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Abstract

The habitat-forming Endangered ‘caulifiower’ soft coral Dendronephthya australis, endemic to South-east Australia, is in
rapid decline. To aid future conservation strategies, it is vital to understand the fundamental biological processes of this spe-
cies, particularly reproduction. This study describes the first records of sexual reproduction and asexual clonal replication,
with observations both in aquaria and in the wild. We used a combination of observations including histological analyses
of fresh specimens, and images of colonies in situ taken over 19 years, to investigate the reproductive cycle of D. australis.
Mature oocytes and spermaries were found to develop within colonies during February/March, 2022. We subsequently
closed the life cycle of D. australis from colonies spawned in aquaria, documenting all stages of embryogenesis and lar-
val development through to polyp metamorphosis, and successfully transplanted juvenile colonies back into the field and
documented their growth over six months to a maximum 435 polyps in size. We also document autonomous fragmentation
events to provide accounts of asexual clonal propagation. These records confirm that D. australis is gonochoric and likely
a broadcast spawning species that is also capable of utilising asexual reproduction by clonal replication. Observations of
mature gametes support the hypothesis that spawning activity coincides with the seasonal increase in water temperature,
and is likely to be a continuous phenomenon over 5 months of the year (November—March). These observations not only
contribute to the knowledge base for this species, but also provide invaluable information on reproductive strategies that will
support conservation efforts to assist the recovery of D. australis populations.
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propagation allows for a greater understanding of threats to
species and extinction risk (Mace et al. 2008).

Corals and sea anemones (Class Anthozoa) typically uti-
lise both sexual and asexual reproductive strategies (Hughes
et al. 1992; Bocharova and Kozevich 2011). Sexually, the
majority of hard coral species (Order: Scleractinia) are
hermaphroditic and are broadcast spawners (Harrison and
Wallace 1990; Kerr et al. 2011). By contrast, Octocoral-
lia (which includes the soft coral Order Malacalcyonacea
(McFadden et al. 2022)) are primarily gonochoric, with rare
instances of hermaphroditism (Kahng et al. 2011). Simi-
lar numbers of species in this family utilise brooding (via
internal and external fertilisation) and broadcasting spawn-
ing strategies (Kahng et al. 2011). However, on rare occa-
sions, corals within the same genus, such as Dendroneph-
thya, can employ differing reproductive strategies; with two
species (D. castanea and D. gigantea) found to be internal
brooders (Hwang and Song 2007, 2012), and two others
(D. hemprichi and D. suensoni) broadcast spawners (Dahan
and Benayahu 1997a; Choi and Song 2007). Consequently,
modes of sexual propagation are challenging to predict with-
out direct observations of individual species, with increased
research needed, particularly for threatened species (Puka-
zhenthi et al. 2005).

Within asexual reproductive strategies, clones of soft
corals are known to disperse opportunistically, often taking
advantage of available space (Fabricius 2011). These asexual
processes take a number of forms, and include: autonomous
fragmentation which entails the separation of a group of
polyps as a daughter colony (Dahan and Benayahu 1997b;
Kramarsky-Winter et al. 1997); polyp expulsion or bud-
ding, which describes the detachment of single polyps from
the mother colony (Kramarsky-Winter et al. 1997); fission,
where colonies split in two; and translocation, where corals
produce runners away from the parent to form a new daugh-
ter colony (Fabricius and Alderslade 2001; Fabricius 2011;
Kahng et al. 2011). Individual species can employ a number
of these strategies, and species-specific research is required
to ascertain which modes of asexual reproduction are most
commonly utilised. This information provides a greater
understanding of how aggregations of soft coral colonies
form and can increase knowledge about genetic dynamics.

Dendronephthya (Cnidaria: Malacalcyonacea) is a genus
of soft coral found on both tropical and temperate reefs.
Despite the fact that > 400 Dendronephthya species have
been described worldwide (WoRMS Editorial Board 2022),
we found published accounts of sexual reproductive pro-
cesses for only four species within the genus: D. hemprichi
(Dahan and Benayahu 1997b,a, 1998); D. castanea (Hwang
and Song 2012); D. suensoni (Choi and Song 2007) and D.
gigantea (Hwang and Song 2007). Only one of these stud-
ies provided details of asexual clonal propagation (for D.
hemprichi) (Dahan and Benayahu 1997b). With such limited
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research to date, it is unclear whether reproductive simi-
larities occur among members of the genus, or within the
order Malacalcyonacea more generally.

Dendronephthya australis (family Nephtheidae) is an
endemic soft coral with a distribution that is restricted to
the temperate waters of south-eastern Australia (Davis
et al. 2015a; Poulos et al. 2016). In recent years, the total
area inhabited by this species has rapidly declined (Harasti
2016; Larkin et al. 2021b), and it is now listed as Endan-
gered (NSW Fisheries Scientific Committee 2021) and a
priority species within the Australian Commonwealth’s
Threatened Species Action Plan (Department of Climate
Change, Energy, the Environment and Water 2022). Den-
dronephthya australis colonies comprise a hydroskeleton
supported by small calcite sclerites (Verseveldt and Alder-
slade 1982), with umbellate colonies growing up to~1 m
in height. Prior to the recent decline of this species (Larkin
et al. 2021b), aggregations of D. australis provided habi-
tat for a range of species, including juveniles of the com-
mercially and recreationally fished Australasian Snapper
(Chrysophrys auratus) (Poulos et al. 2013), the Endangered
White’s seahorse (Hippocampus whitei) (Harasti et al. 2014),
and a diverse array of invertebrates (Corry et al. 2018; Davis
et al. 2018; Finlay-Jones et al. 2021). Dendronephthya aus-
tralis was first described in 1905 with specimens from the
Sydney region (Kiikenthal 1905), and later redescribed from
specimens from Port Stephens (Verseveldt and Alderslade
1982). The species has been documented within the Port
Stephens estuary, NSW, for over 50 years (Verseveldt and
Alderslade 1982; Poulos 2011; Harasti et al. 2014), but its
rapid decline over the past decade (Larkin et al. 2021b) has
provided a strong impetus for targeted research to provide
critical information about its biology and ecology.

To date, there are no published accounts of reproductive
processes for D. australis. However, improved understanding
of reproductive processes is clearly an important step in sup-
porting conservation efforts that aim to promote restoration
of populations (Comizzoli et al. 2019). This study therefore
examines both the sexual and asexual reproductive strategies
of D. australis based on ex situ observations in aquaria, and
in situ observations in the coral’s natural environment. The
aim of this paper was ultimately to complete the life cycle
of D. australis to facilitate recovery and restoration of this
rare and Endangered species.

Materials and methods

In situ field observations, and installation trials of juve-
nile corals, took place at two sites (Sandy Point and Lit-
tle Beach) in the Port Stephens estuary, NSW, on shallow
(8—10 m depth) subtidal reefs along the southern shoreline
of the marine-dominated eastern basin (Fig. 1). These sites
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Fig. 1 Map of the Port Stephens estuary, Australia, showing the two study sites: Sandy Point and Little Beach

were the primary locations of remaining D. australis aggre-
gations when this study took place in January—March, 2022.
Ex situ sexual reproduction observations were conducted
in aquaria at the Port Stephens Fisheries Institute, Taylors
Beach, NSW, during investigations of restoration feasibility
in January—March, 2022. Observations of asexual repro-
duction took place at the National Marine Science Centre,
Coffs Harbour, NSW, during experiments on the survival of
transplant fragments in August, 2020 (Larkin et al. 2023).
Aquarium-based work utilised small branches of D. australis
removed with sterile, sharp scissors, from wild adult colo-
nies in the Port Stephens estuary. Images were taken using
Olympus TG4 and TG6 cameras both in situ and ex situ
throughout this study. All polyp counts were conducted with
the DotDotGoose v1.5.3 counting software (Ersts 2022).

Sexual reproduction

As documented within histological work by Choi and Song
(2007), maturing oocytes and spermaries in another species
of Dendronephthya (D. suensoni) were found to increase
in size, and migrate to the gastrovascular cavity and detach
from the mesenteries. For this study, it was therefore antici-
pated that only mature oocytes and spermaries in the gas-
trovascular cavity would be visible with the naked eye, thus

indicating that spawning was imminent. As our initial obser-
vations of oocytes and spermaries were the first for this spe-
cies, they triggered the close monitoring of fragments for
gamete release in aquaria, as well as retrospective analyses
of images containing D. australis colonies.

Aquarium-based observations of sexual
reproduction

Observations in aquaria utilised 33 individual branches with
a mean crown width of 6.7 + 1.2 cm from six donor colonies
at Sandy Point in Port Stephens (Fig. 1). Branches from two
of the colonies were collected on the 23rd of January 2022,
and a collection from a further four colonies took place on
the 20th of February 2022. Branches were placed in sepa-
rate 700 ml containers to enable observation of individuals,
and to ensure consistent feeding and water flows (Larkin
et al. 2023). Branches were maintained in 600 L circulating
filtered seawater, and fed daily with Reef Revolution Polyp
Feast Coral Food (powdered zooplankton), live rotifers,
and live microalgae Tisochrysis lutea, with complete water
exchanges every 48 h.

Aquarium-based observations were conducted daily
between 08:00 and 18:00 over a 10-week period. Photo-
graphs of all branches were taken every two days, to enable
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detailed, post hoc observations where required. Details of
gamete movements within branches, release events, and sub-
sequent larval progression were documented daily. If oocytes
had been visible in a fragment at 18:00 one day, but were no
longer were visible at 08:00 the next, an overnight release
event was recorded. Gametes and planulae were observed
with an AmScope T720Q compound microscope, and photo-
graphed with an AmScope MU1000-HS microscope digital
camera. Naturally released oocytes (N = 13) were measured
using a graticule, under 10 X magnification. Swimming
speeds of mobile, six-day-old larvae (~ 1 mm length, N=4)
were observed under an AmScope T20Q compound micro-
scope and a Nikon SMZ800N dissecting microscope, on a
1 mm grid Sedgewick Rafter slide for scale.

Histological processing

Samples ~ 1.5 cm in diameter were taken from ten coral frag-
ments (both January 2022 and February 2022 collections),
preserved in unbuffered 4% formalin and seawater for 48 h,
and stored in 70% ethanol until tissue processing for histol-
ogy. Tissues were washed in EDTA disodium salt (pH 7.4)
for removal of calcium carbonate spicules from the tissues,
following which samples were prepared for paraffin embed-
ding, tissue sectioning and staining at the Katharina Gaus
Light Microscopy Faculty at the Mark Wainwright Analyti-
cal Centre, University of New South Wales. Tissues were
processed through successive washes of ethanol, xylene and
paraffin for paraffin embedding, sectioned at 10 pum thick-
ness and stained with hematoxylin and eosin. Stained tissue
sections were permanently mounted on slides and scanned
using an Olympus VS200 scanner. The images were viewed
in the QuPath v0.3.2 software (Bankhead et al. 2017). Tissue
sections can be viewed in Supplementary Material S1. The
average diameters of 30 large oocytes and spermaries were
measured using Image J (Rasband 1997-2018). Only large
spermaries and oocytes as visible in the histology images
were selected for these measurements, as they were con-
sidered to be the closest to central sectioning and therefore
most representative of true mature gamete diameter; gametes
that appeared smaller in the images were likely to have been
sectioned through edges of the oocytes and spermaries.

Fertilisation and settlement

Following observations of the commencement of oocyte
release in aquaria on the 25th of February 2022, ~1200
oocytes were distributed between ten separate 1 L contain-
ers. One small branchlet from a male branch (comprising
20 polyps) was macerated and sperm was filtered through a
180 pm mesh and diluted in 100 ml filtered seawater. Five to
seven drops of the sperm mix were added to each container
with the oocytes. Fertilisation success was monitored for
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the following 3 h, and determined by evidence of cell divi-
sion. Subsequently, all embryos were combined in 4 X20 L
containers, with growth of planulae recorded daily thereaf-
ter. Water was exchanged daily for all containers containing
larvae.

To provide opportunities for larval settlement, small peb-
bles (~ 1-3 cm width) coated with patchy coralline algae,
and small fragments of conditioned ‘live rock’ (skeleton of
scleractinian coral) were placed in containers with larvae.
The pebbles with coralline algae were collected from the
Port Stephens estuary and, to minimise the risk of bacte-
rial impact on the larvae, were cleaned in fresh water for
4 h prior to being introduced to the aquaria. Live rock was
conditioned in filtered seawater for one month. A subsample
of 18 larvae was kept in a separate container, to determine
the maximum time of competency without the presence of
any substrate.

A microcosm experiment was concurrently conducted to
determine if larval settlement could be induced by a chemi-
cal cue. Methods were adopted from a study by (Yang et al.
2022), that showed some promise with Pocillopora dami-
cornis larvae. A concentration of 40 mM CaCl, was added to
3x70 ml ‘treatment’ and threecontrol vessels each contain-
ing 5 X 14-day-old larvae in filtered seawater. Small quartz-
based tiles conditioned in filtered seawater for 14 days were
placed in the base of each container as a non-reactive sub-
strate. Daily water exchanges took place for all replicates
(and replacement of the equivalent 40 mM CaCl, solution
in the treatment vessels) for seven days.

Post-settlement larval survival and growth

Post-settlement larval survival and growth was investi-
gated using a field trial. For this trial, fragments of live
rock (N=11) and coralline algae-covered pebbles (N=29)
were added to four shallow containers, with light aeration in
each. An estimated 280 larvae were haphazardly distributed
among the containers. The majority of D. australis larvae
settled on these fragments within 21 days post-fertilisation.
Subsequently, the rock fragments and pebbles bearing settled
polyps were secured with a polymer adhesive (Gorilla Super
Glue Gel) to small plastic bases to allow handling without
contacting the rocks (Fig. 2A, B). These plastic bases were
placed inside hydroponic net pot ‘pods’, with three to six
pods fixed onto stainless steel poles at varied heights above
the seafloor, ranging from O to 1.1 m height (Fig. 2C). Four
poles were installed at each of the Sandy Point and Little
Beach sites, with a total of 18 pods per site, at a depth of
9 m. The poles were installed within 10 m of adult colo-
nies, to ensure that surrounding conditions were suitable
for survival. Survival and growth rates were recorded every
4-6 weeks during SCUBA dives conducted over the six-
month period post-installation, and photographs were taken
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Fig.2 On the left and centre, two Dendronephthya australis larval
settlement substrates glued onto plastic bases: coralline algae-covered
pebble (A); live rock with juvenile individuals attached (B). On the

of each juvenile colony. Growth rates were measured as the
number of polyps in each colony.

Field-based observations of gametes

Following preliminary observations of reproductive activ-
ity in aquaria, a total of three 40-min roaming dive surveys
was conducted to document the presence of gametes visible
with the naked eye at the Sandy Point and Little Beach sites
(Fig. 1) during February and March, 2022. After a fresh-
water flood event, follow-up surveys were conducted at the
same sites in April to determine if gametes were still vis-
ible. The number of colonies with visible oocytes and sper-
maries were recorded on each occasion. Average diameters
(two perpendicular lengths) of gravid colonies were also
recorded. As D. australis colonies expand and contract mul-
tiple times per day (Davis et al. 2015b), determining a basis
for size measurements is a challenge. Polyp counts provide
an effective method for estimating size of small Dendrone-
phthya colonies (Fabricius et al. 1995). Therefore, the size
of gravid D. australis colonies was based on polyp counts.
Counts were conducted for small colonies (<50 mm aver-
age diameter) and for portions of larger colonies (> 50 mm
average diameter). The total polyp count for larger colonies
was estimated by scaling the counts for the measured area
by the total surface area of the colony calculated from the
measured colony diameters. To do this, polyps were counted
on a single cluster at the end of a branch on a D. austra-
lis colony, and multiplied by the number of clusters on the
colony. The total surface area of a colony was assumed to
be a half sphere. The total number of polyps per colony was
divided by the surface area, to provide a number of polyps
per cm?. This value was multiplied by the surface area of

right, steel posts with pods containing juvenile Dendronephthya aus-
tralis colonies in the field (C)

larger colonies, providing an estimate of total polyps (27r?
X polyps per cm?).

Timing of spawning

Tidal data were examined to explore potential relationships
among the aquarium-based spawning observations and the
lunar cycle. Additionally, the historical presence of mature
gametes was determined from images of D. australis colo-
nies, from the period 2004-2022, obtained from images
taken in all months. A summary of the number of colonies
surveyed each year is provided in Table 1.

All images with clear, side-on views of D. australis colo-
nies were closely examined for the presence of mature gam-
etes (N=142). When present, visible oocytes and spermaries
were noted together with the date of the image. These data
were analysed to determine whether reproduction events
showed a seasonal periodicity. Temperature data from 2015
to 2022, collected using Onset Hobo U22-001 temperature
loggers at 30-min intervals (www.onsetcomp.com), were
averaged by day and examined to explore the potential rela-
tionships between water temperature and the historical pres-
ence of visible, mature gametes, visible to the naked eye.

Asexual reproduction

Aquarium-based observations of asexual reproduction
Observations of asexual reproduction were conducted in
aquaria at Coffs Harbour using branches from four large
donor colonies which were sectioned to provide 48 branches

(with a mean crown width 6.3+ 1.1 cm) in August—Sep-
tember, 2020. Branches were maintained in aquaria for a
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Table 1 Total number of Dendronephthya australis colonies surveyed
by year and month, including surveys of suitable historical images,
and field observations

Year Total colonies Months surveyed

surveyed
2004 5 Jan, May, July, Sept, Oct
2005 1 Feb
2006 3 Jan, Feb, July
2007 1 Mar
2008 3 Feb, Oct, Nov
2009 4 Mar, May, Oct, Nov
2010 11 Jan, Apr, May, Sept, Nov, Dec
2011 7 Feb, Jun, Nov, Dec
2012 14 Jan, Apr, Jul, Aug, Sept, Oct
2013 9 Jul, Aug, Sept, Nov, Dec
2014 10 Jan, Mar, Apr, May, Jul, Sept
2015 19 Feb, Mar, Sept, Oct, Nov
2016 16 Jan, Feb, Apr, Jun, Jul, Aug, Oct, Nov
2017 6 Feb, Mar, Jun, Jul, Aug, Sept
2018 2 Mar, May
2019 9 Feb, Nov, Dec
2020 14 Jan, Mar, May, Jun, Jul, Aug, Sept, Oct, Nov
2021 5 Jan, Feb, Apr, Jul, Nov
2022 50 Jan, Feb, Mar

total of 4 weeks, using methods as per Larkin et al. (2023),
with inspections conducted daily. Photographs were used to
document instances of asexual reproduction over the study
period.

Field-based observations of asexual reproduction

Instances of asexual reproduction occurring in the field were
recorded during 28 surveys in Port Stephens in 2020-2021.
Photographs were obtained during all field observations. The
date of each observation was noted, as well as any other visi-
ble reproductive activity. Polyp counts were conducted using
images of reproductive branches, for both aquarium-based
and the field-based specimens. Based on the 250-degree vis-
ibility of the colonies in photographic images, polyp counts
were scaled by a factor of 1.3 to account for polyps outside
the field of view.

Results

Observations of sexual reproduction in aquaria
Histological H&E-stained sections demonstrated the pres-
ence of developed oocytes (with visible yolks) in the gas-

trovascular canals of female Dendronephthya australis
samples (Fig. 3B, C), and spermaries (with dense sperm
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aggregations) in the gastrovascular canals of the male sam-
ples (Fig. 3E, F). This confirmed that D. australis is gono-
choric and likely a broadcast spawner, as had been antici-
pated from the preliminary observations in aquaria and the
field. The average diameter of large oocytes was 313.5 +3.0
(SE) pm, and of spermaries was 196.3 +£2.5 (SE) pm. No
fertilised oocytes were present in the samples analysed.
Large oocytes and spermaries were free in the gastrovas-
cular canals of the polyps, and detached from the mesen-
teries, demonstrating that gametes were consistently well
developed between samples, and therefore maturing syn-
chronously in both male and female colonies.
Dendronephthya australis oocytes were first observed in
the gastrovascular canals of coral fragments in aquaria on the
3rd of February, 2022 (Fig. 3A), 11 days after the branches
were collected from the field. Although oocytes were present
and visible in retrospective analyses of fragment images by
day two after collection, these went unnoticed as the colo-
nies were originally collected for transplantation experi-
ments (Larkin et al. 2023). Oocytes were orange in colour,
and too dense for microscope lighting to penetrate. Subse-
quent inspections identified that all other branches that origi-
nated from the same colony also contained oocytes. Based
on the observed density of oocytes, it was estimated that
these branches, with ~ 1500 polyps, each contained ~ 5000
oocytes. Further inspection revealed that branches collected
from a second colony were likely to be sperm bearing, with
creamy-white coloured sperm sacs visible without the aid
of magnification (Fig. 3D). The presence of sperm was
confirmed under a microscope, and H&E-stained histology
images (Fig. 3E, F). Samples from four additional colonies
confirmed that either oocytes or spermaries were visible in
separate individuals, thus confirming gonochorism.
Branches in aquaria released batches of oocytes during
the observation period. Oocytes progressed up the gastrovas-
cular cavities of each branch and appeared to cluster near the
polyps over the ~7-14 days preceding release. During this
period, there were no visible cues to help predict the exact
timing of spawning prior to the event; oocytes appeared
clustered for many days prior to release. During spawn-
ing, female fragments were expanded, with all polyps open.
Some events saw the release of more numerous oocytes
than others and ceased when no oocytes were visible in the
branches. The average size of released oocytes was 371 £5.5
(SE) pm (Table 2). All female branches released oocytes on
at least two occasions, with the timing of most release events
occurring concurrently with other branches. Oocytes were
neutrally buoyant in the water column (see video in Supple-
mentary Material S2) and were distributed at varying depths
after one hour of being released (after which sperm retrieved
via maceration of male polyp bundles was added, and fertili-
sation commenced). No natural sperm release was observed
during this time; however, it may have occurred unnoticed.
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Fig.3 Female oocyte-bearing Dendronephthya australis branch
(orange oocytes visible with the naked eye) (A) and H&E-stained
histological image (B, C); and male sperm-bearing Dendronephthya

Table 2 Size summary of naturally released Dendronephthya austra-
lis oocytes, measured with a compound microscope and graticule

Summary statistics Oocyte size (pm)

Min 340
Max 415
Median 360
Mean+SE 371+5.5

Mass oocyte release in aquaria occurred on multiple
occasions during the observation period. These events
occurred on the 10th of February, 25th of February, and
between the 9th and 10th of March. Minor oocyte release
events occurred on two occasions within the 6-day period
prior to these mass releases. When plotted against the
tidal cycle, all three mass oocyte release events coincided
with, or were close to, neap tides (Fig. 4).

e

australis branch (D), with yellow arrows highlighting locations of
creamy-white coloured sperm sacs, visible with the naked eye; and
H&E-stained histological image (E, F)

Field observations of gametes

Field-based surveys confirmed that the majority of wild
colonies also contained mature gametes during February
and early March 2022, coinciding with the observations
of mature gametes, and spawning in aquaria. Of the 47
colonies inspected during field surveys, 34% were oocyte
bearing, 30% were sperm bearing and the remaining 36%
did not contain gametes large enough to be visible to the
naked eye. The smallest colony with visible gamete produc-
tion had an average diameter of 11.5 cm when retracted,
with an estimated 12,300 polyps. The largest gravid colony
had an average diameter of 37.5 cm when retracted, with an
estimated 143,000 polyps. Follow-up surveys at the same
sites in April 2022 found that all colonies that survived a
freshwater flooding event in March 2022 had ceased visible
gamete production.

Of the 142 historical images analysed, visible gametes
were present in 16 of the 19 summers represented by the
dataset time frame (2004-2022, Table 1). A total of 35
images with oocytes (25% of images analysed), and 28
(20%) with spermaries were observed (images were not
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Fig.4 Mass Dendronephthya australis oocyte release (denoted by red circles and arrows) and minor oocyte release (denoted by grey circles)
plotted against the average daily change in tide height over the time frame of observations in the aquaria (February—March, 2022)

included in this count if there was any uncertainty). The
earliest record of visible oocytes or spermaries in any year
was in October (in 2015), and the latest was in April (in
2010). Overall, the majority of mature gametes were evi-
dent in photos from November to March. Figure 5 presents
an example of colonies with no visible gametes. For the
2015-2021 period, for which temperature data were avail-
able, oocytes and spermaries were only visible in images
when water temperatures were above 19.1 °C (Fig. 6). The
number of colonies surveyed within each month and the out-
comes of both field-based and image-based observations are
shown in Table 3.

Fertilisation and settlement in aquaria

The first observation of cell division occurred 1 h after
oocytes (Fig. 7A) and sperm were combined, and there was
a high (~80%) fertilisation success (hereafter r=0 is referred
to as the time when the gametes were mixed). Division to
eight cells was observed in embryos after 2-3 h (Fig. 7B),

and 32 cells after 4-5 h. Approximately half of the embryos
were negatively buoyant immediately after fertilisation, the
other half remained suspended in the water column. Mortal-
ity rates of ~ 15% occurred within the first 24 h, with mini-
mal mortality thereafter. After 24 h, embryos took the form
of slightly irregular spheres. Transition to dense, spherical
planulae occurred during the first 40-50 h, after which cilia
and motility were first observed. Ciliated, pear-shaped lar-
vae were highly mobile after three days (Fig. 7C), reaching
their maximum length (~ 1 mm) and vermiform morphol-
ogy (Fig. 7D) by day five. Throughout their embryonic and
larval stages, planulae were observed in the water column
and on the base of the aerated containers. In the absence of
aeration, most were negatively buoyant. Preliminary micro-
scope-based measurements showed average six-day-old lar-
val maximum swimming speeds were 0.85 +0.06 mm s~'.
Larval settlement and metamorphosis to polyps
(Fig. 7E) first occurred eight days post-fertilisation. When
larvae were placed in containers with a choice between
pebbles with coralline algae, or live rock, 60% settled on

Fig.5 Close-up images of Dendronephthya australis colonies (left: taken 30th September, 2004; right: taken 13th November 2013) with no
gametes visible to the naked eye in the gastrovascular canals (indicated by yellow arrows)
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Fig.6 Timing of visible Dendronephthya australis gamete produc-
tion (oocytes/sperm) in historical images (denoted by green arrows),
against daily average water temperature. The temperatures adjacent to

Table3 Summary of Dendronephthya australis colonies surveyed
both in the field and via image-based analyses; ‘female’ colonies indi-
cated by observations of oocytes, ‘males’ indicated by observations
of spermaries, and ‘unclear/none visible’ indicating where no mature
gametes were observed

Month Total % Female % Male % Unclear/
colonies none visible
surveyed

Jan 16 31 44 25

Feb 62 34 40 26

Mar 13 46 46 8

Apr 8 13 0 38

May 7 0 0 100

Jun 4 0 0 100

Jul 11 0 0 100

Aug 7 0 0 100

Sep 15 0 0 100

Oct 18 17 22 61

Nov 20 25 25 50

Dec 8 50 38 13

Total/per- 189 24 26 50

cent as
weighted
average

pebbles with coralline algae, and 40% settled on live rock;
all settlement occurred within 18 days of fertilisation. Set-
tlement occurred on all conditioned aspects of the calcare-
ous substrates, with no apparent preference with respect
to light exposure or orientation. The time to competency
in the control treatment (with no settlement substrates
present), was between 22 and 30 days (median 25 days,
N=18 larvae). By day 30, 30% of the larvae had metamor-
phosed (N=18). No larval settlement occurred within the

the green arrows indicate the average temperature on the day of the
observed sperms/oocytes

treatment and control replicates during the CaCl, chemical
cue experiment.

Survival and growth rates of juvenile polyps

In situ observations identified that 46% of the juvenile
polyps installed at Sandy Point survived the first month;
however, none survived at Little Beach. After 190 days (~6
months), 22% of the juvenile colonies were still alive at
Sandy Point. Growth rates accelerated over time (Fig. 8),
with an average colony size of 141 polyps after 190 days.
There was considerable variation in the size of colonies,
with the smallest comprising 16 polyps, and the largest 435
polyps. The slower-growing juveniles (with fewer polyps)
tended to be on more densely populated pebbles.

Asexual reproduction

Autonomous fragmentation, or clonal propagation, was
observed after 26 days in the aquarium, with one branch
dropping a small polyp bundle (comprising 15 polyps). A
second fragmentation event, comprising 32 polyps, was
observed from a second branch two days later (Fig. 9A).
No instances of clonal propagation were observed from the
other 46 branches being monitored. Other physical signs of
stress (such as sclerite shedding) were observed, confirm-
ing that clonal propagation strategies were likely the result
of stress from branches being maintained in aquaria for a
substantial period (> 25 days). Within seven days of release
from the parent branches, both daughter polyp bundles had
formed root-like-processes (RLPs) (Fig. 9B). This indicates
that the fragmented polyp bundles were capable of attach-
ment to a substrate and forming new colonies.

During field-based observations, 14 instances of autono-
mous fragmentation were recorded, seven during the cooler
months (May-September, 2019-2021), and seven dur-
ing warmer months (November—March, 2019-2021). The
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Fig.7 Four developmental stages of Dendronephthya australis (A— vidual was eight days old when photographed); E two juvenile Den-
E): A oocyte; B cell division (eight cells) within 3 h of sperm and dronephthya australis attached to coralline algae-covered substrate
oocytes combined; C ciliated planula (three days); D fully grown (25 days old). Images A-D were taking using a dissecting micro-
larva (although most reached full length after five days, this indi- scope, E with a handheld camera
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Fig.8 Average~monthly change in Dendronephthya australis juve-
nile colony size (+ SD) after deployment in the wild at Sandy Point

clonal propagation process was particularly noticeable when
D. australis colonies were retracted with all polyps closed
in the parent colony, but open in the bundle preparing to

separate from its parent (Fig. 9C). Some fragments detached
without RLPs, and some appeared to grow RLPs prior to the
release of the bundle (Fig. 9D). The smallest, fragmented
bundle comprised 64 polyps, while the largest had 1500 pol-
yps. Fragmentation was recorded from both male and female
colonies when spermaries and oocytes were visible during
the summer months (two of each).

Discussion

This study confirms that the Endangered soft coral Den-
dronephthya australis is gonochoric and utilises broadcast
spawning as its sexual reproductive strategy. Histological
images show that oocytes and sperm were synchronously
developing in the stems of separate colonies. Mature oocytes
were released in aquaria and were subsequently fertilised

Fig.9 Dendronephthya australis branch and fragment (inset) (A);
two D. australis fragments seven days after bailout showing root-
like-processes (indicated the arrows) (B); in-field observation of a D.

Root-like-
processes

australis colony in poor condition releasing a polyp bundle (C); root-
like processes were visible at the base of the fragment being released
(circled) (D)
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with laboratory-extracted sperm. As gametes were at the
final developmental stages within colonies of both sexes
during these observations in January—March 2022, and his-
torical images demonstrated that gametes were large enough
to be visible over historical summers, it is likely that the
spawning events witnessed in this study occurred at a time
they are likely to naturally spawn (not as a result of stress, as
is possible with some corals (Fadlallah 1983)). Our obser-
vations suggest that D. australis is a broadcast spawner, as
no embryos were present within sectioned female branches
sampled from the field. There was no evidence to support the
suggestion that this species utilises brooding, as previously
proposed (Williamson et al. 2022). These observations align
with the gonochoric broadcast strategies employed by two
other Dendronephthya species, D. hemprichi (Dahan and
Benayahu 1997a), and D. suensoni (Choi and Song 2007).
However, this mode is not consistent across all Dendrone-
phthya species, as D. castanea and D. gigantea have been
shown to be gonochoric brooders (Hwang and Song 2007,
2012). Previous studies have identified that timing and fre-
quency of gametogenesis between species are varied (Dahan
and Benayahu 1997a; Choi and Song 2007; Hwang and Song
2007, 2012), and only two studies have previously detailed
embryonic developmental stages (Dahan and Benayahu
1998; Hwang and Song 2007).

The evidence presented here suggests that D. australis
colonies likely spawn between October and April, with most
instances of sexual reproduction occurring during the Aus-
tral summer months, when the water temperature in Port
Stephens is generally > 19 °C. Although timing of spawning
within the Order Malacalcyonacea is highly variable, it is
common for species to spawn during the warmer months of
the year (Beiring and Lasker 2000; Fan et al. 2005; Hwang
and Song 2007). Field-based observations and historical
images confirmed the presence of mature gametes during
multiple summers in most of the years of observation. Three
of the four previous studies of reproduction in Dendrone-
phthya spp. also demonstrated that most spawning occurs
during the summer months (Choi and Song 2007; Hwang
and Song 2007, 2012), with D. hemprichi the only spe-
cies demonstrating year-round gamete release (Dahan and
Benayahu 1997a).

The ~ 1:1 sex ratio in the Port Stephens population pro-
vides preliminary data for future population fecundity work.
As the sample size was relatively small, these data are not
necessarily representative of broader population parameters.
Approximately one-third of the colonies observed did not
contain gametes visible to the naked eye. These could poten-
tially have been male colonies with less visible spermaries
(Bloomberg and Holstein 2021), immature colonies, not yet
capable of sexual reproduction (Fan et al. 2005; Waller and
Tyler 2011), stressed colonies putting energy into survival
instead of reproduction (Bloomberg and Holstein 2021),
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or recently spawned colonies with reduced gamete density
in the tips of the gastrovascular cavities (Hwang and Song
2009).

Oocyte release in aquaria was observed at times that were
close to, or coinciding with, the neap tide lunar phases in the
Port Stephens estuary (Fig. 4). Ecologically, this strategy is
advantageous for broadcast spawners in environments with
strong tidal flow, as neap tides result in slower water flow,
maximising the opportunity for oocyte and sperm interaction
(Van Woesik 2010), and retention of larvae within the same
habitat (Ellien et al. 2004). Neap tide spawning has previ-
ously been recorded as a strategy utilised by other cnidarian
species (Monteiro et al. 2016; Wolstenholme et al. 2018).
Only two studies have previously observed Dendronephthya
gamete release: the brooding species D. gigantea spawned
on or close to the full or new moon (Hwang and Song 2007);
and D. hemprichi spawned on several successive nights,
without apparent correlation with the lunar cycle (Dahan
and Benayahu 1997a). The inconsistency between these
strategies suggests that timing of gamete release is likely
an adaptation to specific environments for Dendronephthya
soft corals.

This study provides the first record of larval development,
settlement, and early life colony growth rates for D. aus-
tralis. The larvae grew to their full length within five days,
and settled and metamorphosed to polyps from eight days
of age. Settlement occurred on both coralline algae-covered
pebbles, and the conditioned surfaces of the coral rubble.
Larval settlement on coralline algae-covered substrate is
typical for many coral species, including octocorals (Sebens
1983), and Scleractinia (Morse et al. 1988; Harrington et al.
2004). These interactions between coral larvae and coralline
algae are complex, and not entirely understood (Ritson-Wil-
liams et al. 2009; Gémez-Lemos et al. 2018). It is generally
accepted that settlement induction occurs due to chemical
signals from specific algal species (Slattery et al. 1999; Teb-
ben et al. 2015), or due to signals from associated biofilm
bacterium (Sneed et al. 2014) (or a possible combination of
these) (Suzuki and Hayashibara 2011; Gémez-Lemos et al.
2018). Chemical cues from alternative conditioned calcare-
ous substrates such as coral skeletons or coral rubble have
also been found to induce coral larval settlement (Dahan
and Benayahu 1997a; Heyward and Negri 1999; Golbuu and
Richmond 2007). Benthic topography (Doropoulos et al.
2016; Levenstein et al. 2022), conditions associated with
habitat depth (Ritson-Williams et al. 2009; Shlesinger and
Loya 2021), and algal or bacterial inhibitors (Kuffner et al.
2006) are other factors that may influence larval substrate
selection. Although our observations of larval settlement
in D. australis indicate that substrate preferences are likely
similar to many coral species, more work is required to gain
a true understanding of the settlement ecology of this soft
coral. With an observed competency period of 8—18 days in
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the presence of suitable substrates, and a longevity of up to
30 days, D. australis larvae have the potential to disperse
a moderate distance away from the point of fertilisation.
Although modelling shows coral communities primarily
self-recruit (Figueiredo et al. 2013), the Port Stephens estu-
ary’s strong tidal currents may result in the relocation of
larvae away from parent populations. Further observations
to confirm the robustness of competency and longevity time
frames, coupled with detailed tidal modelling, would facili-
tate calculations of the probable dispersal range for the larval
stages of this species.

The single-polyp D. australis juveniles were found to
grow rapidly over the first six months in their natural habi-
tat, with the largest surviving colony growing to 435 polyps,
and the average trajectory of growth for all not yet plateauing
by the end of the monitoring period (Fig. 8). Field obser-
vations showed that colonies can be sexually mature when
they are still relatively small, with the smallest gravid colony
observed having an average diameter of 11 cm, with an esti-
mated ~ 12,300 polyps. This is comparable to D. hemprichi,
in which gonads were found in colonies >9 cm in length
(Dahan and Benayahu 1997a). Due to the constrained popu-
lation size during the observations within this study, further
work is required to determine the size and potential age at
which D. australis colonies start to become sexually mature.

We were able to confirm that D. australis also reproduces
asexually through autonomous fragmentation. The rapid
development of RLPs in these fragments allows for attach-
ment to the substratum and the establishment of colonies in
new locations, mirroring the process described for D. hemp-
richi by Dahan and Benayahu (1997b). The size of detached
fragments was found to vary greatly, ranging from 15 to
1500 polyps. This indicates that a single large colony, such
as the one estimated to have ~ 143,000 polyps (estimate for a
large, gravid colony), has the potential to produce many frag-
mented offspring, through asexual reproduction. We found
no seasonal variation in the occurrence of fragmentation,
and consequently it is unlikely that water temperature was a
primary trigger for these events, with fragmentation there-
fore providing a year-round means for D. australis to repro-
duce. As shown in Fig. 9, some colonies releasing fragments
were in poor condition, suggesting that D. australis may
employ asexual reproduction in an attempt to persist and
relocate during times of stress (Sammarco 1982; Fordyce
et al. 2017). Ecologically, asexual reproduction can assist
species populations by, for example: spreading mortality risk
(Smith and Hughes 1999); increasing population; promoting
the ability to colonise space (Dahl et al. 2012); avoiding the
cost of breeding; and, avoiding the process of deterioration
with age (Hughes 1989). This process also allows strong
genotypes to proliferate (Ayre 1983; Hughes 1989; Pirog
et al. 2019). However, there are also disadvantages of clonal
propagation which include: high mortality risk due to loss of

tissue during the physical process of fragmentation; reloca-
tion of ramets to unsuitable habitat; and reduced fecundity
(Smith and Hughes 1999).

Propagation of malacalcyonacean soft coral colonies via
the exploitation of clonal, asexual reproductive processes is
a common approach for transplantation programmes (Oren
and Benayahu 1997; Perkol-Finkel and Benayahu 2009;
Ng et al. 2015; Larkin et al. 2021a). While using sexual
reproduction for restoration is becoming more common
for scleractinian corals (Cameron and Harrison 2020; Dela
Cruz and Harrison 2020; Miller et al. 2022), there are no
known studies exploring the potential for this approach to
aid the recovery of soft coral populations. Methodologies
employed with scleractinian corals (Cameron and Harri-
son 2020) could be considered in future attempts to restore
populations of D. australis. As a strategy to revolutionise
restoration for this species, utilisation of sexual reproduction
has the potential to generate a million larvae from the col-
lection of just 20 female branches 1500 polyps in size, and
a fewer number of male branches due to the large quantities
of sperm found within each branch. With the high rates of
larval survival demonstrated in this study, and the potential
for high post-settlement survival in the field, this approach
has strong potential for generating new colonies to aid future
restoration efforts. Juvenile placement at multiple sites can
reduce the risks associated with deployment in the field.
Sand mobilisation during a severe weather event was the
likely cause of the mortality at Little Beach; however, a high
percentage of juveniles survived at Sandy Point, suggesting
that the risks from various stressors are spatially variable
and a multi-site restoration approach is likely to promote
success. Understanding the critical risks facing colonies
post-deployment, and their spatial and temporal patterns,
is clearly an important avenue for further research to ensure
that our findings can be successfully applied to broader res-
toration efforts.

Understanding that D. australis uses both sexual and
asexual propagation strategies provides some important
ecological perspective for populations in Port Stephens.
The presence of mature gametes suggests that D. australis
likely spawns during approximately five months of the year.
Repetitive and synchronous spawning events during neap
tides over this period mean that colonies have the poten-
tial to produce millions of progeny during a single summer.
Multiple gamete release events are a common phenomenon
within Octocorallia (Gutiérrez-Rodriguez and Lasker 2004;
Gori et al. 2007; Kahng et al. 2008; Hellstrom et al. 2010)
that can increase the chance of appropriate oceanic condi-
tions for larval survival and settlement (Vermeij et al. 2006),
and reduce the risk of polyspermy (Ritson-Williams et al.
2009). Conversely, smaller gamete release events such as
these have also been associated with a reduction in fertili-
sation success in the wild when compared to single mass

@ Springer



146 Page 14 of 17

Marine Biology (2023) 170:146

broadcast spawning events (Oliver and Babcock 1992). Fur-
thermore, fertilisation is reliant on synchronous spawning of
male and female colonies within proximity to one another
(Levitan and Petersen 1995). The synchronicity of spawn-
ing times for broadcasters can also be susceptible to disrup-
tion by environmental changes such as rapid temperature
fluctuations, and anthropogenic pollution (Shlesinger and
Loya 2019). Due to the recent rapid decline of D. australis
aggregations in their historically most abundant location,
Port Stephens (Larkin et al. 2021b), the findings within this
study are important, albeit concerning, for this Endangered
species, as they indicate that any rapid recovery will likely
be reliant on the persistence of populous aggregations, and
suitable environmental conditions. Seasonal sexual repro-
duction, combined with year-round asexual clonal propaga-
tion, have the potential to create substantial aggregations
comprising many thousands of D. australis colonies, an
ecological status that was once found in the estuary (pers.
obs. back to the mid-1980s).

Ultimately, working with an Endangered species inher-
ently comes with limitations. Following recent declines in
abundance, very few D. australis colonies remain in the
wild, particularly in the Port Stephens estuary (Larkin et al.
In Review). Consequently, conventional large-scale sam-
pling using multiple colonies is not feasible and any form
of destructive sampling should be minimised. By using
image analyses and field observations, we eliminated the
need for physical impact on this Endangered species through
extensive sampling, the methodology used to determine the
timing of gamete production for other Dendronephthya spp.
(Dahan and Benayahu 1997a; Choi and Song 2007). To
continue monitoring sexual reproduction in the wild, pho-
tographs and analyses by trained personnel could continue to
be used to determine likely reproductive activity. However,
sampling of whole colonies will be required to determine
more detailed processes of gametogenesis and colony fecun-
dity (as in Tsounis et al. 2006; Gori et al. 2007) if such data
are deemed important.

To better understand the population dynamics of this
species, future studies can build upon our findings that D.
australis is a seasonal gonochoric broadcast spawner that
also employs autonomous fragmentation to asexually repro-
duce. Knowledge of these reproductive processes provides
insight into how historical populations prospered. Conse-
quently, these discoveries should aid restoration efforts to
create insurance populations and assist the recovery of this
ecologically important habitat-forming coral: this work
therefore represents an important step in efforts to prevent
its further decline towards extinction.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-023-04298-x.
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