zooid length and width varied 50 % and
a 2-fold difference in zooid area was observed among
species (Table 1), although the range of zooid sizes
amongst species is small, compared to Bryozoa in
general (McKinney & Jackson 1989). Mandible morpho-
logy was more variable, with 4-fold differences in
length among species (Table 1), as well as unmeasured
differences in thickness and shape (Fig. 4).

DISCUSSION
Habitats and realised niches

Niches of species are traditionally compared using
their ‘N-dimensional hypervolumes' (Hutchinson 1957,
1965), calculated as the range in which a species exists
along a set of environmental or ecological gradients.
This approach is useful to assess occupied niches
across widely heterogeneous or highly delineated
habitats, but soft sediments tend to be more grada-
tional, and the hypervolumes of cupuladriids over-
lapped considerably. Using abundances instead of
occurrences converts hypervolumes into distributions
along environmental gradients (O'Connor et al. 1975).
The means, medians and quartiles of abundances
along sediment and water depth gradients demon-
strate that even in the seemingly homogenous habitat
of soft shelf sediments, cupuladriids have distinct
realised niches (Fig. 7). I use this approach to explore
the adaptive significance of form, but it can also help

waters shift species towards deeper
water (Cadée 1975).

Species also separate along CaCO; and mud gradi-
ents (Fig. 7B,C). The most striking pattern is that spe-
cies tend to be abundant either in low carbonate and
high mud environments, or high carbonate and low
mud environments. This relationship is likely due to
the negative relationship between mud and CaCO;,,
where high carbonate values normally originate from
reefs, while reefs tend not be so structurally developed
in areas of high silt input (D'Croz & Robertson 1997,
D'Croz et al. 2005). Low carbonate/high mud species
include Cupuladria biporosa, Cupuladria sp. nov. aff.
biporosa and C. cheethami, all of which are dominant
in shallow waters. In Panama, these species tend to
form large populations in coastal waters that are open
to the ocean and influenced by terrestrial runoff, as
they do in Guayana (Cadée 1975). Conversely, the
other shallow water species, Discoporella terminus, is
most abundant in high carbonate regions and associ-
ated with soft bottom habitats close to reefs. In addition
to D. terminus the other high carbonate/low mud spe-
cies are C. panamensis, C. surinamensis, D. bocasdel-
toroensis, D. peltifera and D. scutella. Some occur in
shallow and others in deeper waters, suggesting that a
complex set of factors determine their realised niches.

Niche breadths are narrow and often exclusive in the
Caribbean, but not in the Pacific. Interspecific competition
should be lower in the Pacific because of reduced diver-
sity (Dick et al. 2003, O'Dea et al. 2004, Herrera-Cubilla et
al. 2006, 2008; Fig. 7) and the narrow niche breadths of
the Caribbean may represent niche differentiation (Arm-
strong & McGehee 1980) acting through spatial partition-
ing, which may not be as strong in the Pacific.
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Representative species of the genera, Cupuladria
and Discoporella, have equally wide realised niches,
demonstrating that no obvious niche separation exists
between the 2 genera. Equally wide ranges in zooid
and colony morphologies (Table 1) and rates of clonal
propagation (O'Dea et al. 2008) signify overlapping
habitats, modes of life, reproductive strategies and
feeding ecologies, suggesting that both genera have
undergone similar evolutionary processes.

Hazards of sedimentation and epibiotics

All bryozoans filter-feed with lophophores that need
to extend away from the colony to create extraction
and expellant currents (Okamura et al. 2001, Pratt
2004). Life on soft sediments therefore leads to 2 haz-
ards that cupuladriids must overcome; smothering by
sedimentation and epibiotic growth. The latter is par-
ticularly important, given that in soft sediment envi-
ronments, cupuladriid colonies represent a scarce sup-
ply of hard substrate upon which epibiota may settle.

Storms on land greatly increase sedimentation rates
to the benthos, often burying benthic organisms (Par-
sons-Hubbard et al. 1999), and even during times of
clement weather, fine sediment and detritus will settle
on the surface of epibenthic organisms. Encrusting bry-
ozoans evade the problem by utilising protected habi-
tats such as the under-surface of stones or corals, or sur-
faces where currents remove sediment, such as algal
fronds (Jackson 1979, McKinney & Jackson 1989),
while erect growth is intrinsically better suited to the
shedding of sediment with vertical rather than horizon-
tally arranged frontal walls. Cupuladriids actively dis-
lodge settling sediment with their mandibles (Busk
1859, Marcus & Marcus 1962, Lagaaij 1963, Cook 1968,
Cadée 1975, Winston 1988) and this may be why cupu-
ladriids are able to thrive in low energy environments
that are almost devoid of other epibenthic filter feeders.
Sediments with high mud content typically reflect
lower turbulence (Ferguson & Church 2006) and cupu-
ladriids with longer mandibles are more abundant in
muddier sediments (Fig. 8D), strengthening the hy-
pothesis that the active shedding of sediment is an
important function of vibracula mandibles.

Colony shape may passively influence the amount
of sediment that settles on the surface of a colony, be-
cause more highly domed colonies should find it easier
to dislodge deposited sediment compared to flatter
colonies. The inference therefore is that there is selection
for domed colonies in areas of high sediment deposition,
but this idea is weakened by the lack of any correlation
between % mud fraction and colony shape amongst spe-
cies (Table A1). However, sedimentation rate is difficult
to estimate from the environmental data collected, and

% mud is almost certainly not an accurate indicator of
sedimentation. Highly domed species are more abun-
dant in deeper waters (Fig. 8B), and although it is un-
likely that sedimentation rates increase with water
depth, sediments in deeper waters are generally finer.

Larvae and spores of epibiota are more problematic
than sediment for free-living bryozoans. Colonies
are often fouled by a variety of macroorganisms in-
cluding hydroids, solitary corals, ascidians and other
bryozoans, and microorganisms such as diatoms, al-
gae and foraminifera (Winston 1988). Winston (1988)
observed moulting of the cuticular frontal surface of
zooids in Cupuladria doma, leading to the efficient
sloughing off of fouling organisms. This presumably
costly practice, apparently unique to the cupuladriids,
demonstrates the importance of restricting epibiotic
growth for survival. Areas of zooid mortality in a colony
are often very heavily encrusted by larger fouling or-
ganisms, strongly suggesting that larvae of other en-
crusting species are deterred by mandibles or chemical
methods in active regions of the colony (Dyrynda 1985).
Mandibles may be stimulated to move when an animal
larvae or algal spore attempts to settle, as mandibles
flick violently if the colony surface is stimulated with a
fine hair. If mandibles are unable to defend the entire
colony from a settling organism, as can easily be imag-
ined given their single plane of movement, the prin-
ciple role of the mandible may be to disrupt the growth
of already-settled organisms, preventing them from
smothering the colony surface, which would impede
the extension of lophophores (Winston 1988) and re-
duce oxygen diffusion to underlying zooids.

Cook (1963) thought that the principal function of
vibracula mandibles in the Cupuladriidae was to clean
the colony surface of sediment, and data presented
here support this hypothesis (see above). However,
allowing a larva or a spore to settle has the potential to
be considerably more detrimental to the colony than
allowing a similarly-sized grain of sand or detritus to
fall on the colony surface. Therefore, the main role of
the cupuladriid mandible is considered to be the pre-
vention and/or removal of epibiotic growth. This con-
clusion is supported by the fact that mandibles in other
bryozoans play defensive roles (Winston 1984, 1986,
1991), and maintaining an epibiont-free colony surface
must be of considerable importance in bryozoans,
given that lophophores are sometimes distracted from
feeding to clean the colony surface (Shunatova &
Ostrovsky 2001, 2002).

Disturbance and colony dynamics

Free-living bryozoans may be disturbed by subma-
rine currents (McCall 1978, Grant 1983) and the bio-
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turbation of sediments by larger benthic organisms
such as polychaetes, molluscs, crustaceans and large
demersal fish (Thayer 1983). The prevalence and
strength of disturbance events is therefore related to
myriad factors of the sedimentary and biological
environment and difficult to measure. There is little
evidence on which to construct hypotheses about the
probable impact on cupuladriid communities or rela-
tive importance of bioturbation among habitats. For
example, current-induced disturbance normally de-
creases with increasing water depth, while the abun-
dance of demersal elasmobranchii, which are signifi-
cant disturbers of the benthos, often increases with
water depth on continental shelves (Navia et al. 2007).
Despite these unknowns, this study suggests that
cupuladriid species have several morphological adap-
tations that either prevent overturning, or assist
colonies that have been overturned or buried to return
to a normal position. These hypothesised adaptations
can be categorised as either passive or active and shall
be dealt with separately.

Passive adaptations

Large colonies are more stable than small colonies,
which are easily flipped over because the basal area
increases exponentially with diameter (following nr?),
while the area affected by leeward currents only in-
creases linearly with diameter, following (r?x h)/2 for
a cone. Smaller colonies are therefore less stable dur-
ing disturbance because the ratio of current-exposed
colony surface to basal area is higher. Winston (1988)
came to a similar conclusion after observing how flat
and domed colonies behaved in flumes.

Mandible length is significantly longer in species
with less wide colonies (r = -0.85; t = -3.227; df = 4;
p < 0.05), suggesting that smaller species use long
mandibles to increase their effective basal area and
thus counteract the increased likelihood of being over-
turned. Mandibles of the small colonies of Discoporella
sp. nov. P1 effectively triples the area of sediment the
colony is in contact with from around 20 to 60 mm?
(see morphometric data in Table 1).

Another passive morphological adaptation is that
more domed-shaped colonies are better able to move
up through agitated sediment following burial, com-
pared to flatter colonies (Fig. 9D), presumably because
of decreased dynamic resistance. In active emergence
experiments, conical colonies had significantly higher
emergence indices than flatter colonies (r = 0.682;
t=2.798; df = 9; p < 0.05) and wider colonies had sig-
nificantly lower emergence indices than small colonies
(r =-0.613; t = -2.328; df = 9; p < 0.05). Likewise,
Ostrovsky et al. (2009) considered the ubiquitous trend

from external to internal brooding observed in the evo-
lutionary history of several unrelated free-living clades
to represent an adaptation to decrease dynamic resis-
tance caused by protruding ovicells. If colonies are
frequently required to emerge from burial, reducing
dynamic resistance is important in the evolution of
motile free-living bryozoans.

Active adaptations

Burial experiments demonstrate that long mandibles
are helpful for emergence. How lengthy mandibles
improve a colony's ability to emerge is, however, not
entirely clear. Longer mandibles appear to be more
flexible, and species with long mandibles paradoxi-
cally have significantly smaller vibracula zooids (mean
zooid area vs. mean mandible length; r =-0.53; £ = 2.16;
df = 12; p < 0.05), suggesting that they also possess
smaller adductor muscles powering the mandibles.
Therefore, perhaps strength is not as important as the
ability to create leverage, which longer mandibles
should produce better, or alternatively more flexible
mandibles may be easier to extrect if trapped by sedi-
ment.

It is more likely, however, that different mandible
types have distinct functions. Long thin mandibles may
be better suited to moving the colony through and over
sediment, while short and thick mandibles may be
built robustly to assist in the disruption of epibionts
and may not be particularly functional for locomotion.
Cupuladria sp. nov. ‘gigante’ has very large colonies
yet very short mandibles; colonies are hardly able to
move across the sediment surface (Table A3), they are
inadequate at both active and passive emergence
(Tables 2 & 3) and the species has the shortest, stiffest
mandibles that do not curve downwards at the colony's
margin, as is the case in many other species (Fig. 4).
Cupuladria sp. nov. ‘gigante’inhabits very shallow and
clear waters where algal epibionts are likely to be
much more of a problem than for species that inhabit
deeper and muddier waters. Additionally, when deep-
water species with long mandibles are kept in aquaria
exposed to daylight, their mandibles quickly become
encased in a mass of diatoms and other algae, some-
thing not observed in the shorter mandibles of shallow-
water species.

Surviving burial

Mortality amongst buried colonies varied consider-
ably amongst species. Only 27 % of Cupuladria sp. nov.
‘gigante’ colonies survived burial, while all colonies of
C. biporosa survived. Species with smaller zooids tend
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to survive longer than species with larger zooids (mean
zooid area vs. proportion of mortality; r = 0.91; £ =4.91;
df = 5; p < 0.01). Given the allometric scaling of
metabolic rate with size (Hemmingsen 1960, Schmidt-
Nielsen 1984), small body size is advantageous to
benthic organisms completely buried by sediment, be-
cause of the increased advantage of a high surface-
area-to-volume ratio in a situation where oxygen is
likely to be limited (Hinchey et al. 2006). How this
process translates to colonial rather than solitary or-
ganisms, however, remains unexplored. Nonetheless,
asphyxiation is the likely cause of cupuladriid mortal-
ity during burial. Survival was highest in increasingly
porous sediments (fine black mud, silt, coarse sand),
probably due to the lower levels of hypoxia. Lengthy
mandibles may therefore help survive burial by
increasing water agitation and thus reducing hypoxia.

Adaptive controls on morphology

Rate and type of clonal reproduction in cupuladriids
is controlled by morphology (O'Dea et al. 2004, 2008),
whilst the present study reveals how morphology cor-
relates with life habit, behaviour and realised niche
habitats. Which processes have been most important
in driving morphological evolution of the free-living
form?

Level of calcification of colonies was not correlated
to any abiotic or biotic factor or mode of life feature
measured in this study. Heavily calcified colonies
are, however, much less susceptible to fragmentation
(Table A2), and they clone less frequently (O'Dea et
al. 2004). Consequently, differing levels of calcifica-
tion most likely represent adaptations to different life
history strategies, although the role of predation re-
mains to be studied. Colony size greatly influences a
colony's ability to effectively cope with disturbance,
but colony size is also a function of life history, because
regular cloning requires quasi-indeterminate growth,
which should lead to the production of larger maxi-
mum colony sizes (as long as the process of fragmenta-
tion requires chance events). Colony shape shows a
weak relationship with life history (O'Dea et al. 2004)
whilst data presented here demonstrate that colony
shape is particularly important in colony dynamics
upon and within the sediment.

The development of vibracula mandibles was un-
doubtedly an important step in the evolutionary his-
tory of all mobile free-living bryozoa. Data presented
here demonstrate that mandible morphology strongly
influences a species’' ability to inhabit different sea
floor environments. All free-living bryozoans before
the late Cretaceous were sessile (McKinney & Jackson
1989) and their diversity on the whole was in decline

through the Palaeozoic (Jackson & McKinney 1990).
Immobile free-living forms were still dominant at the
end of the Cretaceous, but mobile forms soon replaced
them (Jackson & McKinney 1990), a process paralleled
by similar evolutionary innovations in the free-living
corals (Gill & Coates 1977). The nearly synchronous
appearance of mobility among unrelated cheilostome
bryozoan groups and scleractinian corals suggests a
common root cause. Jackson & McKinney (1990) pro-
posed that the driver was biotic, such as increased
predation or bioturbation. There is no evidence that
cupuladriids actively avoid predation. Colonies could
feasibly tolerate semi-burial in order to escape preda-
tion and then emerge for feeding, but this is unlikely
given that often feeding is restricted to zooids at the
colony's margin, while central zooids frequently die;
shallow submersion in sediment would bury marginal
but not central zooids. Moreover, of the thousands of
colonies observed in culture during this study, not one
was seen to burrow.

Both infaunal life and the intensity of predation on
other organisms has increased through both the Meso-
zoic and Cenozoic (Erwin 2008) and may well have
been critical to the evolution of the free-living mode of
life as sediments became more bioturbated through
time. Indeed, there appears to be good temporal cor-
relation between a hypothesised sharp increase in
bioturbation at the end of the Mesozoic—as bottom
waters became cooler and more oxygenated (MacLeod
1994)—and the evolution of the mobile free-living
form, although this hypothesis requires further study.

Locomotion

Cupuladriids move slowly over the sediment surface
(Marcus & Marcus 1962, Cook 1963, Greeley 1967).
None of the ‘sophisticated’ movements observed in the
free-living Lunulitiids (Selenaria), whose colonies prop
themselves high above the sediment surface, climb
over objects, and right themselves if overturned (Cook
& Chimonides 1978, Chimonides & Cook 1981) were
noted in the present study. Perhaps, therefore, locomo-
tion in cupuladriids is an unavoidable result of active
mandibles performing other duties such as grooming.

Long mandibles do nonetheless increase colony
speed, probably because of better leverage; mandibles
also curve downwards towards the sediment suggest-
ing deliberate mobility, although the need to rise
above the surface to escape smothering may be a more
obvious explanation. Colonies also show strong evi-
dence of directional movement, as expected if move-
ment is functional.

This leads to the conundrum of how buried colonies
determine direction. They are clearly able to do so,
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because colonies buried upside down emerged right
side up during this study (e.g. Fig. 1B) and no colonies
were found at significantly deeper levels than those at
which they were originally buried. Differential light
levels might be used as cue, but cupuladriids, unlike
the Selenaria, which move towards light (Cook &
Chimonides 1978), showed a strong aversion to light,
moving away from both incandescent and solar light.
No adult bryozoan is known to possess dedicated light
sensitive organs, but sensitivity to light has been ob-
served in free-living bryozoans (Berry & Hayward
1984).

Speed of locomotion in cupuladriids is almost cer-
tainly too slow to be useful in escaping predation, and
cupuladriids were not observed to burrow or hide in
burrows, both common tactics to evade predation in
motile epibenthic animals living on soft sediments
(Thiel 1997).

Colony mobility as an agent of dispersal

Using the speeds measured in aquaria, and assum-
ing an average colony age of 3 yr (O'Dea & Jackson
2002), a colony could theoretically travel approxi-
mately 2 m in its lifetime (mean of all species) and a
maximum of around 5 m (fastest species, Discoporella
sp. nov. P1). Colony mobility is therefore not a realistic
vector for dispersal. In contrast, Selenaria can progress
atup to 1 mh™! (Cook & Chimonides 1978, Chimonides
& Cook 1981) and hence >25 km in 3 years.

All cupuladriid larvae are assumed to be lecitho-
trophic, larval life lasting 3 to 5 d (Cook & Chimonides
1983) or less (Winston 1988), suggesting limited scope
for larval dispersal (Cook & Chimonides 1994). Distur-
bance or ingestion, transport and subsequent excretion
(O'Dea et al. 2008) may be more important in dispersal.
Palmer (1988) for example, found that the transport
of meiofauna (e.g. benthic copepods, foraminiferans,
nematodes) was doubled due to activities of fishes.

There is some evidence to suggest that species that
propagate mostly sexually have more limited distribu-
tions than those that propagate clonally (O'Dea et al.
2004). Cupuladria exfragminis, for example, is a widely
distributed species in the tropical eastern Pacific
(O'Dea et al. 2004, Herrera-Cubilla et al. 2006) and
propagates almost entirely asexually. If this species is
very old, and individuals of populations have remained
genetically homogenous for some time because of high
rates of cloning, even slow and inefficient dispersal
resulting from mobility and disturbance may be suffi-
cient to explain its wide present-day distribution. Spe-
cies that propagate mostly sexually should therefore
be relatively limited in distribution because generation
turnover is much faster and both phyletic evolution

and speciation events should occur more frequently
(Cheetham et al. 2001). The analysis of cupuladriid
populations at the molecular level, combined with
improved knowledge on distributions of fossil and
modern day taxa, should make it possible to confirm
this hypothesis.

CONCLUSIONS

Epibenthic life on soft-sediments is hazardous be-
cause of the high risks of smothering, disturbance and
burial, and heavy pressure from fouling organisms and
predators. The successful exploitation of this habitat by
several bryozoan groups resulted from a variety of
functional and behavioural traits that are unique to the
free-living bryozoans.

Maintaining stability on the soft-sediment sea floor
has been an important vector in the evolution of the
free-living form. The most important adaptations in-
clude: (1) increasing colony stability, so that colonies
are less likely to be overturned and buried, by increas-
ing the ratio of basal area to colony height either with
wider colonies or longer mandibles; (2) enhancing a
colony's ability to emerge following burial, by increas-
ing colony conicity and immersing protruding ovicells;
(3) developing efficient methods of emergence fol-
lowing burial, with long mandibles used as digging
apparatus. In all mobile free-living groups, vibracular
mandibles were present in colonies of their erect or
encrusting ancestors, in which their function was prob-
ably defensive. Defence from settling epibionts re-
mains important in shallow water species, whilst the
digging role of mandibles has been critical to the sur-
vival of epibenthic filter feeders that have evolved in
increasingly bioturbated environments.

Therefore, both the form and habit of mobile free-
living bryozoans have been likely shaped by life on
unstable sediments, where disturbance and burial are
considerable threats. The shift from sessile free-living
to mobile free-living bryozoans from the Mesozoic to
the Cenozoic is likely to have been driven by a shift in
the intensity or type of disturbance, probably by
increasing intensity and/or changes in the nature of
bioturbation.
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Appendix 1. Variations in colony morphologies, realised niches and colony behaviour in tropical American cupuladriid bryozoans

Table Al. Pearson product moment correlation coefficients (r) of environmental optima against cupuladriid morphology; t-test
(n = 15, except for setae length n = 13); ns = not significant, *p < 0.05, **p < 0.01. Calcif.: calcification, Max.: maximum

Variable Colonies Zooids ——— Vibracula Setae
Diameter Height Shape Calcif. Length Width Area  Length Width Area length

Median Max. index (mm)

Water Mean 0.03" 0.57* 0.65* 0.00™ 0.52* 0.05™ 0.31" 0.16™ 0.05™ -0.07" 0.01™ -0.08"
depth Median 0.00" 0.50™  0.62* -0.05" 0.43" 0.19"™ 0.38™ 0.27™ 0.19% 0.01™ 0.11* -0.10"
Mud Mean -0.21™ -0.32" -0.05" -0.22™ -0.31" -0.32" -0.43™ -0.39™ -0.30™ -0.33" -0.34™ 0.74**
fraction Median -0.20" -0.35" 0.05™ -0.29" -0.23" -0.46" -0.53* -0.52* -0.33" -0.35™ -0.37" 0.78**
Carbonate Mean -0.35" 0.04™  0.21™ -0.07" 0.15™  0.22"™ 0.29" 0.28™ 0.02™ 0.06™ 0.04"™ -0.42"
Median -0.15" 0.05™ 0.01™ 0.14" 0.09™  0.30™ 0.32™ 0.33"™ 0.04™ 0.00™ 0.03" -0.44"
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Table A2. Pearson product moment correlation coefficients

(r) of colony morphology against indices of passive re-

sponse to disturbance and maximum sustainable load before

breakage (t-test). Calcif.: calcification. Data are mean; ns: not
significant, *p < 0.05, ***p < 0.001

Index Median Height Shape Calcif.
diameter index
Stability 0.80* 0.81* -0.10" 0.16™
Resistance to burial 0.68™ 0.44™ -0.29" -0.33™
Recovery 0.82* 0.44™ -0.38™ -0.56™°
Emergence -0.56™ 0.19™  0.89* 0.35™
Maximum load -0.21" 0.32™  0.47™ 0.99***

Table A3. Cupuladria spp. and Discoporella spp. Speed of
movement on the sediment (mean + SD); whole colonies
placed upright upon sediment, unless otherwise stated

Species N Speed
(mm d?)
C. biporosa 22 335x4.70
20 1.11+1.17 Colony inverted
10 0 Fragment
10 7.68 £ 5.35 Fragment inverted
C. exfragminis 10 0.81 £0.72
C. sp. nov. ‘gigante’ 15 0.02 +0.09
D. bocasdeltoroensis 20 0.57 +1.30
D. marcusorum 22 0.63+0.75
D.sp.nov. P1 10 4.58 £5.53
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