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In studies of habitat-forming species, those that are not spatially dominant are often
considered “non-primary” habitat and may be overlooked. This is despite the fact that
minority habitat formers can provide critical complexity, food, and other services that
underpin ecosystem biodiversity. Octocorals and anemones are found in marine and
estuarine habitats across all climate zones. Despite their potentially important ecological
roles, to date there have been few studies of their specific threats and stressors or
attempts at their restoration. Here we review studies of the ecology of octocorals and
anemones with a focus on threats and restoration. We identify many threats including
habitat damage, collection and trade, disease, predation, pollution, and the most wide-
spread — climate change. While evidence suggests that some octocorals and anemone
populations may be more resilient to disturbances than stony corals because they often
recruit and grow quickly, resilience is not guaranteed. Instead, resilience or susceptibility
within this large group is likely to be site and species specific. We find that the loss of
octocorals and anemones has been difficult to quantify as most species have no hard
structures that remain following a mortality event. Only through long-term monitoring
efforts have researchers been able to document change in these populations. Due to the
increasing extent and severity of human impacts in marine ecosystems, restoration of
habitat forming species is becoming increasingly necessary after disturbance events. To
illustrate the challenges ahead for octocoral and anemone restoration, we present two
examples of ongoing restoration efforts assessed against the International Standards
for the Practice of Ecological Restoration. Restoration planning and implementation
progress are documented for the Mediterranean red coral Corallium rubrum and the
temperate Australian cauliflower soft coral, Dendronephthya australis. This review and
the detailed case studies demonstrate that while some octocorals and anemones can
provide resilient habitat within reef systems, a greater research focus on their ecology,
threats, and restoration potential is urgently required.
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INTRODUCTION

In many ecosystems, studies of habitat-forming species often
focus on those believed to support the greatest mobile species
diversity, such as seagrass in shallow coastal water and kelp
in temperate rocky reefs (Duffy, 2006; Nagelkerken et al.,
2008; Teagle et al, 2017). This can lead to an unresolved
understanding of the role of non-primary (or spatially sub-
dominant) habitat formers and an underestimation of the
ecosystem services they provide (Coleman and Wernberg, 2017).
In seagrass ecosystems, mixed macroalgae-seagrass stands have
significantly higher vegetative surface area than seagrass alone,
leading to a proportional increase in epifaunal densities (Stoner
and Lewis, 1985; Parker et al., 2001). In addition, the loss
of non-primary habitat formers can negatively impact mobile
species, such as in Florida Bay seagrass systems, where the
loss of sponges resulted in declines of juvenile commercially
important lobster species that required human intervention
(Butler Iv, 1995). In temperate rocky reefs, fucoid algaes are
often overlooked in favor of kelps, but fucoids support unique
and abundant assemblages of macroinvertebrates (Coleman and
Wernberg, 2017). In tropical coral reef ecosystems, it is often
assumed that octocorals and anemones are not the primary
habitat used by the majority of mobile species and as such
they have tended to be overlooked relative to their stony
counterparts (Norstrom et al., 2009; Ferrari, 2017; Epstein and
Kingsford, 2019). In deeper marine ecosystems, aposymbiotic
octocorals can be more prominent but these systems are
less well-studied (Sdnchez et al., 1998; Cerrano et al., 2009;
Wareham, 2009; Baillon et al., 2012). When studied in detail,
octocorals and anemones are revealed as structurally complex
animals that are used as habitat, food sources, and foraging
substrate by a variety of mobile fauna across the world (Fautin
and Allen, 1997; Heifetz, 2002; Epstein and Kingsford, 2019;
Schweitzer and Stevens, 2019).

Octocorals and anemones have a world-wide distribution
in marine and estuarine habitats, with species inhabiting all
climate zones and habitat types (Verselveldt and Alderslade,
1982; Dinesen, 1983; Fautin, 1992; Sanchez et al., 1998; Heifetz,
2002; Fautin et al., 2013). Reefs in the same climatic zones can also
have very different patterns of octocoral distribution depending
on location. For example, in tropical climates, Great Barrier Reef
(GBR) octocorals are much more abundant on reef slopes than on
shallow reef flats, while in the Caribbean octocorals are abundant
in both shallow reefs and deep, wave exposed reef terraces
(Dinesen, 1983; Sanchez et al., 1998). In the GBR, octocorals
can also comprise up to 45% of coral cover on individual reefs,
while in the Caribbean, octocoral abundance and density can be
even higher (Sanchez et al., 1998; Australian Institute of Marine
Science [AIMS], 2018; Epstein and Kingsford, 2019). Octocorals
are also widely distributed in depth range, and are found in
deep water reefs from temperate to arctic waters (Verselveldt and
Alderslade, 1982; Heifetz, 2002). Since octocorals and anemones
have varying degrees of structural complexity, they can provide
important structural habitat for many species in all climate zones
(Figures 1b-e; Heifetz, 2002; Poulos et al., 2013; Ferrari, 2017;
Richardson et al., 2017).

FIGURE 1 | Use of soft corals and anemones as food and habitat. (a) Bite
marks in Aldersladum sp. soft coral, (b) use of Anthelia sp. as habitat by
frodfish, (¢) obligate symbiont Hippocampus bargabanti in its gorgonian host,
(d) corallivorous cowrie in Dendronephthya australis, and (e) use of mixed
stony coral, soft coral, and anemone habitat by anemonefishes, damselfishes,
wrasses, and other fish species. Photo credits - (a,b,e) Rosemary K.
Steinberg, Lord Howe Island. (c) Steve Childs, https://www.flickr.com/
photos/steve_childs/2643195469, d) John Turnbull, MarineExplorer.org.

Octocorals and anemones are benthic Cnidarians that
share a wide variety of physical traits, most prominently
that neither form solid skeletal structures, and both have
strong defense mechanisms. Octocorals and anemones are
soft-bodied, although octocoral tissues do contain calcified
spicules and/or axes that increase tissue stiftness (Koehl, 1982;
Fabricius and Alderslade, 2001; Sethmann and Woérheide,
2008; Fabricius, 2011). Octocorals primarily rely on secondary
metabolites for defense, rendering them unpalatable and
sometimes toxic, while anemones employ painful stings from
venomous nematocysts (Changyun et al., 2008; Frazao et al,,
2012). Octocorals are primarily colonial anthozoans that possess
polyps with eight tentacles, often fringed with pinnules (Fabricius
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and Alderslade, 2001; Fabricius, 2011). Examples include
photosynthetic Xeniid octocorals, also known as pompom corals,
which are commonly found in tropical and subtropical shallow
reefs (Figures 1b,e), and non-photosynthetic Dendronephthya
sp. octocorals, also known as carnation corals, which are
usually found in deep water from temperate to tropical
zones and come in a wide variety of colors (Figures 1c,d;
Fabricius and Alderslade, 2001). Anemones are generally
solitary, though they can also form colonies, with some
species employing both life histories (Francis, 1979). The
most well-known group of anemones are the host anemones,
which associate with anemonefish. The bubble-tip anemone
Entacamaea quadricolor is particularly popular both as a tourist
attraction and in home aquaria (Figure le; Jones et al., 2008;
Scott et al., 2011; Thomas et al., 2015). In addition, octocorals
and anemones have similar ecological roles as soft benthic
habitat formers.

Across the world, octocorals and anemones provide shelter
and food for a wide variety of mobile species, including
endangered species and habitat specialists (Figures la-e).
For example, gorgonians are famous for hosting habitat-
specialist pygmy seahorses amongst other less charismatic fauna
(Figure 1c; Lourie and Randall, 2003; Cerrano et al., 2009;
Harasti, 2016; Epstein and Kingsford, 2019). In temperate
waters, octocorals are critical habitat for the endangered White’s
Seahorse and host epibenthic food sources such as amphipods
for other protected sygnathids (Harasti et al., 2014; Harasti,
2016; Corry et al., 2018). In the subarctic, sea pens and other
octocorals provide nursery habitat for larvae of commercially
important fisheries species (Baillon et al, 2012). In tropical
and subtropical systems, anemones can form aggregations
that house large anemonefish populations - North Solitary
Island and the surrounding region have the highest density
of anemones in the world, leading to very high anemonefish
densities (Richardson et al., 1997; Scott et al., 2011). Additionally,
anemones support other species of macro-symbionts including
Dascyllus sp. damselfishes, anemone shrimps, and anemone crabs
and are food sources for other fish species, such as butterflyfishes
(Ates, 1989; Fautin et al., 1995; Valdivia and Stotz, 2006). Though
examples of specific mobile fauna species utilizing octocoral and
anemone habitat have been recorded, few general studies exist.
Recently Epstein and Kingsford (2019) reported for the first time
that fish species richness in Orpheus and Pelorus Islands on the
central GBR increases with octocoral - but not stony coral -
cover. Similarly, in temperate waters off the eastern United States
fish abundance was significantly positively correlated with sea
whip coral cover, but not to any other benthic habitat group
(Schweitzer and Stevens, 2019).

Hard and soft benthic cnidarians are under increasing
threat from both natural and human-induced disturbances,
including climate change, disease, anchor and boat damage, and
commercial collection (Loya et al., 2001; Precht et al., 2001;
Santangelo and Abbiati, 2001; Goldberg and Wilkinson, 2004;
Garrabou et al., 2006; Bruno et al., 2007; Jones et al., 2008;
Poulos et al.,, 2013; Thomas et al., 2015; Erni Cassola et al,
2016). Many threats facing octocorals and anemones are similar
to those facing stony corals, although some responses are unique

(e.g., Loya et al., 2001). Additionally, both octo- and stony corals
are commercially harvested for the commercial aquarium trade,
but some species of octocoral are also harvested for jewelry -
a threat unique to octocorals and black corals (Grigg, 2001;
Santangelo and Abbiati, 2001). Conversely, some destructive
stony coral predators such as the Crown of Thorns seastar,
whose populations are understood to benefit from agricultural
runoff, rarely ingest octocorals, creating possible opportunities
for octocoral population expansion (Endean and Stablum, 1971;
Fabricius, 1997; Kayal et al., 2012).

Although vulnerable to anthropogenic threats (Loya et al,
2001; Santangelo and Bramanti, 2010; Harasti, 2016), there is
also evidence that octocorals and anemones possess traits that
may increase their ability to recover naturally and make them
amendable for restoration projects. Octocorals and anemones
generally do not form calcium carbonate skeletons, and therefore
do not build long term reef structures. As such, soft-bodied
habitat-forming organisms can often recruit and grow faster
than hard-bodied ones. For example, on the GBR the octocoral
Sinularia flexiblis and the fast-growing stony coral Acropora
hyacinthus grow at estimated average rates of 128 £ 7 cm?y~!
and 4122 + 9.5 cm?y !, respectively, following bleaching-
induced population declines (Bastidas et al., 2004; Linares et al.,
2011). The soft coral Efflatounaria sp. uses clonal reproduction
to reach pre-disturbance abundance (but not percent cover)
within 109 days of a disturbance event (Karlson et al.,, 1996).
Additionally, in the Florida Keys, recruitment dynamics vary
significantly between stony and octocorals after temperature
disturbance. In recruitment surveys only three species of
opportunistic or hardy stony coral were recorded, while a
wide range of octocoral genera recruited (Bartlett et al., 2018).
Though octocorals generally recover quickly after disturbance
events, recovery times vary. For example, rocky-wall octocoral
communities in the Tropical Eastern Pacific are expected to
take 21-34 years to recover their full suite of octocoral species
after disturbances (Gomez et al, 2018). In total, on tropical
reefs octocoral communities can reach pre-disturbance densities
in 10-15 years, whereas the full suite of stony corals can take
up to 100 years (Rinkevich, 2005). It should be noted that
stony coral can recover to pre-disturbance cover much more
quickly, though community composition may not be the same
(e.g., Robinson et al, 2019). After disturbances that deplete
stony coral populations and cover, a phase-shift to octocoral-
dominated reefs can occur, quickly increasing species and habitat
diversity (Norstrom et al., 2009). Octocorals and anemones are
also adept at colonizing novel habitats and can quickly increase
both structural and species diversity in an area (Brace and
Quicke, 1986; Perkol-Finkel and Benayahu, 2005; Perkol-Finkel
et al., 2005; Hiscock et al., 2010). This has resulted in some
species becoming particularly successful invaders (Concepcion
et al., 2010; Hancock et al., 2017). Anemones grow relatively
slowly, but can reproduce asexually, leading to relatively rapid
local population expansion (Brace and Quicke, 1986; Veale and
Lavery, 2012; Scott et al., 2014; Scott, 2017). Though the lack of
skeletal structure likely facilitates rapid recovery, it also means
that their initial loss can be difficult to quantify because octocorals
and anemones leave no obvious traces of population declines
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or extirpations. Understanding soft coral ecology likely requires
a finer temporal scale of sampling than necessary for habitat
formers that leave a skeleton or shell. Due to certain inherent
biological characteristics such as rapid growth and reproduction,
benthic soft-bodied cnidarians may become an increasingly
dominant component of future reefs and a focus on their biology,
ecology, and restoration is dearly warranted.

In this review, we apply the international and regional
frameworks provided by the Society for Ecological Restoration
(SER) to assess current knowledge of octocoral restoration
(McDonald et al., 2016a,b). As the first necessary step, we identify
previous and/or ongoing damage and threats to octocorals
and anemones and identify critical knowledge gaps. Second,
we examine the information needed to successfully restore
octocorals and anemones and link current knowledge gaps
to potential novel restoration approaches. These goals will be
different for each target species and may or may not involve
returning the restoration site to pre-disturbance diversity and
abundance, depending on the type and severity of the initial
disturbance (McDonald et al., 2016a). Finally, we present two case
studies of ongoing restoration efforts to highlight the difficulties
in setting specific restoration targets and identifying successful
replanting techniques.

WHAT ARE THE THREATS FACING
OCTOCORALS AND ANEMONES?

The most wide-spread threat to habitat-forming cnidarians is
climate change (Sokolow, 2009; Cheal et al, 2017; Hughes
et al., 2017). In fact, reefs around the world are experiencing
unprecedented warming-induced bleaching events (Hughes
etal., 2017). Although bleaching is widely studied, most research
is focused on reef-building stony corals, but zooxanthellate
octocorals and anemones also bleach, which can lead to stress,
disease and mortality (Loya et al.,, 2001; Lambo and Ormond,
2006; Hill and Scott, 2012; Hobbs et al., 2013; Scott and Hoey,
2017). For example, in the tropics the majority of recorded
octocoral and anemone loss has been attributed to climate-
change induced bleaching (Loya et al., 2001; Lambo and Ormond,
2006; Harrison et al., 2011; Thomas et al., 2015). These bleaching
events are caused by increased sea surface temperature of as little
1°C above the physiological upper limit of the symbiosis, and
coral bleaching is predicted to be the summer norm by 2050
(Harrison et al., 2011; Van Hooidonk et al., 2016).

On the GBR coral reefs have recently been subjected to
repeated mass bleaching events which have caused coral mortality
and significantly impacted coral species assemblages, 3D reef
structure, and ecological functions, but the impact on octocorals
and anemone cover has not been quantified in this period (De’ath
et al., 2012; Hughes et al., 2017, 2018; Australian Institute of
Marine Science [AIMS], 2019). Conversely, recent monitoring
from the Australian Institute of Marine Science shows that
octocoral cover is fairly stable in shallow waters of the GBR
(Australian Institute of Marine Science [AIMS], 2018). In Japan
after the prolonged 1998 heatwave at Sesoko Island, bleaching
mortality was greater in octocorals than stony corals, with a

99% decrease in overall octocoral cover vs. 73% in stony corals
(Loya et al., 2001). In the Houtman Abrolhos Islands in Western
Australia, anemone cover dropped from 70% in 1992 to 0% in
2012, at least partially due to the 2011 marine heat wave (Thomas
et al., 2015). Because of the loss of the obligate anemone hosts,
anemonefishes were also extirpated from the area (Thomas et al.,
2015). Bleaching can also have severe long-lasting, sub-lethal
effects on octocorals. Laboratory experiments on Lobophytum
compactum found that egg fertilization success, fecundity, and
offspring viability were all significantly impacted for at least 20
months post-bleaching (Michalek-Wagner and Willis, 2001).

Ocean acidification is expected to significantly impact reef
ecosystems worldwide by reducing the calcification ability of
reef-building organisms (Kleypas and Yates, 2009). Though
octocorals do not build reef structure, they produce calcified
spicules and/or axes for tissue stiffening and structural support
and can be negatively impacted by increased oceanic CO;
(Koehl, 1982; Watabe and Kingsley, 1992; Kleypas and Yates,
2009; Goémez et al.,, 2015). These impacts have been studied
in situ using natural CO, gradients associated with volcanic
vents, and vary between study locations - For example, in
Milne Bay, Papua New Guinea soft coral cover and richness
were both significantly reduced in high CO, environments,
while in waters off Iwotorishima Island, Japan, community
composition shifted from stony coral dominated in low CO;
environments to being dominated by a single species of octocoral
in moderately acidified water (Fabricius et al., 2011; Inoue et al.,
2013). At Shinkine Island in the subtropical-temperate transition
zone in Japan, both octocorals and anemones were only found
at the lowest concentrations of CO, (Agostini et al, 2018).
Unlike octocorals, anemones are non-calcifying, and as such,
may be more resilient to ocean acidification (Doherty, 2009;
Ventura et al.,, 2016). In fact, the host-symbiont relationship
of temperate anemones shows remarkable resilience to the
effects of acidification. When pH was reduced to as low as pH
7.4, zooxanthellae densities in several anemone species were
either unimpacted, or zooxanthellae densities were reduced while
chlorophyll concentration and photosynthetic yield per cell were
increased (Doherty, 2009; Jarrold et al., 2013; Ventura et al,
2016). Though effects on tropical anemones are not as well-
characterized, ability of larval anemonefish to find anemones is
reduced in acidified environments and could negatively impact
both anemone and anemonefish populations (Munday et al.,
2009; Frisch et al., 2016).

Cyclones can have devastating effects on coral reefs that can
take centuries to recover (Harmelin-Vivien, 1994), and cyclone
intensity and effects on reefs are expected to rise with increasing
global temperatures (Cheal et al., 2017). Cyclones can impact
octocorals and anemones through wave-induced tearing or
shearing and inundation with fresh water from rains (Van Woesik
et al., 1995; Fabricius and De’ath, 2008). Cyclone “Joy” flooded
sections of the GBR in late 1990 and early 1991, impacting several
nearshore reefs. Six groups of octocorals were surveyed during
this event, with only one group unimpacted, four groups partially
impacted, and one group totally bleached or dead (Van Woesik
et al,, 1995). Although bleaching and increased cyclone intensity
are major effects of climate change, elevated ocean temperatures
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can also contribute to other problems for corals, such as disease
(Sutherland et al., 2004; Bruno et al., 2007; Sokolow, 2009).

Disease is a major threat to stony corals, especially in the
Caribbean, but less is known for octocorals (Ruiz-Moreno et al.,
2012; Slattery et al., 2013). Though octocorals do suffer from
diseases like aspergilliosis, black and red band diseases, gorgonian
labyrinthulomycosis, and at least 15 others, information on their
susceptibility to and effect from these diseases is limited (Slattery
et al., 2013; Weil et al., 2015). In the Caribbean, outbreaks of
disease have caused mass mortality events in several species of
gorgonians (Garzon-Ferreira and Zea, 1992; Geiser et al., 1998;
Sutherland et al., 2004). Surveys in Arrial do Cabo, Brazil found
that approximately 48% of surveyed colonies were dead, and 75%
of living colonies showed signs of disease with ongoing tissue loss
over time (Erni Cassola et al., 2016). In the Mediterranean, mass
mortality (likely disease induced) of Eunicella singularis had long-
lasting effects, with 59% of live colonies still exhibiting damage
4 years after the event (Garrabou et al., 2006). Though these
examples have not been explicitly linked to climate change, they
exemplify why temperature driven increases in disease prevalence
could be devastating to octocoral communities. Octocorals and
anemones are not only vulnerable to global disturbances such as
ocean warming, they also face threats from more local sources.

Octocorals and anemones are especially vulnerable to habitat
damage, both natural and anthropogenic. Mooring blocks and
boat anchors can easily tear and uproot soft bodied organisms
from the benthos. In Port Stephens, a single mooring block
scoured over 1300 m? of Dendronephthya australis soft coral
habitat (Harasti, 2016). This species was particularly impacted
because of its shallow benthic attachment and soft sediment
habitat preferences (Davis et al., 2015). Other human activities,
such as dredging, shift sediment and can damage corals by
smothering colonies or reducing photosynthetic ability and
exacerbating the effects of bleaching (Erftemeijer et al., 2012;
Appeldoorn et al., 2016; Jones et al., 2016; Bessell-Browne et al.,
2017). In the GBR octocorals are much less abundant in areas
of high nutrients and turbidity, suggesting that dredging and
industrial agricultural runoft will likely have negative effects
on octocoral abundance and species richness (Fabricius and
De’ath, 2001; Fabricius et al., 2005). On the other hand, some
species of octocorals in South Africa were more tolerant of
sedimentation than stony corals at the reef-sediment interface
(Schleyer and Celliers, 2003). Additionally, one species of
anemone, Mesactinia genesis, increased both its photosynthetic
ability and stinging efficacy against stony corals in high nutrient
and turbidity environments (Liu et al, 2015). Understanding
the mechanisms behind how turbidity and sedimentation affect
octocorals and anemones in different parts of the world is
critical to understanding how these corals will react to threats
such as dredging.

Other activities such as fishing, especially trawling, can
damage benthic environments and have previously damaged
both octocoral and anemone populations and their ecosystem
functions (McConnaughey et al., 2000; Thrush and Dayton,
2002; Kaiser et al., 2006). In heavily trawled waters, soft bodied
habitat builders can be damaged as bycatch in nets and can take
years to recover (McConnaughey et al., 2000; Kaiser et al., 2006).

Octocorals are especially vulnerable since many species grow
in or near soft sediments and often prefer the deep water
habitats also frequented by trawlers (Schleyer and Celliers,
2003; Wareham, 2009; Baillon et al., 2012; Poulos et al., 2016).
Though dredging and trawling cause more widespread damage,
octocoral colonies can also be destroyed by entanglement
in recreational fishing gear, as the filaments and hooks can
become easily entangled in soft tissue (Poulos et al, 2013;
Erni Cassola et al., 2016).

Like stony corals, octocorals and anemones are commercially
traded and often harvested from the wild (Dee et al., 2014).
Unlike stony corals, the majority of octocorals are not listed in
the Convention on International Trade in Endangered Species
(UNEP-WCMC (Comps.), 2014) and therefore trade is largely
unmonitored (Bruckner, 2001). In fact, no octocorals in the
orders Alcyonacea, Gorgonacea, or Pennatulacea are CITES
Appendix II listed, and only four species in Gorgonacea are
CITES Appendix III listed (Bruckner, 2001; UNEP-WCMC
(Comps.), 2014). Collection of octocorals and anemones is often
unrestricted in contrast to restrictions on the scleractinian coral
trade, such as in Tonga and Indonesia (Dee et al, 2014).
In other areas, such as the Maldives and Australia, export
of octocorals and anemones is not regulated explicitly, but is
included in aggregate export limits (Dee et al, 2014). Some
species of octocoral are also harvested for other commercial
purposes. For example, Corallium rubrum is harvested for
jewelry making, and has been significantly overharvested in the
Mediterranean. This species is now considered endangered by
the ITUCN (Santangelo and Abbiati, 2001; Bruckner, 2009, 2016;
TUCN, 2016). Like octocorals, no anemones are listed in CITES
(UNEP-WCMC (Comps.), 2014). Despite this, anemones are
widely traded in the aquarium industry and anemonefish host
anemones are especially susceptible to overharvesting because of
their popularity (Shuman et al., 2005).

There are several well-known stony coral threats that have not
been well-examined in octocorals and anemones. For example,
industrial runoff can have many negative impacts on coral
reefs, including increased turbidity, deposition of pesticides and
herbicides, and nutrient enrichment, but only the effects of
turbidity have been examined in octocorals and few studies have
examined both turbidity and nutrient enrichment in anemones
(Fabricius, 2005; Brodie et al., 2012; Liu et al., 2015).

Although octocorals and anemones are generally more
susceptible to physical disturbances than stony corals, some
disturbances that strongly impact stony corals seem to have
little to no impact on octocorals. For example, crown-of-thorns
seastars (COTS) can devastate stony coral populations over large
spatial scales, but often leave octocorals relatively unaffected
(Fabricius, 1997; Kayal et al., 2012). This is likely because COTS
preferentially predate on stony corals and only eat octocorals
when their preferred prey are scarce (De’ath and Moran, 1998).
In addition, octocorals produce a plethora of chemical defensive
secondary metabolites that deter predators and protect colonies
from fouling, which may give them an advantage over their
stony cousins during COTS outbreaks (Coll, 1992; Changyun
et al., 2008). In fact, octocorals may take advantage of the
opportunity by growing on exposed coral skeleton left behind by
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such outbreaks, and this may result in a phase shift to octocoral
dominated state (Endean and Stablum, 1971; Norstrom et al.,
2009). In the Caribbean, octocorals are also less susceptible
to population declines due to commercial diving activities and
physical disturbances than stony corals, with some species
seeming to prefer highly impacted sites (Tratalos and Austin,
2001). This may be due, in part, to their soft and flexible bodies;
though a detriment when entangled, they will bend instead of
break when kicked or touched. Thorough understanding of the
unique threats facing soft corals as well as those common to soft
and stony corals is needed to assist effective recovery efforts after
a disturbance event.

WHAT INFORMATION DO WE NEED TO
SUCCESSFULLY RESTORE
OCTOCORAL AND ANEMONES?

First, we need to understand how the target species will cope
with a changing climate or other large scale, unavoidable human
impacts (van Oppen et al., 2017; Bellwood et al., 2019). If the
species is not resilient enough for restoration to be a long-
term solution, alternatives may need to be considered. For
example, if a temperature-sensitive species has been extirpated
from a reef that regularly experiences heat waves, restoration
to this area would be risky. Instead, protection of remaining
populations or restoration efforts in less impacted environments
(or different temperature envelopes) may be viable alternatives.
This may be considered as a form of “assisted migration” and
is a contentious approach as it may be akin to deliberately
introducing a species to a new area with all of the potential
risks that entails (van Oppen et al., 2017; Mayer-Pinto et al,
2019). However, if long-term impacts, such as climate change
or recurring port dredging cannot be avoided, then a shift in
approach must be considered. Management interventions, such
as genetic, reproductive, physiological, population/community,
and environmental interventions, can be used to great effect in
conservation and restoration efforts, though these techniques
are not without complications (van Oppen et al., 2017; National
Academies of Sciences Engineering and Medicine, 2019). For
example, assisted evolution may be a viable method for increasing
within-species resistance to ongoing pressures, and should be
considered when trying to mitigate the effects of long term,
unavoidable disturbances in conjunction with other short term
methods (van Oppen et al., 2015,2017; Ainsworth et al., 2019). As
the topic of assisted evolution is beyond the scope of this review,
please see van Oppen et al. (2015, 2017) for further discussion.
Next, to choose appropriate restoration sites, we must
identify the preferred habitat of the target species of octocoral
or anemone. Many species are associated only with certain
substrates or associate strongly with other benthic species. For
example, the octocoral Dendronephthya australis is strongly
associated with sponge gardens and soft substrates, and
restoration would likely fail outside of these habitats (Poulos
et al,, 2016). To develop restoration targets, it is important to
try and determine previous range and densities. This can be
particularly difficult for soft-bodied organisms. Ideally, historical

or reference surveys should be consulted for this information,
but other, more anecdotal sources may also be necessary.
For example, reports from research organizations such as the
AIMS long term monitoring program (Australian Institute of
Marine Science [AIMS], 2018) or CSIRO South East Marine
Protected Areas Seamounts project (CSIRO, 2019) can provide
rigorous insights into recent distributions in Australia, while less
quantitative historical accounts, such as those of Darwin (1889)
may be needed to give insight into historical distributions. The
state of the area to be restored should also be examined. If the
previous habitat is no longer suitable for the target species (for
example, there have been irreversible changes to flow or sediment
regimes), then it needs to be decided whether restoring the abiotic
substrate or other habitat factors is worth the time and effort
involved or whether alternative areas should be considered.

The presence and effect of predators, grazers, and
competitors - both native and introduced - should also be
considered in the planning of restoration efforts and choice of
restoration site. For example, restoration of lake trout (Selvelinus
namaycush) in Lake Ontario has been hampered by predation
of trout fry by alewives (Alosa pseudoharengus; Krueger et al.,
1995). In plant restoration ecology, the roles of herbivory and
competition are widely studied, and have significant — and often
manageable - impacts on restoration of both species and habitats
(e.g., Llewellyn and Shaffer, 1993; Opperman and Merenlender,
2000; Sweeney et al,, 2002; Midoko-Iponga et al,, 2005). In
tropical coral reef systems, algae and coral compete for space
which can affect the size and distribution of coral colonies
(McCook et al., 2001; Sandin and McNamara, 2012). Algal
competition may also affect mortality of stony coral transplants,
especially in shallow waters (Yap et al., 1998). Understanding
the individual roles of competition, herbivory, predation, and
environmental factors in transplantation success (e.g., Johnston
and Clark, 2007) will help restoration efforts focus on solutions
to common setbacks and increase efficacy of restoration efforts.

Once it is decided whether restoration is feasible in the long
term and where to restore, we need to decide which kind of
restoration is necessary. According to the SER framework, there
are three major restoration approaches - (1) natural regeneration,
(2) assisted regeneration, and (3) reconstruction (McDonald
et al, 2016a). These restoration approaches can be used in
conjunction for multiple species occupying the same area. The
restoration approach required in each case may depend on
several factors, including the level of population degradation and
connectivity to other sites. Given that there are many variables
that may impact restoration success, treatments should be piloted
before full-scale regeneration or reconstruction are implemented
(McDonald et al, 2016a). This is a requirement of current
restoration activities proposed for the Great Barrier Reef Marine
Park (GBRMPA, 2018).

The simplest form of restoration is natural regeneration, where
recolonization is allowed to happen naturally after the removal
of threats and disturbances (Figure 2). This works well for
species that have had limited population degradation and/or
are have a strong supply of larvae. As this method is not
resource intensive, it can be scaled up more easily than more
direct interventions (Bellwood et al., 2019). Assisted regeneration
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FIGURE 2 | The three types of restoration as described by the Society for
Ecological Restoration (SER). Types are listed in order of increasing resources
and effort. Examples of different soft coral habitat degradation levels are
illustrated on the right hand side of the figure. Figure created in BioRender
(biorender.com).

is the support of natural regeneration without transplanting
organisms to the restoration site (Figure 2). The most common
type of assisted regeneration is restoration of degraded abiotic
habitat to facilitate natural regeneration of populations. In
stony coral restoration this technique is commonly used when
rubble fields are formed due to mining, blasting, or boating
incidents (e.g., Clark and Edwards, 1994; Edwards and Clark,
1999; Precht et al., 2001; Lindahl, 2003; Rinkevich, 2005). Some
species of octocorals are adept at colonizing new environments,
making assisted regeneration an ideal option for these species.
Adding artificial structures for octocoral recruitment can increase
regional diversity and improve octocoral population densities
(Perkol-Finkel et al., 2006; Perkol-Finkel and Benayahu, 2007,
2009; Mayer-Pinto et al, 2019). This technique is a viable
option for mitigating the impact of necessary underwater
infrastructure, especially if the structures are designed to increase
coral recruitment (e.g., Burt et al., 2009). Care should be taken
in design and construction of artificial structures to minimize
the risk of structures being dominated by invasive, non-native,
or nuisance species (Dafforn et al., 2012; Geraldi et al., 2014;
Dafforn, 2017).

Regeneration can also be facilitated by use of naturally
occurring positive feedback systems (Shaver and Silliman, 2017).
For example in anemones, survivorship increases when they
are inhabited by anemonefish (Frisch et al., 2016). Anemone

survivorship could be increased by regulating anemonefish
removal by the aquarium trade or by releasing cultured
juvenile anemonefishes into existing anemone populations, as
aquaculture techniques are well-established (Moorhead and
Chaoshu, 2010). In the Florida Keys, predation on gorgonian
octocorals by predatory snails was significantly increased when
the snails were released from predation pressure (Burkepile and
Hay, 2007), suggesting that strategic conservation of predatory
fishes can reduce predation and improve octocoral populations
in this and related systems (Shaver and Silliman, 2017). Positive
feedbacks can also be used to increase coral cover through natural
larval settlement, as diverse herbivore populations reduce height
of settlement-inhibiting turf algae and indirectly increase density
of settlement-promoting crustose coralline algae (Burkepile and
Hay, 2008; Shaver and Silliman, 2017). Single species facilitation
dynamics can also be exploited to increase efficacy of restoration
efforts. For example, saltmarsh restoration efforts in both Florida
and the Netherlands exploited natural facilitation by planting
Spartina sp. plugs in close proximity. This increased yields
by an average of 107% compared to when they were planted
further apart (Silliman et al., 2015). Understanding and exploiting
positive feedbacks naturally occurring in target systems could
be an effective method for increasing efficiency and impact of
restoration efforts (Shaver and Silliman, 2017).

The third type of restoration, reconstruction, is the most
resource intensive (Figure 2). It involves transplanting organisms
to the restoration target area, either by moving them directly from
one area to another or by growing them in either aquaculture
or mariculture. For corals, this method is usually implemented
when natural recruitment is expected to be slow or to fail,
even though the water quality, substratum, and other factors are
appropriate for the target species (Edwards and Clark, 1999). To
simplify the decision-making process related to which types of
interventions are appropriate, a simple decision tree has been
provided (Figure 3).

If reconstruction is necessary, the first step is to decide
how to procure individuals. There are two main methods
used for soft corals - sexual (use of larvae) or asexual (cut
nubbins) propagation (Edwards et al., 2010). In stony coral
restoration, sexual propagation is generally preferred because it
increases genetic diversity through recombination, though this
can reduce the frequency of locally adapted genotypes (Baums,
2008; Edwards et al., 2010). Unfortunately, little is known about
octocoral propagation by this method, so feasibility must be
assessed species by species. For restoration via sexual propagation
to be viable, we need to understand the method and timing of
reproduction, settlement method, preferred settlement substrate,
and growth rate of the target species (Edwards et al., 2010).
Similar information would be required for anemones that have
been successfully grown in captivity from fertilized eggs, but grew
extremely slowly (Scott et al., 2014; Scott, 2017).

On the other hand, octocorals and anemones are usually
relatively simple to propagate asexually (from cuttings) due to
their soft bodies. Anemones can be cut in halves or quarters,
and will close the wound within 24 h and have a fully formed
mouth in as little as 1 month (Scott et al., 2014; Scott, 2017).
The greatest drawback to this method is that is reduces genetic
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FIGURE 3 | A simple decision tree to inform soft coral restoration efforts. For
multiple species occupying the same area, begin the tree anew for each
species. This tree does not consider all possible scenarios, please see the
section entitled “What information do we need to successfully restore
octocoral and anemones?” for further details. Figure created in BioRender
(biorender.com).

diversity due to the clonal nature of fragments, which can affect
future population genetic structure and breeding success, though
this can be mitigated by collecting fragments from multiple
genetically distinct colonies (Baums, 2008; Shearer et al., 2009).
Despite this, some octocorals and anemones naturally grow by
clonal means, including budding and fission, and this method
may result in naturally low diversity and an increased proportion
of locally adapted genotypes and increase local adaptations
(McFadden, 1991; Dahan and Benayahu, 1997; Barneah et al,
2002; Baums, 2008; Sherman and Ayre, 2008; Scott et al,
2014; Scott, 2017). Overall, the reproductive method (sexual
vs. asexual), local adaptations, and genetic diversity of source

populations should be considered when choosing how to source
propagules for restoration (Baums, 2008; Edwards et al., 2010).

Once this has been decided, the juvenile/cut octocorals or
anemones can be kept in aquaculture or mariculture systems
until they are large enough for transplantation (Edwards et al.,
2010; Leal et al., 2017). Fragments can be transplanted directly
after collection, though mortality may be high (Weinberg,
1979; Linares et al., 2008). Similarly, some studies are now
releasing stony coral larvae directly after collection (dela Cruz
and Harrison, 2017). Anemones are highly sought after in the
aquarium trade, and therefore aquaculture techniques are well-
established for many species (Scott, 2017). Some species of
octocoral are also grown for the ornamental aquarium trade, but
many restoration target species are too difficult for the average
home aquarist due to habitat and feeding requirements. Many
species of both octocorals and anemones are non-photosynthetic,
which may create difficulty for restoration projects as these need
to be fed regularly (Leal et al., 2017). This leads to a more
complex aquaculture technique than generally needed for stony
coral restoration.

Finally, individuals must be transplanted to the restoration
area, which can be challenging. Stony corals can be attached to
substrate by placing adhesive material on the inner skeletal areas
and using these to anchor colonies to the restoration substrate
(Rinkevich, 2005; Edwards et al., 2010). Because octocorals and
anemones do not have any stony, non-living surfaces, glues
and epoxies do not work in the same way. Many octocorals,
anemones, and sponges are sensitive to concretes, cyanoacrylates,
and other materials commonly used to anchor stony corals to
substrates, making attachment more difficult and labor intensive
(Rinkevich, 2005; Ng et al., 2015). Therefore, alternative strategies
are needed. Though clamps, clothes pegs, or other physical
restraints may seem logical, these often are not strong enough
to handle high-energy environments and do not encourage
attachment of fragments to the benthos (Weinberg, 1979).
One effective strategy that has been discovered is transplanting
individuals attached to rock instead of free-living coral or coral
cuttings (Weinberg, 1979; Oren and Benayahu, 1997; Ng et al,,
2015). Individuals can either be collected with their attachments
still in place, or can be physically attached using wire, string,
or other physical material (e.g., Oren and Benayahu, 1997;
Ng et al., 2015).

Because of these difficulties, attachment techniques must
be developed that are appropriate for specific octocoral and
anemone groups. For example, restoration of a wide range of
gorgonians can be informed by trials done in the Mediterranean
on Paramuricea clavata. During restoration trials, it was found
that large P. clavata transplants created a lot of drag against their
attachment putty media due to their surface area in the current
and were easily lost, while smaller transplants remained attached
(Linares et al., 2008). This team also tested different attachment
methods, which included attaching fragments to putty with no
support, supported within a short piece of plastic tubing, and
tied to a plastic stick. The stick treatment showed the greatest
survival rate despite being in direct contact with putty. These
simple preliminary experiments are extremely important to long
term success or failure of restoration efforts, as they inform future
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efforts and promote successful attachment, and can improve
restoration efficacy of this and other species.

EXAMPLES OF ONGOING
RESTORATION

To place restoration of octocorals and anemones in the context
of the SER framework, here we present two examples of
ongoing restoration of the red coral Corallium rubrum and the
cauliflower soft coral Dendronephthya australis. C. rubrum is a
Mediterranean coral that grows from 10 to 300 meters depth
and prefers dark environments (Figure 4a; Weinberg, 1979).
Dendronepthya australis is a cold water coral found oft the
coast of temperate New South Wales, Australia (NSW) and is
critical habitat for the endangered White’s seahorse, Hippocampus
whitei (Figures 4b,d; Harasti et al., 2014; Harasti, 2016). The
examples are presented against the International Standards for
the Practice of Ecological Restoration Section III: Standard
Practices for Planning and Implementing Ecological Restoration
Projects. All headings from this section and whether information
pertaining to this heading is available as presented in Table 1
and expanded upon in this section. In summary, for C. rubrum
in areas where threats have been mitigated or removed but
natural recolonization is expected to take decades, reconstruction
is a feasible solution for speeding population recovery. On
the other hand, more difficulties have been encountered in
D. australis restoration efforts, and while reconstruction will
likely be beneficial to recovering populations, more information
is needed on feasibility for this species.

These species were chosen for several reasons. Firstly,
significant literature exists against which to assess restoration
efforts following the SER framework. Furthermore, the species
have different life history traits, have experienced different
causes and severity of declines, and are in different stages of
restoration, all of which allow for a more complete picture of
challenges that can arise in octocoral restoration. Finally, C.
rubrum was chosen because of the extensive time frame of both
impacts and protections, and breadth of literature. D. australis
was chosen because of the recent nature of impacts and the
apparent restricted distribution of this species which provides
an urgency to any potential restoration projects. Literature was
sourced using Web of Science and Google Scholar databases
using the keywords “Dendronepthya australis” and “Corallium
rubrum” paired with “restor®)” “impact®;” “declin®)” “protect™
and “recover®.” Asterisks were used to denote different forms of
words, for example “restor*” returned “restored,” “restoring,” and
“restoration.” If information on a topic was not found during
searches, it is reported in Table 1 as “no peer-reviewed published
information found.”

Corallium rubrum

Stakeholder Engagement
Though stakeholders are identified (C. rubrum fisheries, divers,
dive centers), there is little information on methods and efficacy

FIGURE 4 | Distribution and identification of case study species.

(a) Distribution map of Corallium rubrum, map of Mediterranean inset, (b)
distribution map of Dendronephthya australis. Populations with known
population declines marked in red, map of Australia inset. (¢) Small, immature
C. rubrum colonies in the Mediterranean, (d) the endangered White’s
seahorse, Hippocampus whitei, in D. australis, (e) large, mature C. rubrum
colonies, (f) mixed sponge and D. australis habitat. Photo credits — (a)
modified from © FAO Fisheseries and Aquaculture Department, 2016. Aquatic
Species Distribution Maps. FAO aquatic species distribution map of Corallium
rubrum. In: FAO - Fisheries and Aquaculture Department (Fl) (online). Rome.
Updated 2016-08-24, http://www.fao.org/geonetwork/srv/en/main.home?
uuid=fao-species-map-col; (b) modified from NordNordWest [CC BY-SA 3.0
de (https://creativecommons.org/licenses/by-sa/3.0/de/deed.en)]; (c)
modified from Yoruno — Own work, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=2719768; (d) John
Turnbull, MarineExplorer.org; (e) modified from Marco Busdraghi [CC BY-SA
3.0 (http://creativecommons.org/licenses/by-sa/3.0/)]; (f) John Turnbull,
MarineExplorer.org.

of engagement, though when there is a second workshop on
Corallium science, stakeholder participation has been identified
as a priority (Bruckner and Roberts, 2009; Betti et al., 2019).

Ecosystem Baseline Inventory

We found that historic baseline data is available for C. rubrum
from several location across the Mediterranean (Garcia-
Rodriguez and Mass, 1986; Garcia-Rodriguez and Masso, 1986;
Garrabou and Harmelin, 2002), and has previously been
used to help quantify population damage (Bruckner, 2009).
C. rubrum is threatened by commercial collection for jewelry.
As a consequence large, sexually mature colonies in less than
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TABLE 1 | Examples of ongoing octocoral restoration in the context of the Society for Ecological Restoration (SER) framework.

SER framework standard practice bullet point

Corallium rubrum

Dendronephthya australis

1. Planning and design

1.1 Stakeholder engagement

1.2 External context assessment

1.3 Ecosystem baseline inventory

1.4 Reference ecosystem identification
1.5 Targets, goals, and objectives

1.6 Restoration treatment prescription
1.7 Assessing security of site tenure and post-treatment maintenance scheduling
1.8 Analysing logistics

1.9 Review process scheduling

2. Implementation

Information available

No peer-reviewed published information found
Information available

Information available

No peer-reviewed published information found
Information available

Limited information available

No peer-reviewed published information found
No peer-reviewed published information found

No peer-reviewed published information found
No peer-reviewed published information found
Information available

Information available

No peer-reviewed published information found
Information available

Limited information available

No peer-reviewed published information found
No peer-reviewed published information found

As no full-scale reconstruction efforts have begun for either C. rubrum or D. australis, sections two, three, and four will focus on natural regeneration of C. rubrum within MPAs.

2.1 No further or lasting damage is caused by the restoration works
2.2 Treatments are interpreted and carried out responsibly, effectively, and efficiently

2.3 All treatments are undertaken in a manner that is responsive to natural processes and
fosters and protects potential for natural and assisted recovery

2.4 Corrective changes of direction to adapt to unexpected ecosystem responses
2.5 All projects exercise full compliance with work, health and safety legislation
2.6 All project operatives communicate regularly with key stakeholders

3. Monitoring, documentation, evaluation, and reporting

3.1 Monitoring

3.2 Adequate records of treatments are maintained

3.3 Evaluation

3.4 Reporting

4. Post-implementation maintenance

Because conservation and restoration efforts for both C. rubrum and D. australis are ongoing, post-implementation maintenance cannot be evaluated.

Information available

Information available

No manipulative treatments undertaken on large scale

Information available
No peer-reviewed published information found
No peer-reviewed published information found

Information available
Information available
Information available
Information available

No peer-reviewed published information found
No peer-reviewed published information found

No manipulative treatments undertaken on large scale

No peer-reviewed published information found
No peer-reviewed published information found
No peer-reviewed published information found

No peer-reviewed published information found
No peer-reviewed published information found
No peer-reviewed published information found
Information available

For each category in the International Standards for the Practice of Ecological Restoration Section lll: Standard Practices for Planning and Implementing Ecological Restoration Projects, whether information was found

is presented for both Corallium rubrum and Dendronephthya australis. If information is available, it is expanded on in the text in the section “Examples of ongoing restoration.”
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50m of water have been largely wiped out (Bruckner, 2009),
though populations up to 150 m depth are also being exploited
(Santangelo and Bramanti, 2010). Age structure in these exploited
populations is skewed toward small and young colonies, a sign
of frequent disturbance (Figures 4c,e; Tsounis et al., 2006).
Exploitation has caused severe enough declines that it is now
considered endangered by the IUCN (2016).

In addition to collection, C. rubrum populations are
threatened by colonization by boring sponges, which can affect
up to 50% of colonies in a population and are a major cause
of natural coral mortality (Corriero et al., 1997; Bramanti et al,,
2007). In order to mitigate threats from overharvesting strict
collection quotas, size limits, and rotational harvesting plans have
been implemented or are in the process of being implemented
(Caddy, 1993; Santangelo and Abbiati, 2001; Bruckner, 2016).
Unfortunately, these regulations have so far been unsuccessful
in creating a sustainable harvest because of the slow growth and
late sexual maturation of colonies (Santangelo and Abbiati, 2001;
Bruckner, 2009, 2016). Additionally, marine protected areas
(MPAs) have been established within the range of C. rubrum, and
coral size and age has increased in these areas, though even 20-30
years of protection have not proved sufficient for full population
recovery (Tsounis et al., 2006; Bruckner, 2009).

Reference Ecosystem ldentification

Though protected populations have not fully recovered, study
of these areas give insight into the expected recovery potential
of C. rubrum regeneration or reconstruction and work well as
reference ecosystems.

Restoration Treatment Prescription

Threats to C. rubrum by humans have been mitigated through
collection policies as described in section “Ecosystem Baseline
Inventory,” though this has not eliminated overharvesting. To
mitigate natural damage by boring sponges, Bramanti et al. (2007)
conducted settlement experiments using different settlement
media. They concluded that using marble plates greatly reduced
instances of boring sponges on colonies (Bramanti et al,
2007). This information can be used in restoration treatment
prescriptions in two ways — as in-situ settlement material to
reduce boring sponge mortality in assisted regeneration, or
as a source of sexually derived propagules for transplantation
in reconstruction efforts. This is particularly important to
reconstruction as experiments with other gorgonian species
in the Mediterranean show that transplanted small, attached
colonies have higher survival rates than transplanted fragments
(Weinberg, 1979).

In addition, A successful reconstruction pilot experiment
using confiscated poached fragments of C. rubrum has shown
that it is resilient to stress associated with reconstruction.
Despite being harvested, kept out of water in poacher’s nets,
kept in aquaria, and then transplanted back into the natural
environment in direct contact with putty, over 90% of fragments
survived over 4 years post-transplant. When populations were re-
sampled, researchers found that fertility rates were comparable to
natural populations, while fecundity was higher in transplanted
populations (Montero-Serra et al., 2018). Unfortunately, models

predict that recovery of populations to natural, undisturbed size
distributions using this method will take upwards of 30 years due
to the slow growth rate and other life history traits of C. rubrum
(Montero-Serra et al., 2018).

Assessing Security of Site Tenure and

Post-treatment Maintenance Scheduling
Marine Protected Areas (MPAs) exist in the range of
C. rubrum, improving security of site tenure. Unfortunately,
no peer-reviewed published information on post-treatment
maintenance was found.

No Further or Lasting Damage Is Caused
by the Restoration Works

Banning of collection within MPAs has not caused further
damage to C. rubrum ecosystems, but implementation of
collection quotas, size limits, and rotational harvests have not
been sufficient to mitigate impacts on this species (Caddy, 1993;
Santangelo and Abbiati, 2001; Bruckner, 2016).

Treatments Are Interpreted and Carried
Out Responsibly, Effectively, and
Efficiently

Though implementation of MPAs has increased C. rubrum
population density and mean colony size, poaching is
still a problem and may require additional interventions
(Tsounis, 2005; Tsounis et al., 2006; Bruckner, 2009;
Montero-Serra et al., 2018).

Corrective Changes of Direction to Adapt

to Unexpected Ecosystem Responses

As 20-30 years of protection within MPAs have not been
sufficient to completely mitigate impacts, reconstruction
of populations may be required and pilot studies have
been undertaken (Tsounis et al, 2006; Bruckner, 2009;
Montero-Serra et al., 2018).

Monitoring

Ongoing monitoring of C. rubrum within MPAs has shown
that this species requires decades without disturbance for full
population recovery (Tsounis et al, 2006; Bruckner, 2009).
This has been possible because of collection of pre-protection
baseline data, understanding of baseline healthy population
size structures, and ongoing surveys of recovering populations
(Bruckner, 2009).

Adequate Records of Treatments Are

Maintained

Size and date of implementation of MPAs and changes to
laws regarding C. rubrum are well-documented (Caddy, 1993;
Santangelo and Abbiati, 2001; Bruckner, 2009). Because of the
poached nature of fragments used in the pilot reconstruction
study, exact GPS coordinates of the fragments used could
not be obtained (Montero-Serra et al., 2018), but should
be where possible.
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Evaluation

Results from monitoring, studies of life history traits, and
pilot transplantations suggest that reconstruction may
be an appropriate way to improve population densities
in areas where impacts have been successfully mitigated
(Montero-Serra et al., 2018).

Reporting

Reports and journal articles have been published and a
metanalysis performed on the results of implementing MPAs
(e.g., Santangelo and Abbiati, 2001; Tsounis, 2005; Tsounis
et al., 2006; Bruckner, 2009), though the metanalysis has been
contentious (Bruckner, 2010; Santangelo and Bramanti, 2010).

Dendronephthya australis

Ecosystem Baseline Inventory

Dendronephthya  australis  pre-disturbance  distribution,
population densities, and functional and ecosystem roles
have been intensively studied in the Port Stephens estuary in
central NSW, Australia (Poulos et al., 2013, 2016; Corry et al,
2018). D. australis lives in soft substrates in association with
sponge gardens, and gardens with D. australis are associated
with higher fish diversity than nearby sand, seagrass, and sponge
habitats without D. australis (Figure 4f; Poulos et al., 2013).
D. australis is non-photosynthetic, instead relying on strong
currents to feed on zooplankton and detritus (Poulos et al,
2016; Corry et al.,, 2018). Taking all of these factors into account,
models have identified appropriate unoccupied D. australis
habitat within the Port Stephens estuary (Poulos et al., 2016).
Unfortunately, populations are under threat from fishing line
entanglement, boat anchor damage, mooring chain scour,
and shifting sands (Harasti, 2016; Poulos et al., 2016). In fact
populations in Port Stephens, where densities are greatest, have
been reduced by up to 95% due to a catastrophic sand-shifting
event (Harasti, 2016). In addition, a misplaced boat mooring
scoured over 1000 m? of D. australis and sponge garden habitat,
reducing the area to bare sand (Harasti, 2016). Though this
mooring block has since been moved, populations have not yet
recovered in either location. Resulting population declines have
been so severe that the New South Wales Fisheries Scientific
Committee have recommend listing D. australis as endangered
(NSW Fisheries Scientific Committee, 2019). Little is known
about natural recruitment and growth rate of these corals, which
makes estimates of natural recovery difficult.

Reference Ecosystem ldentification

Though some populations of D. australis within the Port
Stephen’s estuary were heavily impacted, others remained
unaffected and are ideal reference ecosystems (Harasti, 2016).

Restoration Treatment Prescription

Little can be done to mitigate damage by large-scale, natural
events such as the sand-shifting that smothered populations in
2010 (Wainwright, 2011). On the other hand, careful planning

and placement of mooring blocks, and insuring that any mooring
blocks near colonies are benthic friendly can help protect
remnant populations (Demers et al., 2013).

Despite the wealth of demographic knowledge on this species,
there is a lack of general information on non-photosynthetic
octocoral transplantation and aquaculture. Many restoration
techniques that work on stony corals do not necessarily work
with this species. Aquaculture has proved problematic, as coral
nubbins do not reliably attach to media and require labor
intensive feeding.

Assessing Security of Site Tenure and

Post-treatment Maintenance Scheduling
MPAs exist in the ranges D. australis, improving security of
site tenure, though not all populations fall within MPA borders
(Poulos et al., 2016). No peer-reviewed published information on
post-treatment maintenance for D. australis.

Reporting

Results from unsuccesful transplantation trials on D. australis
have been reported in an Honors thesis, but have not been
published in a peer-reviewed journal. As Dr. Poulos was working
with the NSW Department of Primary Industry during this
research, it is available to appropriate managerial bodies.

SUMMARY OF CASE STUDY
ASSESSMENT

By reviewing restoration of C. rubrum and D. australis in
the context of the SER framework we have clarified both
the strengths and gaps in knowledge for both species and
pinpointed areas for future research. Overall, we have found
that restoration of both species has a high chance of success but
understanding of restoration techniques and expected recovery
times is much more advanced for C. rubrum. Though studies
show that both sexually and asexually derived propagules
can be used in reconstruction efforts for C. rubrum, more
information is needed on the elimination/mitigation of threats,
ecologically appropriate methods for triggering regeneration,
choosing appropriate genetic stock for each reconstruction site,
and strategies for addressing genetic stock issues (McDonald
et al., 2016a). For D. australis, more information is needed
on propagation, aquaculture techniques, and transplantation
in addition to the knowledge gaps identified for C. rubrum
(McDonald et al., 2016a). Conclusions drawn from the
restoration effort of these two species can inform restoration
of other octocorals and anemones. For example, creating
sustainable harvesting schemes for slow-growing C. rubrum
would significantly expand our knowledge of sustainable use of
benthic cnidarians, such as has previously been found for the
Hawai’ian black coral (Grigg, 2001). Increasing our knowledge
base of sustainable harvest of benthic resources would allow
for better management of other species, such as the heavily
exploited anemone Entacmaea quadricolor (Frisch et al., 2019).
Transplantation of D. australis has also proven to be a challenge,
though not a unique one. Developing attachment techniques
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would greatly enhance the viability of restoration efforts for
any species with soft attachment sites, including most species
of anemone. Additionally, developing aquaculture techniques
for the azooxanthellate octocoral D. australis would inform
aquaculture of other azooxanthellate octocoral and anemone
species, greatly increasing the efficacy of captive propagation.
Addressing these knowledge gaps would greatly increase the
chances of successful restoration of these and other species.

CONCLUSION AND CRITICAL STEPS
FORWARD FOR EFFECTIVE
OCTOCORAL AND ANEMONE
RESTORATION

Although octocorals and anemones are often overlooked in
ecological studies, our review highlights their vulnerability to
climate change and other human threats, and some species
may require restoration projects to maintain or rehabilitate
their populations and/or ecosystem services. There are many
challenges to octocoral restoration, not the least of which is
the difficulty in setting restoration parameters. Octocorals and
anemones don’t leave skeletons or other signs after die-off
events, therefore reference surveys are needed to understand
historic density and community composition. Unfortunately, in
tropical environments many papers that report coral loss and
bleaching either do not specify between stony corals, octocorals,
or anemones or do not include them at all, instead focusing
solely on stony corals, while deep-water environments are often
difficult to survey. In addition, there is the added challenge
that many long term studies, such as long term monitoring
programs, have only recently begun reporting octocoral cover
(e.g., Australian Institute of Marine Science [AIMS], 2018), so we
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