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ABSTRACT

Context. The variation observed in growth rate estimates of bryozoans raise questions regarding
the validity of the methods used to measure growth in these animals. Naturally, the best way for
measuring growth rate is to understand the growth in situ, but access is not always
straightforward. Aims. This study assesses a field experiment for measuring in situ growth of
heavily calcified bryozoans in the open ocean at 56 m, the deepest such deployment attempted for
bryozoans. Methods. Cellaria immersa colonies were collected by dredge from the continental shelf
off Otago, marked using calcein, mounted on a purpose-built frame, called ‘Odyssey’, and returned
to the shelf for 3 months in the Austral summer (November—February). Key results. Data from 10
internodes indicated that growth was, on average, 0.97 + 0.84 mm year™' and showed some
interesting intracolonial growth patterns. Conclusions and implications. The data obtained from
this study are only indicative at this stage, but we have succeeded in developing a reproducible
experimental set-up for in situ growth experiments of shelf bryozoans, enabling us to record
growth, lifespan, and calcification rates of heavily calcified and ecologically important species.
Understanding such key species is critical to identifying their role in the ecosystem and
providing valuable information for future conservation initiatives.

Keywords: bryozoans, calcein, Cellaria, continental shelf, experimental set-up, growth rate, in situ,
marine calcifiers, mark—recapture.

Introduction

Bryozoans are important components in reef formations globally, and many species can
form three-dimensional structures that provide complex habitat for others, functioning
as ecosystem engineers (Wood et al. 2012; Bastos et al. 2018). Many species in this
phylum are important carbonate producers, especially in southern hemisphere shelf
environments (Smith and Key 2004; Smith 2014). Climate change and anthropogenic
activities such as bottom trawling have significantly affected these treasured species
(Wood et al. 2012; Swezey et al. 2017a, 2017b; Bernal et al. 2020; Gissi et al. 2021; Mello
et al. 2023). However, our lack of understanding of fundamental biological processes in
these key species, such as growth rate, renders it difficult to predict the extent of these
impacts and the speed or possibility of their recovery.

Regardless of the colonial form, growth in bryozoans can be expressed in the following
three ways: (1) ontogeny, the development of an individual zooid either of the ancestrula or
any other zooid in the colony; (2) astogeny, the addition of new zooids at the growing
margin of the colony by asexual reproduction (budding); and (3) overall thickening by
secondary calcification. Nevertheless, measuring growth in bryozoans becomes increasingly
more complicated when moving from the short-lived uniserial encrusters to long-lived, erect,
complex colonies (e.g. Smith and Key 2020, table 1).

Published growth-rate data are available for 72 bryozoan species, including 37
encrusting, 23 erect flexible and 12 erect rigid forms (Lonhart 2012; Hirose et al. 2020;
Smith and Key 2020). Overall, uncalcified or lightly calcified species tend to have faster
growth rates and shorter lifespan than do more heavily calcified species (Smith and Key
2020, and references therein). Large, heavily calcified species of considerable ecological


https://orcid.org/0000-0002-9732-9683
mailto:katerina.achilleos@otago.ac.nz
https://doi.org/10.1071/MF23114
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.publish.csiro.au/mf
https://www.publish.csiro.au/
https://doi.org/10.1071/MF23114

www.publish.csiro.au/mf

Marine and Freshwater Research

interest are largely understudied (Smith and Key 2020), in
part because of the technical difficulties of in situ work at
depth. Heavily calcified bryozoans are notoriously difficult
to maintain in aquaria, likely owing to our lack of knowledge
of their ecological preferences (Smith et al. 2022).

Cellaria species form erect calcified arborescent colonies.
The overall colony size varies among species, but they can
grow up to several centimetres tall (McKinney and Jaklin
2000, 2001; Bader and Schifer 2005). Cellaria sensu stricto
is generally considered to comprise mostly dichotomously
branching species, but there are a few exceptions (Achilleos
et al. 2020). The branches are cylindrical and are formed
by internodes separated by organic joints (i.e. nodes), which
gives the colony a certain degree of flexibility. The organic
joints are made of rhizoids, which also develop at the
proximal part of the colony for attaching and stabilising the
colony on the substratum in fimbriate projections (Schack
etal. 2018) (Fig. 1). The internodes grow distally by budding,
followed by deposition of primary calcification mainly around
the newly developed zooids. A secondary calcification layer is
also added around the older zooids but at a much slower rate
(e.g. Achilleos et al. 2020).

Here, we present a method for mark-and-recapture growth
study of shelf sessile calcifiers, using as our example the erect
bryozoan species Cellaria immersa, a suitable subject because
of its simple shape and growth direction. C. immersa is one of
the main habitat-forming species in the shelf environ-
ment around New Zealand, and it is found in important multi-
species community assemblages, the bryozoan thickets (Wood
et al. 2013; Achilleos et al. 2019). Other Cellaria species are
also known to form structural biotopes and multispecies
assemblages, with the most prominent example being the
‘Cellaria meadows’ found in the Adriatic (McKinney and
Jaklin 2000, 2001; Bader 2001). Identifying the growth
rate of ecosystem engineer species is critical in providing
foundational understanding of their role in the ecosystem and
will provide essential information for future conservation
initiatives.

Fig. 1.

Materials and methods

To conduct an in situ growth experiment on the mid-shelf, we
used a mark-recapture method where an adult bryozoan
colony is marked, replaced in its natural environment for a
period of time to grow, and re-captured to measure growth.

Target species and site collection

C. immersa colonies were collected at sea off Otago (170.79°E,
45.84°S) on 10 November 2018, by using a small dredge at 56-
m depth, deployed by RV Polaris II. The site location was
decided after consideration of both the known distribution
of C. immersa and low commercial fishing activity in this
region as delineated by the Ministry of Primary Industries
(MPI, https://www.mpi.govt.nz/legal/legislation-standards-and-
reviews/ fisheries-legislation/maps-of-nz-fisheries/), thus reducing
the possibility of overlap between the deployment location
and known fishing activity.

After collection, 21 large living colonies were chosen for
the growth experiment. The health state of the chosen colonies
was determined by the eversion of lophophores when immersed
underwater, and the completeness (that is, they were not
broken) of the colonies.

Experimental design

A robust platform was designed and built to withstand open
ocean conditions for the period of deployment. The structure
was custom-made for the purpose of the experiment and
nicknamed ‘Odyssey’ (Fig. 2). A steel platform (~1 m in
diameter, ~90 kg) was used for weighting and supporting
of the experimental rack, and stainless-steel pipes in the
shape of a metal pyramid (about 1 m in height) were welded
to the platform. The pyramid structure allowed for specimens
to be attached above the sediment when in situ and provided
an attachment point for a marker buoy. A removable steel
sheet (50 cm x 50 cm) was used to secure colonies to the

Left: diagrammatic illustration of Cellaria species settlement and astogeny (not to scale). Right: C. immersa

from the Otago shelf, New Zealand, at 90-m depth. Scale bar: 6 mm. A, non-feeding ciliated larva; B, ancestrula;
C, first internode of the colony; D—F, growth of the colony by forming the sister internodes; n, node; r, rhizoid.
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o Metal pyramid for
enabling deployment
and buoy rope
attachment point.

9 Metal platform for

Fig. 2.

experimental set up while underwater, thus reducing the
stress of handling on the colonies. Metal crossbars were used
to support the upright position of the colonies, resembling
their natural orientation in the environment.

Calcein acetoxymethyl (C0875 Sigma-Aldrich) was used to
stain the colonies to track the new skeletal growth, because
the successful marking of C. immersa colonies using calcein
has been demonstrated before by Smith et al. (2019). Twenty
large living C. immersa colonies were immersed in seawater
with calcein at a concentration of 300 mg L~! on board for
6 h (Fig. 3a). The water temperature was kept constant at
11°C while staining, the temperature being recorded by CTD
(SBE 19) at the time of collection. One colony was left
unstained to be used as the negative control in downstream
data analysis.

While staining the colonies, a non-toxic epoxy putty
(Milliput Standard), widely used for in situ experiments (e.g.
Suggett et al. 2013; Camp et al. 2015; Laverick et al. 2019),
was moulded around the base of each colony. Cable ties were
also moulded in the epoxy to ensure easy and quick attach-
ment and removal of thecolonies from the crossbars (Fig. 3b).
After marking was complete, the colonies were secured
upright on the metal crossbars while immersed underwater.
Prior to deployment the metal sheet with the crossbars was
fastened tightly to the metal platform, and a temperature
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weight and support of
the experimental set
up.

e Removable metal sheet
to support while
underwater.

e Metal bolts for
fastening the
removable metal sheet
on the platform.

1 e Metal bars to secure
: the specimens.

Experimental design used for the growth experiment. Scale bar: 25 cm.

logger (RBRsolo® T) was secured to it for recording water
temperature and salinity (Fig. 3c, d).

Once complete, ‘Odyssey’ was deployed in November 2018
at 56-m depth at the same location from which the colonies
were collected (Fig. 3e).

‘Odyssey’ recapture and data analysis

After 3 months (on 15 February 2019), the marker buoy was
relocated on the basis of the deployment coordinates.
‘Odyssey’ was retrieved by securing the rope and slowly lifting
with a crane. The re-collected C. immersa colonies were
transferred underwater to the Portobello Marine Laboratory
and were examined under a light microscope to observe
whether they were still alive with reacting lophophores. The
living colonies were then used for the growth-data analysis.

Calcein acetoxymethyl is a cell-permeant dye that binds to
calcium, and it can be incorporated into the growing skeleton,
enabling visualisation of any changes regarding skeletal
formation by producing a green, fluorescent product (e.g.
Tambutté et al. 2012). Therefore, the distal internodes of the
living colonies were inspected using a fluorescence microscope
(Olympus BX51) under 495-nm excitation frequencies to
observe the calcein markings.

The 3-month growth was calculated on the basis of both the
length and the volume of the part of the internode that extended
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Fig. 3.

Collection of specimens, and deployment of Odyssey. (a) C. immersa colonies immersed in

seawater with calcein; (b) C. immersa colony with epoxy putty and a cable tie for fastening on
‘Odyssey’; (¢, d) C. immersa colonies secured on ‘Odyssey’ prior to deployment; (€) a 3D model

showing ‘Odyssey’ deployment.

distally from the calcein markings. The new growth was then
correlated to the overall length and volume of the corresponding
internode, to investigate whether growth varies with the
age/size of the internode. The volume of the internodes was
calculated as shown in Fig. 4, by adding up the volume of the
cylinders and the volume of a hemisphere. Measurements
were made from the microscopically obtained digital images
by using the image software Fiji (ImageJ, ver. 1.52i, https://
github.com/fiji; Schindelin et al. 2012).

Seawater environmental data were also retrieved from the
temperature logger attached to the ‘Odyssey’ platform.
Environmental data (available from Achilleos et al. (2019),
including station SD 11 in Supplementary material 2;
170.802°E, 45.841°S), such as satellite-derived sea-surface
chlorophyll-a concentration, seafloor temperature, and sedi-
ment composition, were also taken into consideration to
characterise the location site. This station was chosen because
it is adjacent to the deployment site used for the growth
experiment.

Fig.4. Example of the volume calculation of an internode. C, cylinder;
S/2, hemisphere.
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Results

Five of the colonies were broken off the epoxy; so, 15 colonies
were retrieved from Odyssey. Of the 15 colonies, two were
alive with reacting lophophores when inspected under the
microscope. The rest of the colonies were severely fragmented,
with the distal internodes missing, and were therefore excluded
from any further analysis. Strong hydrodynamic activity
reported a few days prior to collection may have resulted in
fragmentation of most of the colonies.

The first colony included 19 internodes in total, nine of
which represented the distal growing internodes. The
second colony was very young, represented only by its first
internode (see C in Fig 1). Both colonies, 10 growing intern-
odes in total, were inspected using a fluorescence microscope
to observe the calcein markings (Fig. 5). We compared the
fluorescent signal between the 10 internodes and the
negative control (Fig. 5i) and confirmed the incorporation
of calcein in the skeleton of all 10 internodes prior to the
growth analysis.

The nine internodes from the first colony varied
considerably in their total size, ranging from 1.25 mm to
7.25 mm in length and from 0.6 to 8.81 mm?. Similarly, the
total growth during the 3 months ranged from 0.34 mm
(0.16 mm?) to 1.12 mm (0.90 mm?3) (Table 1). On the basis
of these results, the average growth for the first colony is
estimated to be 0.97 + 0.84 mm year! (1.83 + 0.89 mm?
year™). The second colony did not show any growth during
the 3 months, even though calcein marking was observed at
the growth margin of the colony, indicating skeletal deposi-
tion at the time of collection (Table 1, Fig. 5h). New growth
was correlated with the total size of the corresponding
internode, and the results suggest that the internodes do not
grow continuously at the same rate, but that the growth rate
increases with an increasing internode volume (and presumably
age) (Table 1, Fig. 6).

According to the data retrieved from the temperature
logger, seafloor temperature ranged from 9.9°C in November
2018 (late spring) to 15.9°C in January 2019 (mid-summer)
(Fig. 7). The average temperature during the 3 months was

Fig. 5.

‘Odyssey’ and specimens that were recaptured. (a) ‘Odyssey’ collection. (b, c) Part of

colony one alive and with extended lophophores. Scale bar: | mm. (d—f) Arrow showing calcein
markings on internodes of Colony |. Scale bar: 0.5 mm. (g) Colony 2 alive with protruding
lophophores. Scale bar: 0.5 mm. (h) Calcein marking on the growing margin of colony two.
Scale bar: 0.5 mm. (i) Negative control with no calcein marking. Scale bar: | mm.
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Table I. Cellaria immersa growth measurements.
Colony Internode Total internode Total internode Total growth Total growth Growth rate Growth rate
(mm) (mm?) (mm) (mm°) (mm month™') (mm?® month™)

| | 7.251 8813 0.900 0.560 0.300 0.187

| 2 1.618 0.861 0.738 0.365 0.246 0.122

| 3 1.250 0.679 0.822 0.415 0.274 0.138

| 4 7471 8.634 1.124 0.900 0.375 0.300

| 5 1.957 1.053 0.495 0.273 0.165 0.091

| 6 5.606 3.403 0.900 0.850 0.300 0.283

| 7 4.498 5.320 1.068 1.00 0.356 0.197

| 8 2815 1.971 0.340 0.165 0.113 0.055

| 9 3611 2.921 0.684 0.36 0.228 0.120

2 | 4.036 1.534 0 0 0 0

-0.25 to measure growth rate for Adeonellopsis colonies at 12-15 m
= depth. About half of the branches were successfully marked,
L‘E 0,50 indicating that either the branches were not depositing
g calcium at the time or that the calcein concentration used
© was not high enough to be incorporated in all the branches.
E 075 Later, calcein marking was also used successfully to measure
g the growth of heavily calcified erect bryozoans grown under
g -1.00 laboratory conditions (Smith et al. 2019).
2125 Experimental design
- Despite the rough sea conditions, ‘Odyssey’ performed well
-1.50 and did not drift away from the site location, but some

1 2 3 4 5 6 7 8
Internode volume (mm3)

Fig. 6. Cellaria immersa estimated growth rate (mm? month™') in
logarithmic scale for nine internodes from Colony |.

12.9°C. Most of the variation was observed during November
and December (transition from spring into summer), whereas
the temperature was mostly settled between 14 and 15°C in
January and February. The salinity recorded was at 35 PSU
throughout the test period.

Discussion

This is the first study reporting the growth rate of the common
New Zealand shelf bryozoan C. immersa, and the deepest in
situ transplantation attempted for bryozoans by using calcein
staining. Similar studies have been conducted in situ for cold-
water corals, indicating that calcein works particularly well
for growth studies, especially compared with other staining
methods such as alizarin red (Lartaud et al. 2013, 2017).
Calcein is also well incorporated by bryozoans, as shown by
other studies. Smith et al. (2001) performed the only other
in situ experiment by using calcein staining in New Zealand,

modifications and improvements could be made to the
equipment. For example, the addition of an extra protection
layer around the ‘metal sheet’ (Fig. 2) could protect colonies
from boulders and sediment from being dislodged by high
hydrodynamic activity. This extra protective layer was not
added initially to avoid disrupting the current flow, especially
taking into consideration the suggested positive relationship
of Cellaria species with high current activity (see Achilleos
et al. 2019). Nevertheless, a wide grid may be able to
balance these two parameters for best results.

Calcein concentration used may vary depending on the
organism, but it often ranges between 50 and 150 mg L!
(Smith et al. 2019, 2022). The shorter the immersion time
is, the higher is the concentration needed for successful
marking (Lartaud et al. 2013, 2017). Therefore, a fairly
high concentration of calcein was used here (300 mg L1)
to ensure the marking of the colonies within the timeframe,
as there was no fluorescent microscope on board the RV
Polaris II to confirm the incorporation of calcein into the
skeleton prior to deployment. Nevertheless, confirming
the incorporation of calcein into the skeleton prior to
deployment is crucial, and the absence of equipment such as
a fluorescent microscope on board renders this a challenge.
The use of hand-held equipment such as the SE-Mark®
fluorescent detector or the Nightsea Bluestar® fluorescent
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Seafloor temperature recorded from November 2018 to February 2019. November

(red); December (green); January (blue); February (purple).

detector combined with the filter glasses may help overcome
such challenges during offshore field experiments (see Spires
and North 2022).

Overall, calcein does not affect the precipitation of calcite,
but high calcein concentrations can affect calcite crystal
formation (Magnabosco et al. 2018), thus using lower calcein
concentrations for longer when possible is to be preferred.
Different concentration of calcein may need to be tested
prior to starting an offshore in situ growth experiment if a
staining technique has not been used for the targeted
species before.

The epoxy used here successfully secured the colonies on
‘Odyssey’, and it was present at the time of collection even
when the colonies were completely fragmented. According
to the manufacturer’s direction, the epoxy can set in 3—4 h at
room temperature. Setting time may take longer if the water is
colder, as in this case study. Therefore, it is recommended to
apply the epoxy as early as possible to ensure hardening
before deployment.

Growth rate and environment

This is the first indication of C. immersa growth rate in situ, at
~1 mm year !, which is comparable to that of other
bryozoans (Fig. 8). If that is so, C. immersa colonies collected
from the shelf up to 40 cm in length ( K. Achilleos, pers. obs.)
may be as much as 40 years old. Although 3 months represent
only a snapshot of the colony, the growth rate of C. immersa
during spring and summer is much slower than that of other
cellariids. Cellaria incula in the Antarctic can grow 8 mm year!
for up to 14 years (Brey et al. 1999), whereas temperate
Cellaria sinuosa can grow up to 40 mm year!, but lives only
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~2 years (Bader and Schéfer 2005). Melicerita chathamensis,
another cellariid from the southern shelf of New Zealand,
grows 14 mm year! for up to 9 years (Smith and Lawton
2010; Key et al. 2018; Smith and Key 2020). There is a
high degree of variation even within the same genus, and it
is therefore uncertain whether these differences are species-
specific, environment-related, method-related, or due to
insufficient data in the case of C. immersa.

Growth may also vary depending on abiotic parameters
and food concentration. Celleporella hyalina, for example,
ceases feeding activity when the temperature drops signifi-
cantly and resumes only when back to the initial temperature
(Riisgard and Manriquez 1997). C. sinuosa from the English
Channel shows slowed growth during wintertime (9°C-11°C)
(Bader and Schéfer 2005). However, the effects of tempera-
ture could differ when combined with different food sources
(Amui-Vedel et al. 2007). Pentapora fascialis shows longer
zooids during wintertime, whereas the opposite pattern was
observed for Cryptosula pallasiana (Lombardi et al. 2006;
Amui-Vedel et al. 2007). Interestingly, C. pallasiana from
the same location showed longer zooids when cultured in
lower temperature and fed with Rhodomonas sp. (Amui-Vedel
et al. 2007). In certain cases, the effects of the temperature on
growth rate are indirect through affecting phytoplankton
productivity, which in turn directly affects the growth rate
(Barnes and Clarke 1998; Barnes et al. 2006).

According to the data collected herein, the seafloor
temperature at the location site between November and
February ranges from 9.9 to 15.9°C, with an average tempera-
ture of 12.9°C. We did not collect the temperature for the rest
of the year; however, on the basis of the literature, the annual
mean seafloor temperature is 8.3°C (Achilleos et al. 2019).
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Alcyonidium hirsutum
Alderina arabianensis
Arachnopusia inchoata
Callopora dumerilii
Celleporella hyalina
Chaperiopsis protecta
Cribrilina annulata
Cryptosula pallasiana
Cupuladria exfragminis
Diploselen cf. obelia
Diplosolen arctica
Disporella gordoni
Einhornia crustulenta
Electra bengalensis
Electra crustulenta
Electra pilosa

Encrusting bryozoans (18 spp.)
Escharella immersa
Escharoides angela
Fenestrulina rugula
Figularia sp.

Harmeria scutulata
Membranipora aciculata
Membranipora membranacea
Membranipora nitida
Membranipora sp.
Mic;\(/)f;orella arctica
icroporella sp.

Patinella sp.

Peullina hincksi
Schizoporella cochinensis
chizoporella errata
Schizporella unicornis
Tegella arctica
Thalamoporella sp.
Valdemunitella valdemunita
Watersipora subtorquata

Alloeflustra tenuis
Bugula neritina

Bugula sp. (aff. neritina)
Caberea zelandica

Y Cellaria immersa
Cellaria incula

Cellaria sinuosa
Cellarinella foveolata
Cellarinella margueritae
Cellarinella njegovanae
Cellarinella nodulata
Cellarinella nutti
Cellarinella rogickae
Cellarinella rossi
Cellarinella sp.
Cellarinella watersi
Crisia sp.

Flustra foliacea
Melicerita chathamensis
Melicerita obliqua
Stomhypselosaria watersi
Swanomia belgica
Vittaticellasp.
Zoobotryon pellucidus

Adeonellopsis sp. 1
Adeonellopsis sp. 2
Celleporaria fusca
Celleporina attenuata
Cinctipora elegans
Hornera foliacea
Hornera robusta
Pennipora anomalopora
Pentapora fascialis
Pentapora foliacea
Stenopora spiculata
Stenopora tasmaniensis

Fig. 8.
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Figure adapted from Smith and Key (2020, their appendix table), indicating the summary of growth- and

calcification-rate measurements of bryozoan colonies, with newly added C. immersa shown with a red arrow,
C. attenuata (Hirose et al. 2020) and W. subtorquata (Lonhart 2012). Different colours represent the different methods
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The most recently reported satellite-derived sea-surface
chlorophyll-a value for the location site is 1.17 mg m~3, which
is well within the range reported for the known distribution of
C. immersa (Achilleos et al. 2019, fig. 3). The mean value for
sea-surface temperature reported for the deployment site is
12°C, which falls within the lower end of the surface
temperature range documented for this species (Achilleos
etal. 2019, fig. 3). The sediment at the site is characterised by
higher percentage of sand and bioclastic sediments, which is a
common substrate for this species (Achilleos et al. 2019).
Further, species in this genus are often associated with interme-
diate to high-energy environments, up to 2 m s~ (Wood et al.
2013; Achilleos et al. 2019). However, it is difficult to correlate
C. immersa growth rate with environmental data at this point,
because we do not have data among seasons for comparisons. It
is likely that the growth rate does vary among seasons or even
geographic locations, if the environmental parameters differ
significantly from the ones reported here.

Our lack of understanding of the exact relationship
between the environment and the growth rate in these species
makes it difficult to predict the extent of environmental
influences, such as climate change. Ocean acidification combined
with temperature elevation shows interactive effects on
marine calcifiers (e.g. Li et al. 2015). For example, Myriapora
truncata showed resilience at a lower pH for a few weeks, but
calcification stopped when combined with high temperature
(Rodolfo-Metalpa et al. 2010; Lombardi et al. 2011). In
contrast, Celleporella cornuta grew faster under high CO,, but
produced lighter skeletons with lower skeletal magnesium
that were therefore less soluble (Swezey et al. 2017b). It is
evident that both acidification and rising temperatures affect
the biomineralisation process (i.e. growth) in bryozoans.
Therefore, measuring temperature and potentially other
parameters while the in situ experiment is on-going is
critical in elucidating the potential impact of environmental
influences.

Energy distribution within an internode

The annual growth reported here for C. immersa requires the
assumption that the colony grows continuously in length at
the same rate throughout the year. This notion is unlikely
to be true, because at times the colony may have to prioritise
other important biological processes (Batson et al. 2020;
Smith and Key 2020), such that younger internodes have
lower growth rates.

Newly formed internodes are likely to split their energy
into primary calcification (i.e. calcium carbonate deposition
distally), secondary calcification to strengthen the foundations
of the new internode, skeletal resorption for the formation of
the node and the formation and growth of the rhizooids
(Batson et al. 2020). Schafer et al. (2006) stated that in
the early stages of internode formation in C. sinuosa, the
cryptocyst and interior walls are fully calcified, whereas the
first zooid row on the new branch tends to be almost twice
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as long as the rest of the autozooids. The same pattern was
also observed in C. immersa (K. Achilleos, pers. obs.). While
the new internode is growing, rhizooids are formed connect-
ing the two branches that are later separated by skeletal
resorption forming the internodes (Schafer et al. 2006;
Batson et al. 2020). On the same note, newly formed colonies
such as Colony 2 may temporarily pause their distal growth
for periods of time, while the organism is putting energy
into growing outwards by depositing secondary calcification
and growing their rhizoids for securing the foundations of the
colony. Horizontal cross-sections of the internodes may show
the deposition of secondary calcification through calcein
marking (e.g. Mahé et al. 2010), and would be a fruitful
area of future study. Further, histological sections or micro-CT
imaging of internode growth series would likely indicate the
process of skeletal resorption and rhizooid formation.

Another interesting observation was that sister internodes
do not necessarily reach the same size. This pattern was also
reported by Brey et al. (1999) for C. incula where the sister
internodes grew during the same interval but at different
rates. Similarly, Internodes 4 and 5 (Table 1) are sister
internodes but do not have the same size or growth rate. In
fact, Internode 4 was ~7.5 mm long, but Internode 5 was
only ~2 mm long. This difference was also reflected in their
growth rate, 0.375 and 0.165 mm month™! respectively. It is
unclear why these differences are observed between sister
internodes, but the split of energy in one of the internodes
and the temporary ‘sacrifice’ of the other could be a sign of
insufficient nutrient supply.

Itis as yet unknown how nutrient exchange occurs between
the internodes, or if any nutrient exchange occurs at all. If not,
each internode grows independently. How would a Cellaria
colony respond to damage? Another temperate bryozoan,
Watersipora subtorquata, grew slower after fragmentation
occurred (Hart and Keough 2009). Therefore, if nutrient
exchange occurs between the internodes, fragmentation is
likely to also affect the growth in C. immersa as the nutrient
supply direction would be prioritised towards repairing the
injury (i.e. fragmentation). If such exchange does not occur
between the internodes, then fragmentation is unlikely to affect
the growth of the colony other than the specific internode
where fragmentation may have happened.

Reproduction may also affect the growth rate of the sister
internodes. Ovicells (i.e. brooding chambers) in Cellaria
species are endozooidal and are potentially formed by the
immersion of the brood cavity into the colony through
skeletal resorption when the internode is mature (Ostrovsky
2013a; Batson et al. 2020). Ovicells are not present in the
newly formed internodes or zooids, but they are present on the
proximal parts of actively growing internodes (K. Achilleos,
pers. obs.). Embryo development is ensured by a cell complex,
a placental analogue, transporting nutrients between the
embryo and the maternal zooid (Ostrovsky 2013a, 2013b).
Therefore, older internodes in the colony may have different
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energy and nutrient requirements, depending on the repro-
duction stages.

Methods for measuring growth rate in bryozoans

Bryozoan colony lifespan ranges from a few months to several
years (Hirose et al. 2020; Key 2020; Smith and Key 2020, and
references therein). The following four popular methods are
used for measuring growth rate of bryozoans: (a) direct
observation (in situ or aquarium), (b) mark and recapture
(in situ or aquarium), (c) growth check lines and (d) chemical
proxies (e.g. isotope analysis). Published information on the
growth rate of bryozoans is largely based on methods a and
c. Direct observation by conducting short-term experiments
using settling-plates in situ, although popular, inevitably
measures mostly fast-growing opportunistic encrusting
species, the first to settle during such experiments. The
second most widely used method includes the identification
of annual growth checks, which has mostly been used for
erect species (Bader and Schifer 2004; Smith 2007; Hirose
et al. 2020; Smith and Key 2020).

Mark and recapture (method b) is the best option for
understanding the true growth rate of bryozoans, because
growth can be measured accurately in their natural environment.
However, field experiments present one major challenge, i.e.
relocating the experimental set up, especially when it is left in
the open ocean. Therefore, in situ growth experiments have
higher possibilities of success when they are performed short
term, such as in this study. This is a problem especially when
the species of interest is slow-growing, so that a short-term
experiment can provide only a snapshot of the growth.
Such challenge can be overcome by repeating the same
short-term (e.g. 3 months) experiment until a desirable
time period is met.

Long-lived species hold environmental information within
their skeletons that can be traced by following colony
development backwards (Pétzold et al. 1987; Key et al. 2018).
The combination of a long colony lifespan with distinctive
morphological characteristics and a rich fossil record often
kept in museum collections are some of the key features that
can be used for paleoenvironmental analysis (Smith 1995,
2007; Lukasik et al. 2000) or even for analysing archaeo-
logical artefacts (Key et al. 2014; Achilleos et al. 2022).
However, such paleoenvironmental analyses rely heavily on
a deep understanding of the living species. The development
of a relationship between in situ methods and others such as
chemical proxies, growth check analyses and even morpho-
metric analyses will be useful in translating such long-term
environmental information (e.g. Smith et al. 2001; Smith
and Key 2004). Ideally, such a relationship should be
established while the in situ growth experiment is on-going.
Specimens can be collected from the same location site to
be used for isotopic and growth-check analyses, which can be
matched back to the growth observed by calcein marking. At

the same time, morphometric analyses can be performed
through imaging by scanning electron microscopy.

Conclusions

Field experiments for studying growth in situ are not a novel
idea but there is limited information regarding the growth of
shelf fauna such as bryozoans, owing to the difficulties
associated with such experiments (see Smith and Key 2020,
and references therein). Whereas we have discussed it in the
context of bryozoan growth rates, this design can also be
applied for other sessile invertebrates with difficulty growing
in aquariums. Mid- to outer-shelf depths are notoriously hard
to study and sample and ‘Odyssey’ provides a window into
these challenging marine environments.

Essentially, when breaking down such an experiment, it
must consist of the following 10 key components:

1. Appropriate location for deployment based on the known
distribution of the species and fishing activity or other
potential disturbances.

2. Instruments such as a GPS logger and a temperature
logger or similar.

3. A robust and heavy platform, to ensure that the
experimental gear will remain at the chosen location
during deployment.

4. Attachment point for enabling deployment and secure-
ment of the buoy and any other instruments.

5. A protective layer such as a mesh, to protect the
specimens from exogenous factors (e.g. boulders). Ideally,
this layer could be removable to easily reach the specimens
post-deployment and collection. The openings of the mesh
should be wide enough to not disrupt the current flow but
still provide adequate protection.

6. Removable elements (e.g. metal sheet) for handling the

specimens underwater.

A rope and buoy.

8. Practical materials (e.g. epoxy and cable ties) for fast
attachment and removal of the specimens from the set-up.
9. A cell-permeant dye (e.g. calcein) to label the skeletal
structures, especially for complex branching colony forms.
10. Replication of the entire experimental design.

N
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