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I. Abstract

Coral nurseries have become a popular and successful method to produce coral fragments
for reef-restocking and restoration projects worldwide. Numerous in-situ coral nurseries
have been established and many studies have focused on the most effective way to
produce coral fragments in offshore nurseries. In contrast, production of coral fragments
in land-based nurseries is rarely studied despite a growing knowledge of coral husbandry
and coral aquaculture. Little data exist on the success of tank-raised corals when
transplanted back into reef environments. This thesis presents the results of a study
designed to assess the use of land-based coral nurseries in production of fragments of the
Atlantic staghorn coral Acropora cervicornis for the purposes of reef re-stocking and

restoration.

The first objective of the study was to assess if 4. cervicornis fragments can be produced
in aquarium conditions at comparable rates to offshore nurseries. Fragments from the
same wild donor colonies were placed in an offshore nursery and a land-based nursery
and monitored for survival, growth, branch production, and branch thickness for 16
months. Survival was lower in the land-based nursery, largely due to a mechanical
failure. Linear extension was lower in the land-based nursery until nursery conditions
were evaluated and optimized. The optimization process included changes to water
quality, temperature control, and lighting. Post-optimization, linear extension in the land-
based nursery exceeded the offshore nursery, with a maximum monthly growth rate of
16.0 + 5.3 mm month™. The maximum monthly rate in the offshore nursery was 10.6 +
4.1 mm month™. Branch number and thickness were also lower initially in the land-

based nursery, however both metrics increased rapidly after optimization. This



experiment shows that A. cervicornis can be successfully grown in a land-based nursery,
and that linear extension and fragment production can be higher than in offshore
nurseries if environmental conditions are maintained within optimum ranges. This
experiment highlights some of the conditions that promoted high linear extension rates in

this species.

The second objective of this study was to examine the success of corals outplanted from
land-based nurseries and to determine whether corals reared in a land-based nursery
would show the same growth and survival after transplantation as those reared in a
traditional offshore nursery. This was examined in two experiments. In the first
experiment, small fragments were outplanted from colonies reared offshore and from
colonies reared in a land-based system. In the second experiment, larger colonies reared
in the two separate land-based systems were outplanted to the same location. All
transplanted corals were monitored for survival, growth, branch number, and incidence of
predation, breakage, and disease over one year. Two major storm events occurred during
this portion of the study, so the potential for differences in breakage or storm damage

were also assessed.

There were no significant differences in survival or growth of fragments outplanted from
a land-based nursery and an offshore nursery. Colony outplants from one land-based
location had better survival and growth than colonies from a second land-based location.
Tropical storm activity greatly increased the occurrence of breakage and tissue loss in all
groups, resulting in decreases in colony volume and additional mortality. Survival
ranged from 85% to 100% after six months, and survival ranged from 70% to 89% after

one year and the passing of two tropical storms. Small (5 cm) transplants did not have

il



significantly lower survivorship than large transplants. Overall, the transplant of
fragments and colonies raised in land-based nurseries was successful, as measured by
growth and survival rates that were comparable to or exceeded those observed for corals
raised in offshore nurseries. Large colony transplants exhibited the best survivorship and

extension rates, but were also highly prone to breakage.

Keywords: Acropora cervicornis, coral nurseries, coral gardening concept, land-based,
aquaculture, transplant, water quality, aquarium, tropical storm, hurricane, breakage,
disease, tissue loss, staghorn coral
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III. Preface

The production and transplantation of coral fragments from coral nurseries has become a
popular and successful method used for reef-restocking and restoration projects
worldwide. In contrast, production of coral fragments in land-based nurseries is rarely
studied despite a growing knowledge of coral husbandry and coral aquaculture. Little
data exist on the success of tank-raised corals when transplanted back into reef
environments. This thesis presents the results of a study designed to assess the use of
land-based coral nurseries in production of fragments of the Atlantic staghorn coral

Acropora cervicornis for the purposes of reef re-stocking and restoration.

This thesis consists of four chapters. Chapter 1 is an overall introduction regarding the
current state of coral reefs, an introduction to the topic of reef restoration, and the biology
of the study species. Chapter 2 describes a study comparing growth and survival of coral
fragments that were taken from wild donor colonies and raised in both a land-based
nursery and a more traditional offshore nursery. The purpose of the study is to see how
productivity of a land-based nursery compares to the productivity of an offshore nursery.
During the study, modifications were made to conditions in the land-based nursery in
order to maximize growth rates. This information provides a valuable resource to

establish guidelines for land-based production of 4. cervicornis.

Chapter 3 consists of two experiments designed to assess the success of transplanting
corals reared in a land-based nursery to a near-shore reef site. The first experiment
compares the growth and survival of small coral fragments that originated in a land-based
nursery with those that originated in an offshore nursery. The second experiment
compares the growth and survival of larger colony transplants from two separate land-
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CHAPTER
1

INTRODUCTION



1.1 Coral Reef Degradation and Future Outlook

Coral reefs are one of the most diverse and productive ecosystems on the planet and
provide many resources that are both economically and environmentally important to
human populations. Because of this, they are also one of the most heavily exploited
ecosystems on the planet. Services provided by coral reef ecosystems include seafood
products, biochemical compounds, physical protection of coastlines, and social services
such as recreation and tourism (Moberg and Folke 1999). More than 100 countries have
coral reefs along their coastlines, and many millions of people depend on reefs for
sustenance and income (Spalding et al. 2001, Burke et al. 2011). Coral reef ecosystem
services have been valued at $29.8 billion per year globally (Cesar et al. 2003). On a
local scale, they have been valued at $3 to 4 billion annually in the Caribbean (Burke and
Maidens 2004), and an additional $4 billion per year in southeast Florida (Johns et al.

2003).

Despite worldwide implementation of management plans that aim to conserve coral reefs
and their associated ecosystem services, most of the world’s reefs have declined at an
alarming rate (Gardner et al. 2003, Pandolfi et al. 2005, Bruno and Selig 2007, Wilkinson
2008). Anthropogenic factors such as pollution, overfishing, and global climate change
are all associated with the decline of coral reefs and an increased frequency of disease
outbreaks and bleaching (Pandolfi 2003, Bruno et al. 2007, Mora 2008). Overfishing is
considered one of the greatest local threats, with an 80% increase observed between 1998
and 2008 (Burke et al. 2011). Overfishing is driven by increasing human populations,

which also leads to increased land-based sources of pollution. Land-based pollution can



lead to dramatic reductions in species diversity (Edinger et al. 1998, Fabricius et al.
2005), lowered live coral cover (Smith et al. 2001, Bruno and Selig 2007, De’ath et al.
2012), and shifts to a macro-algae dominated community (McManus and Polsenberg

2004, Fabricius et al. 2005, Lapointe et al. 2010).

Recent predictions show the outlook for coral reefs is grim, and it is unlikely that many
reefs will to recover to their original state (Pandolfi 2003). Perhaps the most serious
future threat to coral reefs is the threat of ocean acidification. Ocean acidification results
from an increased level of dissolved carbon dioxide in ocean waters, caused by
equilibration with increasing levels of carbon dioxide in the earth’s atmosphere. The
resulting decrease in ocean pH and decreased carbonate ion availability result in
decreased calcification rates by reef-building corals. Within the next few decades, the
partial pressure of carbon dioxide in the earth’s atmosphere is predicted to be high
enough to stop coral growth on many of the world’s reefs (Silverman et al. 2009).
Predictions such as this show that threats to coral reefs are global as well as local, and
conserving coral reefs will require a united effort on many fronts to prevent further reef

destruction, as well as to restore what has already been lost.

1.2 Reef Restoration and the Coral Gardening Concept

The continuing global decline of coral reefs has led to the need for a more vigorous
approach to coral reef management (Pandolfi et al. 2005, Rinkevich 2008) and the
development of a variety of techniques that can be used to restore deteriorated reefs
(Precht 2006, Edwards 2010) or to provide mitigation alternatives for anticipated or un-

anticipated habitat loss (Seguin et al. 2009, Kilbane et al. 2009). Some restoration
3



methods aim only to replace or stabilize the three dimensional structure of the reef (Fox
and Pet 2001, Fox et al. 2003). This method of restoration may be sufficient in areas
where natural coral recruitment is high, as artificial structures can be colonized by coral
recruits in as little as 6 months in such areas (Clark and Edwards 1994). In other areas,
recruitment onto artificial reef structures may be limited. Coral colonization can be
enhanced by transplanting live coral fragments or colonies onto artificial reef structures
(Fox et al. 2003, Clark and Edwards 1994, Thornton et al. 2000). In arcas where
substrate stabilization or reconstruction is not necessary, coral fragments may be
transplanted directly to the reef substrate (Bowden-Kerby 2001, Garrison and Ward
2008), or the coral fragments can be used to stabilize the substrate directly (Lindahl

2003).

Early restoration studies utilized corals taken from nearby donor sites, thereby “robbing
Peter to pay Paul,” and in turn decreasing coral cover at the donor sites. The need for a
more sustainable source of coral fragments has led to the development of coral nurseries
and the coral gardening concept. The two-step gardening concept involves the creation
of a large pool of corals in nurseries established in sheltered ocean areas, followed by the
transplantation of nursery-grown fragments to degraded reef sites (Rinkevich 2006). The
coral gardening concept has been effectively applied worldwide in a variety of locations,
including Tanzania (Mbije et al. 2010), the Philippines (Shaish et al. 2008), the Red Sea
(Shafir et al. 2006), and Japan (Omori 2011). Coral gardening can also be used as an

economically viable and sustainable means of supplying corals to the ornamental



aquarium trade (Ellis and Sharron 1999, Ellis and Ellis 2002), thus decreasing wild

collections.

In response to the success of the coral gardening concept and an increasing demand for
fragments for restoration and mitigation projects, numerous in-situ coral nurseries have
been established using a wide range of materials, and many studies have focused on the
most efficient way to produce coral fragments in offshore nurseries. Offshore nursery
structures have been constructed of leg-affixed solid frameworks of metal or plastic
(Soong and Chen 2003, Shaish et al. 2008), tethered mid-water lines or mesh to which
fragments are tied (Shaish et al. 2008, Levy et al. 2010), or concrete structures or cinder
blocks anchored directly to the substratum (Herlan and Lirman 2008). Nurseries can be
located over existing reefs, in close proximity to reefs, or in sand channels but are
generally located in somewhat protected areas such as back-reefs or lagoons in order to
minimize turbulence on small, newly attached fragments. While in the nursery, corals
can be plagued by predation by corallivorous gastropods such as Drupella sp. (Shafir et
al. 2006) or polychaete worms (Hermodice sp.). Locating nurseries away from the
natural reef or hanging fragments on suspended lines can reduce the impacts of predation

(Edwards 2010).

1.3 Reef Restoration in the Western Atlantic

The Western Atlantic region contains only ten percent of the world’s coral reefs, and
biodiversity is significantly lower than in the Indian or Pacific Oceans. The Atlantic is
home to less than 70 species of reef-building corals whereas the Indian and Pacific

oceans are home to over 700 species (Veron 2000). The lower species diversity found in
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the Western Atlantic basin is largely due to the large number of glacial extinction events
that occurred after the closing of the Isthmus of Panama during the Pliocene (Spalding et
al. 2001). In the Caribbean, live coral cover has decreased dramatically over the past
three decades from an average of 50% to 10% (Gardner et al. 2003). Caribbean reefs also
show evidence of lower resilience and recovery (Connell 1997), lower coral recruitment
(Richmond and Hunter 1990), and a greater tendency to shift to macro-algal dominated

communities (Mumby et al. 2007, Bruno et al. 2009) than their Indo-Pacific counterparts.

Beginning in the late 1970’s, widespread mortality of two important Atlantic corals
occurred across the Caribbean. Populations of Acropora cervicornis and Acropora
palmata, two primary reef framework-building species, decreased by 80-90% regionally,
largely due to disease, but also due to hurricane damage, predation, thermal stress, ship
groundings, and anchor damage (Greenstein et al. 1998, Precht et al. 2002). In addition,
a major reef-grazing herbivore, the sea urchin Diadema antillarum also died in large
numbers due to disease between 1983 and 1984 (Lessios et al. 1984). The urchin die-off
resulted in a well-documented increase in algal abundance in many areas (Hughes et al.
1987, Levitan 1988). The loss of these critical species from the Western Atlantic reef
ecosystem is linked to the ongoing lowered resilience and decline of Caribbean reefs
(Roff and Mumby 2012). The dramatic loss of Caribbean Acropora led to the 2006
addition of A. cervicornis and A. palmata to the threatened species list under the U.S.
Endangered Species Act. In 2014, an additional five stony coral species found in the

region were added to the list of threatened species.



In response to the ongoing plight of Atlantic reefs, many in-situ coral nurseries have been
established throughout the region, including the Dominican Republic, Mexico, Jamaica,
Puerto Rico, and Florida. These nurseries are established and operated by governmental
agencies, universities, and/or private non-profit organizations. Most of these nurseries
focus on the fast-growing threatened acroporid corals A. cervicornis and/or A. palmata.
These nurseries act as a source of fragments for transplantation (Johnson et al. 2011 and
case studies therein) and also as repositories for genetic material in the face of increasing
natural stressors (Schopmeyer et al. 2012). Acropora cervicornis fragments produced in
offshore nurseries have been used for reef restoration projects in Florida with up to 100%
survival over the first year and an average survival of between 80 and 90% (K.

Nedimeyer, pers. comm., April 1, 2011).

There is a growing amount of information regarding performance of 4. cervicornis in a
variety of offshore nursery conditions (Herlan and Lirman 2008, Nedimeyer et al. 2011,
Bowden-Kerby and Carne 2012, Griffin et al. 2012), and guidelines for nursery and
restoration best practices have been established (Johnson et al. 2011). The wealth of
information regarding nursery culture and transplantation makes this species an excellent

candidate for studying the efficacy of novel nursery techniques.

1.4 Study Species

Acropora cervicornis is a hermatypic, scleractinian coral in the family Acroporidae. The
genus Acropora is the most speciose of any of the reef-building coral genera, with
approximately 180 described species (Veron 2000). Acropora cervicornis and all other

members of the genus are distinguished by an axial corallite that is found at the tip of
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each cylindrical branch. Unlike many Indo-Pacific acroporids, A. cervicornis does not
show fluorescent accessory pigments, and healthy colonies show brown to tan coloration
along the branches with white growing tips. Along with 4. palmata, it is one of three
members of this genus found in the Atlantic Ocean, including A. prolifera, a hybrid of A4.
cervicornis and A. palmata. It’s range extends from southeast Florida to northern
Venezuela, and it is found throughout the Caribbean islands and the western Gulf of
Mexico. It was historically a dominant reef builder throughout the Pleistocene and
Holocene, when well-developed reefs dominated by Acropora were found as far north as
Palm Beach County, Florida (Lighty et al. 1978). It has been suggested that this species
may be able to adapt more readily to changing global climate conditions through a

migration of its northern range boundary (Precht and Aronson 2004).

Acropora cervicornis can be found growing from the surface to depths of 30 meters and
has rarely been reported as deep as 60 m (Goreau and Goreau 1973). The arborescent
colonies often form large monotypic stands, and the species is capable of thriving in
many reef zones and in areas of varying wave energy. Early descriptions of reef zonation
patterns from Discovery Bay, Jamaica termed the shallow fore-reef areas between 7 and
15 m the “Cervicornis Zone” due to the abundance of the species but also noted that it
was present in varying amounts in all reef crest and back reef zones (Goreau 1957). The
“Cervicornis Zone” was also observed in Western Caribbean reefs off Colombia, as well
as patch reefs consisting primarily of A. cervicornis located in relatively sheltered

lagoons (Geister 1977).



The ability of this species to survive in a variety of reef habitats may be due to its ability
to grow rapidly, and to adapt its morphology to local environmental conditions such as
light and wave energy. Growth rates as fast as 20 cm per year have been reported on
individual branches (Tunnicliffe 1983), but more commonly observed average growth
rates are around 10-12 cm per year. Growth rates have been correlated with temperature,
with maximum growth occurring between 28 and 30 degrees C (Shinn 1966), and lower
growth rates occurring during colder, winter months. Branches form from 60 to 90
degrees from the primary stalk, and distance between branches is greater in calmer water,
giving the colonies a more “open” appearance (Boulon et al. 2005). Colonies in areas of
high wave action are smaller in height with tighter branching and branching at “lower
angles” (Bottjer 1980, Vargas et al. 2003). Branch thickness (diameter) ranges from 0.25
to 1.5 cm, and branch diameter is thinner at greater depths and in areas of lower wave

action (Boulon et al. 2005, Bowden-Kerby 2008).

Acropora cervicornis is a simultaneous hermaphrodite that has two modes of
reproduction: asexual fragmentation and sexual broadcast spawning. Asexual
fragmentation is the most common means of local population growth (Tunnicliffe 1981,
Highsmith 1982). This is advantageous as it allows the species to colonize habitat
quickly and to rapidly recover from breakage (Highsmith et al. 1980). Although natural
fragmentation may allow the species to re-colonize local areas, it does not allow for
recovery in habitats where the species has been lost entirely as dispersal of fragments
may be limited by geographic boundaries. In addition, the monotypic thickets created by

natural fragmentation may be at an increased risk of devastation by disease outbreaks due



to lower genetic diversity. Recovery of lost habitat on a larger scale and the long-term
genetic stability of the remaining population must occur through a combination of

dispersal of fragments of multiple genotypes and recruitment of sexually produced larvae.

Broadcast spawning has been observed in A. cervicornis between 2 and 15 days after the
full moon of the late summer months, from July to September (Szmant 1986; Vargas-
Angel et al. 2006). Acropora cervicornis eggs are relatively easily fertilized compared to
A. palmata, can be self-fertilized, and are viable for up to four hours post-spawning
(Fogarty et al. 2012). It is unclear as to whether self-fertilized larvae are equally as fit for
settlement and survival. The mean number of A. cervicornis sexual recruits in Broward
County have been reported to be only 0.01 per m? (Vargas-Angel et al. 2003), indicating
that recruitment through sexual reproduction is extremely low in this area. In general for
broadcast spawning marine invertebrates, the percentage of fertilized eggs is greatly
reduced with increased distance to the closest male individual (Gascoigne and Lipicus
2004). The sparse distribution of the remaining population has led to the suggestion that
the remaining population may suffer from Allee effects where the density of colonies is

too low to fertilize successfully (Aronson and Precht 2001).

A limiting factor to the recovery of A. cervicornis populations is the on-going occurrence
of disease. The initial decline of the population was attributed largely to a condition
called White-Band Disease (WBD) (Aronson and Precht 2001, Precht 2002), which still
occurs in the remaining coral population. Gladfelter (1982) originally described the

syndrome on Acropora palmata as ‘a sharp line of advance where the distally located
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zooxanthella-bearing coral tissue is cleanly and completely removed from the skeleton,
leaving a sharp white zone about 1 cm wide that grades proximally into algal
successional stages.” Ritchie and Smith (1998) described a second type of white-band
syndrome on corals in the Bahamas, distinguishing a WBD Type II from the originally
described WBD Type I. Type Il is described as having a 2-20 cm margin of bleached
tissue that precedes the white skeleton zone. A third syndrome reported in the Florida
Keys was simply described as “rapid tissue loss” by Williams and Miller (2005). This
syndrome is characterized by rapidly spreading and irregular patterns of tissue sloughing,
as compared to a somewhat slower and linear progression of tissue loss from the base of
the colony outwards in WBD Type I. Recent research has shown that WBD Type I can
be spread by the corallivorous snail Coralliophila abbreviata, through direct contact of
infected tissue, and also through waterborne transmission to injured coral tissue (Kline

and Vollmer 2011, Gignoux-Wolfsohn et al. 2012).

The threatened status of A. cervicornis and the persistent lack of recovery of the
population emphasizes the importance of carefully planned conservation and restoration
that minimizes additional damage to the population. Recent genetic research highlights
the importance of activities on a local scale in order for the Florida population to be self-
sustaining in the future. It has long been thought that broadcast spawning promoted reef
recovery through larval dispersal and input of coral recruits from distant populations.
Recent research indicates that gene flow is actually restricted over much smaller spatial
scales in Caribbean Acropora corals (Baums et al. 2005, Vollmer and Palumbi 2007).

Populations separated by as little as 2 km show fine-scale genetic differences (Vollmer
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and Palumbi 2007), and ongoing recruitment of A. cervicornis to the Florida reef tract
from other areas of the Caribbean is low (Hemond and Vollmer 2010). It has been
suggested that reef restoration efforts should be focused on areas with low natural
recruitment (Kojis and Quinn 2001). This strengthens the argument for transplantation of
coral fragments to Broward County waters in order to increase the number of individuals
of the species and to promote recruitment to local reefs. Transplantation of a single
species is appropriate in this case as naturally occurring thickets are generally monotypic
(Vargas-Angel et al. 2003). In addition, fragmentation of donor colonies does not cause
mortality of the donor colony and actually results in increased growth on donor branches
(Lirman et al. 2010), minimizing the impacts of fragment collection from the remaining

population.

1.5 Project Objectives

Offshore A. cervicornis nurseries are generally successful in achieving their objectives,
but have a number of down-sides, including potential exposure to extreme cold
temperatures in winter and extreme warm temperatures in summer, predation, hurricane
damage, anchor and vessel damage, and disease. Although each offshore nursery is
affected differently, the use of land-based nursery systems may be an equally effective
method of culturing fragments of this species. Land-based systems may also provide an
additional option in situations where ocean conditions have become so degraded that in
situ nurseries cannot be safely established or do not perform well, and corals must be
housed in contained systems until such time that local conditions are improved and

stabilized.
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Acroporid corals are one of the most commonly propagated corals in the aquarium
industry (Atkinson et al. 1995, Petersen et al. 2007, Okubo et al. 2010), and 4.
cervicornis is currently exhibited in numerous public aquariums both in the United States
and internationally. The species is also maintained in at least five separate land-based
coral nursery systems in Florida, including the University of Florida Tropical
Aquaculture Laboratory, the Florida Aquarium, Mote Marine Laboratory, University of
Miami, and Nova Southeastern University Oceanographic Center. Despite the presence
of both offshore and land-based nurseries for 4. cervicornis in Florida, no study has

directly compared the two nursery techniques.

The objective of this study is to evaluate the use of a land-based coral aquaculture system
for propagation of fragments of A. cervicornis for reef restoration purposes. The study
was conducted in two parts. The first part, described in Chapter 2, was to evaluate the
use of a land-based nursery for propagating corals. The purpose was to assess if 4.
cervicornis fragments can be produced in aquarium conditions at comparable rates to
offshore nurseries. To accomplish this goal, fragments from the same wild donor
colonies were placed in an offshore nursery and a land-based nursery and monitored for

survival, growth, branch number, and branch thickness.

The second part of the study, described in Chapter 3, was to test the performance of
nursery-produced corals when transplanted back to the reef for restoration. The purpose
was to assess if A. cervicornis fragments produced in aquarium conditions behaved in a

similar way as fragments produced in an offshore nursery. The same corals produced
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both in a land-based and offshore nursery used for the study described in Chapter 2 were
re-fragmented and transplanted to an offshore site along with some larger colonies. In
addition, corals produced in a second land-based nursery were transplanted back to the
same site. All transplanted corals were monitored for survival, growth, branch number,
and incidence of predation, breakage, and disease. Two major storm events occurred
during this portion of the study, so the potential for differences in breakage or storm

damage were also assessed.

The null and alternative hypotheses of the experiments are as follows:

Hol: There is no difference in the survival, growth, branch number, and
branch thickness of fragments growing in the offshore and land-based

nurseries.

Hal: Survival, growth, and/or branching will differ between fragments
cultured in a land-based nursery and an offshore nursery due to differences

in the nursery conditions.

Ho2: There is no difference between survival, growth, and branching of
large colonies from two land-based nursery locations after transplantation

to an offshore restoration site.

Ha2: Survival, growth, and/or branching of large colonies from the two

land-based nursery locations will differ after transplantation.

Ho3: There is no difference between survival, growth, and branching of
fragments from the NSU land-based nursery and an offshore nursery after

transplantation to an offshore restoration site.

Ha3: Survival, growth, and/or branching of fragments from the land-

based and offshore nursery locations will differ after transplantation.
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Figure 2.16. Six month time series photographs of Fragment 213 during the
post-optimization period: January 2011 through July 2011.

Despite eight months of significantly reduced growth, there was no significant difference
in the overall height of colonies in the land-based and offshore nurseries at the end of
May 2011 when measurements of the offshore nursery ended. Final coral height in the
offshore nursery was 13.6 cm (£ 0.4 SE) with a maximum width of 15.1 cm (£ 0.5 SE)
cm, and 16.2 (£ 9.7 SE) branches per fragment. Height of corals in the land-based
nursery in the same month was 13.5 cm (£ 0.5 SE) with a maximum width of 11.5 cm (=
0.5 SE), and 10.0 (= 5.1 SE) branches per fragment. Maximum width and the number of
branches per fragment were lower in the land-based nursery. Photographic comparisons

of fragments in the two nursery locations in May 2011 are shown in Figure 2.17.
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Figure 2.17. Photographs of fragments from the same donor colonies (indicated
by numbered tag) taken in May 2011. Left: land-based nursery. Right: offshore
nursery.
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2.4 Discussion

2.4.1 Survival Between Nurseries

The occurrence of rapid tissue loss in both nursery locations immediately following
collection is likely a result of the stress of fragmentation, transport, and re-attachment.
Mortality of fragments shortly after attachment is commonly reported in A. cervicornis
nurseries. Herlan and Lirman (2008) reported 9.2% mortality of A. cervicornis fragments
in the first three weeks and 17.3% mortality in the first 8§ weeks, which is comparable to
the mortality observed in this experiment. The percentage of fragments affected in the
land-based nursery was higher than the offshore nursery in June 2010, possibly indicating
additional stress from being transplanted into an artificial environment. During the early
portion of the experiment, water quality in the land-based nursery was not ideal; elevated
levels of phosphate and ammonia, and decreased pH levels, may have contributed to
additional stress on fragments transplanted in the land-based nursery. However, the
percentage of fragments lost to early rapid tissue loss immediately following placement
of corals in the land-based nursery was nearly identical pre- and post-optimization

(12.0% and 12.5% respectively).

The percentage of fragments lost immediately following fragmentation and placement in
the offshore nursery was much greater in June 2011 than in 2010 (21.4% and 6.0%
respectively). This is unexpected as the 2011 fragments were generated from corals in
the offshore nursery rather than wild donor colonies, were never transported by boat, and
were moved less than 1 meter from their original location in the offshore nursery;
therefore transplant stress should have been minimal. Larson (2010) found that mortality

in newly fragmented 4. cervicornis was up to 56% in September of 2007 and attributed
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this mortality to high water temperatures due to a reduction in mortality (to 22%) in a
second transplant event when temperatures were lower in December 2007. Water
temperatures at the offshore nursery at the time of fragmenting in June 2011 were slightly
higher than in May 2010. However this difference was small, with mean daily water
temperature of 27.2 °C on May 17-20, 2010 and 28.5°C on June 13, 2011. Mean water
temperatures in the month following fragmentation were similar in both years
[29.1£1.3°C, (maximum 30.5°C) in 2010 compared to 29.3+0.5°C (maximum of 30.2°C)
in 2011]. Additional review of photographs and field notes from monitoring of the 2011
fragments in the offshore nursery showed that eleven out of the twelve corals with
mortality in the first month had been broken and reduced to a small piece of skeleton only
1 — 2 cm in size at some point between the initial and 1-month monitoring events. It is
likely that predation or breakage played a role in the high level of initial mortality in the

offshore nursery during this fragmentation.

The loss of 36% of corals in the land-based nursery in 2010 was a result of equipment
mechanical malfunction in the nursery relating to a valve being left in a closed position.
The mechanical nature of recirculating aquaculture systems makes them prone to the
impacts of equipment failure such as power outages, pump seal or motor failures,
temperature control malfunction, or human operational error. This has led to the
development of a variety of computerized environmental monitoring and control systems
that are commonly implemented in intensive aquaculture systems to prevent or minimize
losses from such failures (Lee 1995; Simbeye et al. 2014). Automated monitoring and
process control can also be used to optimize culture conditions and increase process

efficiency (Lee 2000). Such systems are often costly to implement and may not be
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included in pilot-scale projects or be affordable in production that is not for financial

profit, such as for re-stocking or restoration.

The NSUOC land-based nursery system had limited automated monitoring capabilities;
pH, temperature, and ORP readings were local only and not remotely accessible or linked
to alarm notifications. Installation of a water level sensor with alarm capabilities could
have prevented fragment loss in this situation. Large-scale aquaculture of threatened or
endangered species of coral should include computerized, remote monitoring capabilities
with notifications to system operators when parameters essential for coral survival are
out-of-range. Automated monitoring systems, coupled with daily visual inspection, can
greatly reduce the chances of catastrophic losses of stocks due to equipment failure.
Daily (7 days per week) observation has been suggested as a best management practice
for aquaculture operations in order to reduce the risk of disease outbreaks and to check on
the operation of system components in recirculating systems (Florida Department of
Agriculture and Consumer Services 2007; Maryland Aquaculture Coordinating Council

2007).

Offshore coral nurseries are not without risk. The final mortality rate of 52% observed in
the land-based nursery is comparable or less than those reported in offshore nurseries
exposed to risk factors such as extreme water temperatures or hurricane damage
(Schopmeyer et al. 2012 [up to 100% mortality]; Larson 2010 [up to 56%]; Quinn and
Kojis 2006 [up to 94%]). Whereas the risk of climate extremes and hurricane damage is
largely uncontrollable in offshore nurseries, risk can be minimized in land-based

nurseries through the use of best management practices and proper system engineering.
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2.4.2 Predation, Breakage and Disease

An important benefit of land-based nursery culture is the ability to control environmental
parameters and potentially limit losses due to disease, predation, and breakage. Beyond
the first month of the experiment, corals in the land-based nursery showed no evidence of
disease or predation whereas the offshore nursery experienced persistent predation
starting in January 2011 followed by an outbreak of rapid tissue loss in summer and early
fall of 2011. Predation has been identified as one of the largest concerns in offshore
nursery culture, along with breakage, algal overgrowth, and disease (Young et al. 2012).
Controlling predator recruitment and migration into an offshore nursery can be difficult
and requires ongoing maintenance. In land-based systems, careful visual inspection of all
new additions to the nursery, followed by daily observation, can eliminate the presence of
predators. In recirculating aquaculture systems, the use of quarantine tanks and other
bio-security protocols can further reduce the possibility of disease outbreaks and the

introduction of pest species to the system (Yanong and Erlacher-Reid 2012).

High water temperatures have been linked to oxidative stress (Downs et al. 2002; Lesser
2006), bleaching (Jokiel and Coles 1990; Glynn 1996; Brown 1997; Downs et al. 2002),
and disease (Rosenberg and Ben-Haim 2002; Bruno et al. 2007) in scleractinian corals.
Cold water temperatures (“cold-stress”) can also cause high levels of coral mortality
(Lirman et al. 2011; Schopmeyer et al. 2012) and bleaching (Hoegh-Guldberg et al.
2005). The ability to maintain stable year-round water temperatures in land-based
nurseries is one advantage over offshore nursery culture. Land-based nurseries located
outdoors are more susceptible to seasonal temperature extremes; the temperature of a

small body of water can change rapidly with ambient air temperature. Heating and
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cooling systems must be engineered to maintain stable water temperatures during

extreme weather events in order to minimize stress and mortality of coral stocks.

Although southern Florida generally has a mild tropical climate, the cold event of
December 2010 with nightly low temperatures of 1.1°C could have resulted in
devastating losses in the land-based nursery if the ability to return to the flow-through,
groundwater well system had not been available. This cold weather event was followed
by a cold-water anomaly on nearby reefs with water temperatures below 16°C for up to
14 days in the Florida Keys in January 2011; nearshore reefs in Broward County
remained above 20°C (Lirman et al. 2011; Schopmeyer et al. 2012). This cold-water
event resulted in catastrophic mortality of corals in the Florida Keys (Kemp et al. 2011;
Lirman et al. 2011; Colella et al. 2012), including mortality of A. cervicornis in several
offshore nurseries (Schopmeyer et al. 2012). The design of land-based nursery systems
should consider the potential for extreme weather events, and the system should have the
heating and cooling capacity to maintain proper temperatures for coral survival during

these events.

The occurrence of breakage was greatly reduced in the land-based nursery. 4.
cervicornis 1s a relatively fragile species with thin, elongated branches that often break
when exposed to elevated wave action in the natural environment (Tunnicliffe 1981;
1982). The offshore nursery in the current study was located in a sandy area that was
exposed to the nearshore wave climate of southeastern Florida. Broward County is a
highly urbanized area, and activity by recreational boaters in the area is high.

Observations during monthly visits to the offshore nursery indicated low levels of branch
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breakage likely caused by wave action or other biota; large hermit crabs (Diogenidae and
Paguridae) were often seen wedged tightly in between coral branches. There were also
several larger breakage events where several adjacent corals were severely damaged at
one time. These events may have resulted from entanglement in fishing gear or anchor
damage, or possibly damage by recreational divers. The ability to control the occurrence
of breakage is another benefit of land-based culture; this benefit is most important in
areas where offshore nurseries cannot be placed in sheltered lagoons or where human

disturbance is high.

2.4.3 Optimizing Land-Based Nursery Conditions

In the early portion of the experiment, mean linear extension in the land based nursery
(5.4 mm month™ or 6.5 cm yr'l) was significantly lower than the offshore nursery and
lower than other published extension rates for the species in normal habitat (Shinn 1966
[10 cm yr'l]; Tunnicliffe 1983 [12.0 cm yr'l]). During this time period, corals in the land
based nursery were exposed to fluctuating levels of inorganic nutrients, including
extremely high levels of ammonia and phosphate. Ferrier-Pages et al. (2000) studied the
effects of ammonia and phosphate enrichment on the growth rate of Stylophora pistillata.
Ammonia levels of 10 pM had no effect on growth rate; however an increase to 20 uM
decreased growth by 60% (Ferrier-Pages et al., 2000). A phosphate level of 2 uM also
reduced growth rate by 60%, and combined ammonia and phosphate resulted in a 50%
decrease in growth (Ferrier-Pages et al., 2000). Mean ammonia level in the land-based
nursery in the early period was 16.5 uM, and mean phosphate concentration was 3.2 uM
(Table 2.5), suggesting that these levels may have been high enough to reduce growth

rate.
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The reduced number of branches per fragment and smaller width of the branches formed
during the early portion of the experiment also have important implications for overall
fragment production in the nursery and the ability to use fragments for restoration
purposes. The combination of slower growth, with a significantly lower number of
branches, would result in a cumulative reduction in the number of fragments produced by
the nursery over time. In addition, fragments with a smaller branch diameter may be

more prone to breakage following transplant.

Watson and Hill (2006) discussed the importance of maintaining stable conditions that
closely mimic those found on tropical reefs when designing recirculating production
systems for marine ornamental species, including corals. In order for land-based coral
nurseries to be successful, environmental conditions within the nursery must be
maintained within the range of natural reefs. Environmental factors that determine the
suitability of a habitat to support coral reefs include temperature, nutrients, light, salinity,

aragonite saturation state, and water flow (Kleypas et al. 1999, Couce et al. 2012).

Water temperature is considered one of the most important controls on global reef
distribution, with the majority of reefs being found where the minimum sea surface
temperature is greater than 18°C (Kleypas 2007). The optimum temperature for
scleractinian coral growth is generally considered to be between 25.0 and 29.0°C and is
variable depending on the species and the thermal history of the environment (Clausen
and Roth 1975, Coles and Jokiel 1978, Gladfelter 1984). Coral stress and mortality can
occur even with short-term deviations from acceptable temperatures. Fitt et al. (2009)

observed a reduction in symbiont density and increased mortality in S. pistillata after
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only 3 days at 32°C, and Hoegh-Guldberg and Smith (1989) observed visible paling in 2

days at 32°C and complete mortality within 8 hours at 34°C.

Coral culture in “high nutrient” water sourced from a saltwater well was reported by
Atkinson et al. (1995) at the Waikiki Aquarium. Levels of inorganic nutrients in the
NSUOC well water before optimization were almost a full order of magnitude higher
than those in Waikiki; total ammonia of 2.4 uM and phosphate levels of 0.60 uM were
reported in the well at Waikiki Aquarium (Atkinson et al. 1995). After optimization,
levels in the land-based nursery were comparable to Waikiki (1.18 uM total ammonia
and 0.63 uM phosphate). The high growth rates observed by Atkinson et al. (1995) and
during the latter portion of this study, compared to the reduced rates in the beginning of
the current study, suggest a threshold for acceptable nutrient levels that lies between the
two observations. In general, levels of dissolved inorganic nutrients should be minimized
through both the use of a quality seawater source and removal of accumulated nutrients

through biological and chemical filtration.

The effect of light on coral growth and morphology has been studied extensively both in
situ (Falkowski et al. 1984, Huston 1985, Anthony and Hoegh-Guldberg 2003) and ex
situ (Schlacher et al. 2007, Schutter et al. 2008, Wijgerde et al. 2012, Rocha et al. 2013).
Optimum light levels can be highly species-specific. The Pacific staghorn coral
Acropora formosa had faster linear extension in 15 m water depth (lower light) than in 5
m but grew with fewer branches and increased branch spacing in deeper water (Oliver et
al. 1983). The calcification rate of A. cervicornis is correlated with light intensity up to

saturating levels (Chalker and Taylor 1975, 1978). Chalker and Taylor (1978) created
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light-saturation curves for photosynthesis and calcification of 4. cervicornis. The
irradiance value in which calcification was saturated (Iy) was 330 uE m?s’, and
maximum calcification rate was not reached until approximately 800 pE m™ s, with
photoinhibition occurring at higher irradiance levels. The low light levels in the land-
based nursery in the early potion of the experiment likely resulted in reduced calcification
and may have resulted in reduced branch formation. However, appropriate light intensity
should be considered on a case-by-case and species-by-species basis, as Schutter et al.
(2012) demonstrated that increasing irradiance and photoperiod had no effect on growth

in Galaxea fasicularis.

Other factors that can potentially affect coral survival and growth in land-based nurseries
that were not specifically monitored in this study include water flow, aragonite saturation
state, and the level of dissolved organic material. Water flow in the land-based nursery
was adjusted before the experiment began and was measured up to 70 cm s™ depending
on location in the nursery and distance from the outlets of the circulation system. Water
flow was measured between 1 and 33 cm s directly around the coral branches. Under
moderate wave conditions, forereef water flow can be in the range of 20 to 40 cm s™';
maximum forereef flow in the surf zone under heavy wave conditions can exceed 100 cm
s (Sebens et al. 2003). Water flow has been shown to affect the photosynthetic rate
(Dennison and Barnes 1988, Lesser et al. 1994), prey capture (Sebens et al. 1997, Sebens
et al. 1998), nutrient uptake (Thomas and Atkinson 1997, Atkinson et al. 2001),
calcification (Dennison and Barnes 1988), growth (Nakamura and Yamasaki 2005), and
bleaching resistance and recovery (Nakamura and Van Woesik 2001, Nakamura et al.

2003, Fabricius 2006, Finelli et al. 2006) of scleractinian corals.
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