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The White’s seahorse Hippocampus whitei was listed as an Endangered species in 2020
on Australian state and federal legislation, as a result of population declines across its
range attributed to habitat loss over the past decade. A captive-bred reintroduction
program has been implemented as a possible management tool for species recovery,
however, the viability of such a reintroduction program for seahorses has not been
assessed to date. This study implemented a pilot captive-breeding program using adultH.
whitei from Sydney Harbour, Australia, as brood stock. A total of 90 captive-bred
seahorses were released into the wild on two different artificial habitat types (“seahorse
hotels” and protective swimming net). Following release, a monthly post-release
monitoring program was implemented for 12 months that involved underwater visual
census surveys of the tagged seahorses. Sightings of captive-bred seahorse numbers
were found to gradually decline over the 12-month period, with fewer seahorses found on
the swimming net compared to the seahorse hotels and higher resighting probability of
captive-bred animals on the seahorse hotels. After 12 months, 20% of the captive-bred
seahorses were detected on the seahorse hotels, whilst two individuals were still observed
18 months after release on the hotels. Only 2% of captive-bred seahorses were observed
on the swimming net after 12 months, with two individuals still detected on the net after
two years. Nine of the captive-bred seahorses were found to reproduce in the wild, with
two individuals observed mating with the wild population. This pilot study indicates that
captive-bred seahorses can survive for up to two years in the wild, as well as contribute to
local population recovery through reproductive success. However, while conservation
stocking shows promise as a potential management tool to assist with threatened
seahorse species recovery, there are several factors such as existing threats to the
species that need to be addressed before such a program is implemented.
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INTRODUCTION

The implementation of captive-breeding and stocking programs
for terrestrial and aquatic species is a widely adopted method to
increase species abundance and distribution in the wild and is
typically implemented for those species which have experienced
population declines (IUCN, 2021). Those species that have
declined in abundance or in distribution across their range
often end up listed as threatened species under international or
local threatened species lists such as the IUCN Red List (IUCN,
2021). Whilst success stories for conservation stocking and
translocation programs for threatened species, such as birds
and mammals (Seddon et al., 2014; Thévenin et al., 2020) and
freshwater fishes (Simons et al., 1989; Sayer et al., 2020; Welsh
et al., 2020) are well documented, there are cases that are not
always successful (Griffith et al., 1989; Pearson et al., 2021).

The conservation stocking and translocation of threatened
species is considered the ‘last resort’ option and should not be
implemented until threats are reduced or eliminated (IUCN,
2013). The reintroduction of a species needs to yield a
measurable conservation benefit at the levels of a population,
species or ecosystem; not just providing a benefit to the
translocated or stocked individuals. (IUCN, 2013). In their
comprehensive review of animal relocations, Fischer and
Lindenmayer (2000) indicate that restocking initiatives are
more likely to succeed when the source population was wild,
large numbers of animals are released (n>100), and the threat
that caused the population declines are removed.

Regarding aquatic species, little has been done on the
restocking of threatened marine species. Instead, marine fish
stocking is heavily focused on species that are either of
commercial or recreational value or both (Bartley and Bell,
2008; Taylor et al., 2017; Kitada, 2018). Marine fisheries stock
enhancement has been implemented for numerous species such
as crabs, eels, salmon prawns and sharks (Feunteun, 2002;
Halverson, 2008; Pratt and Threader, 2011; Lee et al., 2015;
Taylor, 2017). The restocking of marine species that are listed as
‘threatened species’, through either translocation or release from
breeding programs, is seldom done; however, there are some
examples of restocking for threatened marine invertebrates
(Baldacconi et al., 2010; Rogers-Bennett et al., 2016; Cabaitan
and Conaco, 2017).

One group of marine species that are considered threatened
worldwide are seahorses (Hippocampus spp.), and as a result the
entire genus is listed on Appendix II of CITES (Convention on
International Trade in Endangered Species of Wild Fauna and
Flora). CITES listing compels signatory nations to ensure that
harvest of seahorses is undertaken in a sustainable manner,
however, some countries are failing to enforce this (Foster and
Vincent, 2021). Even with the CITES listing, many species are
currently experiencing population declines as a result of over-
fishing, bycatch and habitat loss (Vincent et al., 2011; Pollom
et al., 2021).

In 2020, the White’s seahorse Hippocampus whitei, a species
endemic to the east coast of Australia (Short et al., 2019), was
listed as an Endangered species on both Australia’s National
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Environment Protection and Biodiversity Conservation Act 1999
and the state New South Wales (NSW) Fisheries Management Act
1999 as a result of population declines across its range. It is also
listed on the IUCN Red List as an Endangered species (Harasti
and Pollom, 2017). The seahorse population declines were
attributed to loss of essential habitats that it lives within, such
as soft corals, sponges and seagrass (Harasti, 2016; Harasti and
Pollom, 2017) that have been impacted on by threats such as
vessel anchoring, installation of boat moorings and sand
inundation (Harasti, 2016; Larkin et al., 2021).

Whilst habitats have declined across its range, H. whitei has
shown an ability to adapt by utilising artificial habitats such as
protective swimming nets (Hellyer et al., 2011; Simpson et al.,
2021a; Simpson et al., 2021b) and purposefully designed artificial
habitats known as seahorse hotels (Simpson et al., 2020). It was
recently shown that adult H. whitei select artificial habitats over
natural habitats (Simpson et al., 2019), similar to that of the only
other Endangered seahorse species, Hippocampus capensis in
South Africa (Claassens et al., 2018). Seahorse hotels have been
installed in areas in NSW where H. whitei have declined as a
result of habitat loss to provide them with refuge and to help
promote population recovery (Simpson et al., 2020).

To manage the decline in H. whitei populations, a ‘Priority
Action Statement’(PAS) was developed by the NSW Department
of Primary Industries, outlining management actions to be
implemented to assist in recovery of the species abundance
and the habitats that it is known to use (DPI, 2020). The PAS
suggests actions that can be undertaken to reduce threats to H.
whitei in the wild, as well as suggesting other conservation and
research measures that can be implemented to assist with
recovery of populations across its range. One of the PAS
recommended recovery actions is to “Develop and implement
a captive breeding program to produce and release captive bred
animals back into the wild to assist recovery of White’s seahorse
populations”. The use of captive-breeding programs to help
recover threatened fish has been undertaken for freshwater fish
in NSW (Koehn et al., 2013; Zukowski et al., 2021), but not for
marine fish. Numerous studies have demonstrated that seahorses
can be raised in captivity under the right aquaria conditions
(Woods, 2003; Koldewey and Martin-Smith, 2010; Koning and
Hoeksema, 2021; Luzzatto and Estalles, 2021) with Wong and
Benzie (2003) demonstrating that H. whitei is a suitable seahorse
species for rearing in captivity.

The use of conservation stocking as a method to help
repopulate declining seahorse populations has not previously
been tested. It is unknown if seahorses raised in aquaria survive
or perish when released back into the wild, nor is it known if they
will remain at the release location. AsH. whitei is a species that is
known to exhibit small home ranges and displays strong site
fidelity (Vincent et al., 2005; Harasti et al., 2014b; Manning et al.,
2018), not only is it an ideal seahorse species to monitor
following release back into the wild, its strong site fidelity and
habitat dependence make it a suitable marine fish species to trial
and assess conservation stocking methodology.

The IUCN ‘Guidelines for reintroductions and other
conservation translocations’ state that post-monitoring of
June 2022 | Volume 9 | Article 867352
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released animals needs to be implemented as the monitoring
results will influence the need for either continuing or changing
management regimes (IUCN, 2013). The implementation of a
conservation stocking program for the White’s seahorse,
including a post-monitoring program, provides an opportunity
to assess the feasibility and effectiveness of this strategy as a
recovery tool. Therefore, the aim of this research was to
implement a pilot study for conservation stocking of the
Endangered seahorse H. whitei and conduct a post-release
monitoring program to assess whether captive-bred seahorses
survive over time when released into the wild and assess if their
habitat persistence and resighting probability at the release
location was influenced by the type of artificial habitat that
they were released on.
METHODS

In October 2019, four pairs (male and female) of adult
Hippocampus whitei were collected from the protective
swimming net at Clifton Gardens, New South Wales (NSW),
Australia (33° 50’ 21” S; 151° 15’ 12” E) in Sydney Harbour and
transferred to SEA LIFE Sydney Aquarium located at Darling
Harbour. Four pairs was the initial number allowed to be
collected by SEA LIFE Sydney Aquarium issued under NSW
DPI permit. Animals were collected by hand from the protective
swimming net installed underneath the jetty and placed in
underwater mesh bags before being transferred into aerated
large plastic tubs on shore for transportation. At the time of
collection, each of the collected males were pregnant and
subsequently gave birth in the aquarium within two weeks and
continued reproducing in captivity up until March 2020. The
first batch of fry was born on 17/10/2019.

Seahorse fry were raised in captivity in a flow through oceanic
system using water directly from Sydney Harbour. Juveniles were
housed in 20L kreisels (cylindrical tanks) until 2 months old,
then transferred to larger tanks of either 150L or 300L. All tanks
had holdfasts provided, including netting and artificial plastic
seagrass. Tanks did not have substrate (i.e., sand or gravel) on the
bottom. All tanks were siphoned at least three times daily to
remove waste matter and detritus and scrubbed with sponge
once daily. 30% water changes were completed at least once per
day. Tanks had a diurnal light cycle (LED lighting) matching
local (Sydney) daylight. Juveniles were raised initially on
phytoplankton-enriched rotifers until approximately 30 days
old and then transferred to a diet of newly-hatched Artemia
nauplii (SEP-ART GSL Artemia cysts) until approximately 90
days old, and then a combination of Artemia nauplii and wild-
caught (Sydney Harbour) live mysids shrimp until time of
release. Live food was constantly available within each tank.

Five days prior to the release of the captive-bred seahorses,
the juveniles were marked using Visible Implant Fluorescent
Elastomer (VIFE) (https://www.nmt.us). The marking of the
captive-bred seahorses was essential to ensure that the captive-
bred animals could be recognised from unmarked seahorses in
the existing wild population. The use of VIFE is considered the
Frontiers in Marine Science | www.frontiersin.org 3
most suitable marking method for seahorses (Woods and
Martin-Smith, 2004) and it has been shown that VIFE tags can
last in H. whitei for at least seven years in the wild (Harasti,
2021). Each of the juveniles were given between 1-3 elastomer
marks depending on their size; the smaller animals (< 6 cm) were
only given 1 VIFE mark and even some of the larger animals may
have received only 1-2 marks if their body size was considered
too small for additional tags. On subsequent resighting of the
captive-bred animals with single marks in the wild, additional
marks were added as the captive-bred seahorses grew larger. The
location of the marks on the seahorse’s body and the different
VIFE colours used allowed for individual identification of each of
the 90 captive-bred seahorses.

On 07/05/2020, 90 juvenile Hippocampus whitei that were
raised in SEA LIFE Sydney Aquarium were released back into the
same location (Clifton Gardens) that their parents had been
collected from. These juveniles were of various ages and sizes
(aged 140 - 203 days old) and the mean total length of the 90
released juveniles was 58.4 mm ± 0.9 mm S.E [range: 40.2 mm
(140 d old) to 78.1 mm (203 d old)]. The total length is taken
from two combined measurements: from the top of the seahorse
coronet to the base of the abdomen and from the base of the
abdomen to the bottom of the tail. However, these total lengths
are estimates as it was rather difficult to accurately measure the
small sized seahorses without causing unnecessary stress to the
animals, as they tend to curl into ‘balls’ when being handled. Of
the 90 released seahorses, 18 were identified as males through the
presence of a developing brood pouch, however, confirmation of
whether they had matured into a male was not always possible as
determining if the brood pouch was present is difficult at such a
small size (> 60 mm) (Harasti et al., 2012).

For the release, seahorses were transported underwater by
scuba divers in large plastic bags and 45 juveniles were released
onto the middle of the Clifton Gardens protective swimming net
at two locations on the net separated by ~5 m. This section of net
that is parallel to the shore is approximately 50 m in length and is
heavily covered in marine growth, particularly sponges and kelp
Ecklonia radiata. However, this 50 m section of net was not
continuous, as there were several large holes (~2-3 m width)
along its length where the net had broken away. The reason that
this section of net was chosen for the seahorse release is that it’s a
known area for wild H. whitei to occur. Other areas of the net
were considered unsuitable for H. whitei, as a result of shallow
depth and insignificant marine growth on the net, as H. whitei is
known to avoid nets devoid of marine growth (Harasti et al.,
2010). The other 45 juveniles were released onto nine seahorse
hotels (5 individuals per hotel) that were located approximately
25 m from the net (Figure 1). For this study, a limit of 10 seahorse
hotels could be installed at the site, as per the license conditions
from Transport NSW. The depth of the release site of both the
protective swimming net and the seahorse hotels was ~3 - 4 m.

The seahorse hotels were cube-shaped and constructed from
galvanised steel mesh with a reinforcing-bar metal frame that
measured 1 m x 1 m x 50 cm height. They were secured to the sea
floor with star pickets driven through the sides to hold the hotels
in place. To reduce the impact of potential known predators ofH.
June 2022 | Volume 9 | Article 867352
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whitei that are known to occur in the release location (Harasti
et al., 2014a), unlike the initial seahorse hotels design of
Simpeson et al. (2020), these hotels were completely enclosed
to minimise the opportunity for predators to prey on the
seahorses (Figure 2).

The seahorse hotels were placed in three groups with each
group containing three different seahorse hotel designs. The first
hotel design contained a panel of dark blue netting (Figure 2),
which was made of compressed continuous twine with 9 strands of
stainless steel and was stretched across the inside of the hotel to act
as a holdfast. The second design contained white netting material
approximately 6 mm diameter made from polypropylene rope
material and the third design had no netting inside the hotel. The
Frontiers in Marine Science | www.frontiersin.org 4
netting used was the same netting material used in the protective
swimming nets around Sydney Harbour. Within each group, the
hotels were placed ~1 m from each other and the three groups
were separated by ~ 10 m. The seahorse hotels were installed at the
site in March 2020, six weeks prior to captive-bred seahorse
release, to allow marine epibiota growth to develop on the
structures providing suitable habitat for the juveniles as per the
suggestions of Simpeson et al. (2020).

Post-Release Monitoring
Following release of the captive-bred seahorses (07/05/2020), a
post-release monitoring program was implemented that involved
scuba diving surveys at the release site to search for and record
any captive-bred seahorses on the two different habitat types. A
survey was done each month from May 2020 to April 2021. A
diving survey consisted of two divers searching the nine seahorse
hotels for the presence of the captive-bred seahorses with a
search on the hotels initially taking approximately 40 mins to
complete due to the number of seahorses on initial release. The
search time gradually reduced through time as a result of reduced
seahorse numbers on the hotels (see Results) with surveys over
the last three months taking ~20 mins. The same method was
used to search the protective swimming net for captive-bred
seahorses with two divers searching the net for approximately 40
mins with the area of net being searched ~40 m length x 3 m
height. The actual time spent searching each habitat type varied
based on tidal height, as a low tide survey meant less net area to
search, whilst surveys of the seahorse hotels could take longer
because of time spent trying to catch and identify seahorses
within the hotels and the increased numbers of seahorses on
hotels. Importantly, the search effort for both habitat types was
consistent across all twelve surveys with every hotel being
FIGURE 1 | Location of the protective swimming net at Clifton Gardens in Sydney, New South Wales, Australia and the location of the installed seahorse hotels. ●
= release location for seahorses on swimming net and █= Three seahorse hotels with each of the three designs (9 in total). The area indicated by the arrowed line is
the survey area on the net for the monthly surveys of the captive-bred seahorses.
FIGURE 2 | Seahorse hotel containing dark blue net installed at Clifton Gardens.
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individually searched and the same start and end point on the net
being searched each survey occasion.

For every captive-bred seahorse encountered, tag ID, location,
holdfast (for seahorse hotels), sex and reproductive status were
recorded. Male pregnancy was determined by the presence of an
inflated brood pouch. The 90 captive-bred seahorses were
recorded as either present or absent for each monthly survey.
Following the last survey in April 2021, ad hoc surveys (n=5) were
done to assess if any of the captive-bred seahorses remained on the
site with the last survey conducted 18/05/2022. These surveys were
ad hoc as a result of Covid-19 lockdowns in NSW that prevented
access to the site and diving operations. These ad hoc surveys also
included searches of other areas of the swimming net, however, no
captive-bred seahorses were recorded outside the 50 m section of
net used for the monthly surveys.

Data Analysis
Using mark–resight data of tagged captive-bred seahorses,
recapture probability (p) over a period of 12 months was
estimated using a Cormack–Jolly–Seber (CJS) model analysed in
Program MARK. For seahorses, the term ‘resighting probability’ is
generally used instead of recapture probability, as seahorses are not
actually captured; they are resighted. Mark-resight methods have
been used in various other seahorse studies to gain an
understanding of population abundance, mortality and resighting
probability (Curtis and Vincent, 2006; Harasti et al., 2012;
Claassens and Harasti, 2021). Candidate models were developed
to determine if p (resighting probability) varied across habitats and
time. Model selection was done using Akaike’s information criteria
(AIC) that assessed time and habitat dependence.

To determine whether habitat persistence of the captive-bred
animals differed between the two different artificial habitat types
on which they were released, a Kaplan-Meier log rank test
(Kaplan and Meier, 1958) was performed in SPSS v28 based
on a previous method assessing site persistence in H. whitei
(Harasti and Gladstone, 2013). Whilst it was initially aimed to
assess the actual survival rate of the captive-bred seahorses,
Frontiers in Marine Science | www.frontiersin.org 5
estimates of survival were not considered suitable as it could
not be conclusive determined that an end point of death for the
seahorse had occurred, rather than an individual seahorse just
emigrating from the release location and not being seen again.

To test whether the type of seahorse hotel design (n=3)
influenced the number of captive-bred seahorses found using
the hotels, analysis was undertaken on monthly survey data
(n=12) collected from May 2020 to April 2021 on the abundance
of seahorses across the different hotel types. Homogeneity of
variance was found to be equal across groups and a one factor
ANOVA was conducted with hotel design as a fixed factor (3
designs). ANOVA was conducted in SPSS v28.
RESULTS

Following the release of the 90 captive-bred seahorses, a survey
was undertaken two hours after their initial release to assess
whether they stayed on the artificial habitats on which they were
released. 70 of the released seahorses were detected in this initial
survey; 37 were detected of the 45 released on the hotels and 33 of
the 45 released on the swimming net. Only one individual,
released onto the swimming net, was never seen in any
subsequent surveys.

Monthly surveys were implemented from May 2020 to April
2021 with the first monthly survey undertaken two weeks after
initial release and observations of the captive-bred seahorses
gradually declined from June 2020 to April 2021 (Figure 3).

Resighting Probability
Based on mark-resight data of the 90 captive-bred seahorses,
resighting probability from May 2020 to March 2021 varied
between the two habitat types (net and seahorse hotels) with the
most suitable CJS model (AICC = 1002.3, likelihood = 1·00,
deviance = 382.8, parameters = 25) being constant for f and time
and habitat dependent for p. The mean probability of resighting a
tagged captive-bred seahorse across all surveys was 0.54 ± 0.07
FIGURE 3 | Number of captive-bred Hippocampus whitei observed during each monthly survey from May 2020 to April 2021 on the protective swimming net and
seahorse hotels.
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for seahorses released onto the seahorse hotels compared with
only 0.26 ± 0.06 for seahorses released onto the swimming
net (Figure 4).

Habitat Persistence Analysis
Kaplan-Meier comparison of habitat persistence between the two
release artificial habitats (swimming net and seahorse hotels)
found that there was a significant difference in the number of
observed captive-bred seahorses (x2 = 5.5, df = 1, P < 0.05) from
May 2020 – April 2021 (Figure 5). After 6 months, the number
of seahorses remaining on the net was 38% compared with 47%
on the hotels, whilst the last survey at 12 months from release
found only 2% of captive-bred animals remaining on the net
compared with 20% on the seahorse hotels.

Of the captive released juveniles, a total of nine males were
found to become pregnant six months after the release. The first
time an individual was observed pregnant, determined through
the swelling of the males’ brood pouch, was on 04/11/2020 with
this individual, found on the net, being 384 days old. One male
Frontiers in Marine Science | www.frontiersin.org 6
was observed to be pregnant on three separate monthly surveys
(13/11/2020, 15/01/2021 and 23/02/2021) indicating that it
experienced at least three separate pregnancies given the
gestation period for H. whitei is 20-22 days (Vincent and
Sadler, 1995). Two of the pregnant male captive-bred seahorses
were confirmed to be paired up with wild female seahorses
through repeated observations of them together.

The last observations for any of the captive-bred seahorses
released onto the swimming net was 742 days (2 year 12 days)
after release for two females that were observed on 18/05/2022.
The last observations of captive-bred seahorses released onto the
seahorse hotels was two females on 09/12/2021: 581 days
after release.

Habitat Use
Whilst the mean number of captive-bred seahorses over the 12
monthly surveys were observed to be highest on the hotel design
that contained the white netting (mean 2.3 ± 0.4 seahorse per
hotel), it was not significantly different (F8,23 = 1.22, P > 0.05)
than the hotel design without any netting (1.7 ± 0.3) and the
hotel design containing blue netting (1.3 ± 0.3). Therefore, the
type of hotel design was not found to significantly influence
the number of captive-bred seahorses using the hotels.

Movements between the swimming net and hotel habitats
were rare, with only three individuals released onto the seahorse
hotels subsequently being seen on the net during monthly
surveys; none of the three were found to return to the seahorse
hotels. There was no observation of seahorses originally released
onto the net moving to the hotels. Ad hoc searches conducted
whilst swimming between the swimming net and hotels, and
between the three groups of hotels, identified some captive-bred
individuals within the vicinity (approx. 3 m) of both artificial
habitats. These seahorses were observed to use natural habitats as
holdfasts such as sponges, Ecklonia radiata and Sargassum sp.
Regular movement was recorded of the captive-bred seahorses
between the three clusters of hotels (located ~ 10 m apart) with
11 individuals observed moving between all three groups of
hotels over the 12-month period.
DISCUSSION

The use of conservation stocking to assist with recovery of
threatened marine species is rare and this is the first documented
study that assesses the effectiveness of conservation stocking for a
threatenedmarinefish through implementationof a comprehensive
post-release monitoring program. This study demonstrates that
captive-bred Hippocampus whitei can survive for at least two years
and reproduce when released back into the wild, however, their
habitat persistence was influenced by the type of artificial habitat
they were placed on and their occurrence and resighting probability
declined over a period of 12 months. Habitat persistence was found
to decrease through time, which is not uncommon in studies
involving release of captive-bred animals back into the wild. It has
previously been shown in terrestrial studies, that the detection of
animals declines through time following species release (Peignot
et al., 2008; Maran et al., 2009; White et al., 2021). Often species
A

B

FIGURE 4 | Variability in resighting probability based on mark-resight data of
captive-bred tagged seahorses from May 2020 – March 2021 between
(A) protective swimming net and (B) seahorse hotels. Dashed lines indicate
the 95% upper and lower confidence limits.
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mortality occurs soon after release, often within the first month, as
hasbeenshown forbirdandmammal species (Grey-Ross et al., 2009;
Tavecchia et al., 2009; Taggart et al., 2016). In this study, it was found
that their occurrence at the site gradually decreased over the 12
months; with no singlemonthly period corresponding to a dramatic
decline in seahorsenumbers.However, sightings of two captive-bred
individuals two years after initial release provides a good indication
that long-term occurrence of captive-bredH.whitei to remain at the
release location is feasible.

One of the key issues regarding survival and site persistence of
captive-bred animals released into the wild is their ability to evade
predators. Mortality from predation is one of the main reasons
that reintroductions to the wild are unsuccessful (Griffith et al.,
1989; Bertolero et al., 2007; Aaltonen et al., 2009; Moseby et al.,
2011). The occurrence of the captive-bred seahorses was found to
be higher on seahorse hotels than on the nets and after 12 months
there were significantly more captive-bred seahorses living on the
hotels than the net. One of the factors that possibly influenced the
habitat persistence between these two habitat types was predation,
with hotels providing more protection from predators due to their
fully enclosed construction. However, as actual death of seahorses
was impossible to confirm, it is unknown if seahorses were
predated on either of the habitat types, or instead had emigrated
from the site. Ad hoc searches done throughout the study period
by the authors and other local divers, never encountered any of the
captive-bred seahorses far away from the seahorse hotels or on the
section of the net they were initially released (authors
personal observations).

Whilst there were no captive-bred seahorse mortalities
attributed to predation in this study, with no dead seahorses
found, there were several observations of predators trying to grab
or attack seahorses hiding inside the seahorse hotels and on the
swimming net. The predators observed attacking the captive-
bred seahorses included three species of cephalopods (Octopus
tetricus, Sepia plangon and Sepioteuthis australis) and juveniles of
Frontiers in Marine Science | www.frontiersin.org 7
the fish Nelusetta ayraud. It has previously been documented
that O. tetricus is a predator of H. whitei (Muller et al., 2022), as
are S. plangon and N. ayraud (Harasti et al., 2014a). As the hotels
were designed to exclude predators by providing an enclosure for
the seahorses to hide in, they provided a higher level of
protection compared to the swimming net where predators
have ‘open access’ to the seahorses. Similar to the findings of
Simpson et al. (2020), there was no difference in seahorse
abundance between the different hotel designs indicating the
addition of netting inside the hotel was not necessary to
attract seahorses.

In addition to the seahorse hotels providing better protection
from predators, another benefit was that resighting probability of
captive-bred seahorses was significantly higher on the hotels
than the swimming net, although this did decline through time
for both habitats. It was considered more challenging to find the
captive-bred seahorses on the net as the net had a larger search
area and considerably more marine growth than the seahorse
hotels. The seahorse hotels were easier to survey as they
aggregated the seahorses to a confined area, and as they had
only been installed a few months prior to the release of the
captive-bred seahorses, marine growth was not dense compared
to the swimming nets, making the hotels easier to search through
initially. However, over the 12 month surveys, it became
increasingly difficult to search inside the hotels for seahorses as
the density of marine growth increased, with similar
observations of epibiotic growth increasing over time recorded
in the initial seahorse hotel experiments (Simpson et al., 2020).

For any future seahorse stocking programs, artificial habitats
such as seahorse hotels could be considered as a suitable release
habitat as they allow seahorses to aggregate in the one location,
which would therefore increase the likelihood of successful
reproduction if they are living in proximity making it easier to
find a mate. To reduce the impact of a single threat/event causing
a localised impact, it would be perhaps beneficial to have
FIGURE 5 | Kaplan-Meier cumulative habitat persistence estimates for captive-bred seahorses released onto the protective swimming net and seahorse hotels.
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seahorses released at more than one location in a region to help
improve chances of population recovery.

Releasing captive-bred seahorses into seahorse hotels also
provides an increased level of protection for seahorses from
predators. For post-monitoring seahorse surveys, it would be
useful to modify the seahorse hotels so that a panel could be
temporarily removed, allowing divers easier access inside the
hotel to detect seahorses. Given that there were some sightings of
captive-bred seahorses on natural habitats, it would be worthwhile
to investigate if releasing captive-bred seahorses onto preferred
natural habitats (i.e. seagrass, sponges) improves their habitat
persistence and resighting probability compared to artificial
habitats designed for seahorses (Correia et al., 2013; Correia et al.,
2015; Simpson et al., 2020).

In other captive-release studies, it has been shown that factors
such as age (Lee et al., 2015; Kyle et al., 2017; Efrat et al., 2020)
and sex (Campbell-Thompson et al., 2012) can influence species
survival and behaviour when released into the wild. In this study,
it was not possible to assess if size influenced the habitat
persistence of the captive-bred seahorses as there were no
distinct size classes with size estimates for the 90 captive-bred
seahorses linearly distributed. Similarly, at the time of the release,
the sex of the captive-bred seahorses could not be determined for
the majority of individuals, hence an assessment of resighting
probability and habitat persistence between males and females
was not feasible. In any future seahorse stocking programs,
further research is warranted to assess if age, size and sex
influences the habitat persistence, survival and behaviour of
captive-bred seahorses.

Determining whether this conservation stocking program was
successful is challenging, as there are no other studies or
guidelines for threatened marine fish species to compare
against. One of the key criteria for assessing captive-bred
release programs is the ability to monitor the survival of
captive-bred animals released into the wild to their first
breeding season (IUCN, 2013). Whilst actual survival rates
were not determined in this project, habitat persistence was a
good indication that captive-bred seahorses remained in their
release location, which led to reproductive success with nine of
the captive-bred seahorses observed reproducing in the wild,
including mating with the wild population. This is a good
indication that there has been a successful outcome from this
restocking program. Additionally, the occurrence of 20% of
captive-bred seahorses released onto the seahorse hotels still
being detected at 12 months, and at least two individuals still
occurring at the site after two years, indicates that captive-bred
H. whitei can survive in the wild if suitable habitat conditions
are available.

Whilst this study indicates that there is potential for
conservation stocking to be used as a future tool to assist with
the recovery of declining seahorse populations, caution is
warranted before such a program is implemented. There are
many ‘tools’ that can be used to assist with recovery of declining
seahorse populations, and conservation stocking is one such tool;
however, conservation stocking should not be considered as the
ultimate recovery option, nor should it be done in isolation from
Frontiers in Marine Science | www.frontiersin.org 8
other recovery efforts (IUCN, 2013). The reason for the decline
of H. whitei has been attributed to loss of natural habitats as a
result of anthropogenic impacts (Harasti, 2016; Harasti and
Pollom, 2017) and its vital that efforts are made to halt the
decline in natural habitats and if possible, to implement
programs to assist with recovering declining habitats across the
species range. There are several initiatives underway in NSW to
help recover important seahorse habitats such as seagrasses
(https://www.operationposidonia.com) and soft corals (Meryl
Larkin unpublished data) and if successful, these habitat
restoration efforts should benefit H. whitei populations.

Thefinancial costs involved for a seahorse conservation stocking
program would need to be considered prior to commencement to
determine if such an operation isfinancially viable. SEALife Sydney
Aquarium estimate the current breeding program for H. whitei
costs approximately $100 k (Australian dollars) for a period of 12
months. The costs associated with the program are aquaria
operational costs (i.e., electricity, tank facilities, pumping of sea
water), staff time (maintenance, feeding and veterinary support),
food collection (live mysid shrimps from the wild) and food
supplements. Similarly, if deploying artificial habitats such as
seahorse hotels, the cost of materials and construction would also
need to be budgetedwith the cost for a single seahorse hotel costing
~$200 Aus dollars, however, this cost can vary depending on the
type of materials used.

The seahorse H. whitei proved to be a good candidate to
assess the viability of a marine conservation stocking program
given its strong site attachment, resighting probability and ease
of individual identification through VIFE marking techniques.
This conservation stocking program provides a preliminary
framework for future seahorse conservation stocking programs
and the lessons learnt from this pilot study would be applicable
to future conservation stocking programs for other threatened
marine species. Particularly, the importance of implementing a
post-monitoring program to determine if releasing captive-bred
animals back into the wild was a success.

There is no right or wrong answer to whether conservation
stocking of seahorses is a viable conservationmethod as it will likely
vary between Hippocampus spp., however, there are numerous
issues that should be considered in the planning stage for any
seahorse stocking program. The IUCN ‘Guidelines for
reintroductions and other conservation translocations’ (IUCN,
2013) provides valuable information that should be referred to in
the planning stage. Whilst there are no specific guidelines for
conservation stocking or translocations of seahorses, the
following issues should be considered at a minimum:

1) Is there are an actual need for a captive-breeding program for
the proposed Hippocampus spp.? Is the species abundance
considered to be that depleted in the wild that a captive-
breeding program needs to be implemented to ensure the
species ongoing survival?

2) It needs to be considered if collecting seahorses from the wild
for brood stock could actually have a detrimental effect on the
wild population, as has been demonstrated in terrestrial
species (IUCN, 2013; McCleery et al., 2014);
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3) Consideration must be given to any potential unintended
consequences of introductions back into the wild (Pearson
et al., 2021);

4) Are the threats that have caused the seahorse to decline in the
receiving location been reduced or eliminated, as releasing
captive-bred animals whilst threats remain will likely reduce
their survival (Moseby et al., 2011);

5) Brood stock selection should aim to provide adequate genetic
diversity, selecting seahorses from the same area/habitats as
the proposed release site and ensuring that only fit captive-
bred individuals are released into the wild to maintain genetic
diversity (IUCN, 2013; Willoughby and Christie, 2019); and

6) Finally, a seahorse stocking program must involve post-
monitoring to assess the success of the release, therefore,
enough resources and time need to be invested to assess
variables such as seahorse survival, movement and
reproduction. This study indicated that post-monitoring should
be implemented for at least 12 months to assess the potential
success or failure of a conservation stocking program for
seahorses.
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