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Abstract: On a global scale, the value of the total economic goods and services provided by coral reefs have been esti-
mated to be US$375 billion per year with most of this coming from recreation, sea defence services and food production,
this equates to an average value of around US$6,075 per hectare of coral reef per year. Degradation of reefs means the
loss of these economic goods and services, and the loss of food security and employment for coastal peoples, many of
them in developing countries and many of them living in poverty. In a healthy reef system which has not been physically
damaged, an impacted area might be expected to recover naturally to its pre-disturbance state along a successional trajec-
tory. If degradation is sufficiently severe or spatially extensive, then active restoration e.g. transplantation, in combination
with management actions to reduce anthropogenic stress are necessary. Recoverability depends on the stressor, the im-
pacted species/community and the temporal and spatial intensities of the stressor. Artificial reef is any structure built or
placed on the sea bed, water column or floating on its surface, with the purpose of creating a new attraction to scuba di-
vers or to concentrate or attract plants or animals for fishing purposes. These artificial reefs can be designed for different
purposes like: (1) Tourism {SCUBA diving, recreational angling, surfing and beach enhancement} (2) Fisheries (3) Na-
ture conservation (4) Science. This paper reviews conditions driving the need for restoration, and the questions that must
be considered to identify the type of restoration necessary or possible. Artificial reefs around the world, their uses, social
and economic impacts, liability, the use of novel technology approaches in artificial reefs and future applications were
also reviewed. Artificial reefs can have positive economic impacts which are significant and may be several hundreds of
million dollars per year. For future application, need is urgent for: 1- Link biological, physical and economic issues within

reef development 2- Continue biological and engineering research to refine reef design and modeling.

1. INTRODUCTION

On a global scale, the value of the total economic goods
and services provided by coral reefs have been estimated to
be US$375 billion per year with most of this coming from
recreation, sea defence services and food production, this
equates to an average value of around US$6,075 per hectare
of coral reef per year [1]. Degradation of reefs means the
loss of these economic goods and services, and the loss of
food security and employment for coastal peoples, many of
them in developing countries and many of them living in

poverty.

The Status of Coral Reefs of the World (2004) Report [2]
estimates that 20% of the world’s coral reefs have been ef-
fectively destroyed and show no immediate prospects of re-
covery, that 24% of the world’s reefs are under imminent
risk of collapse through human pressures, and that a further
26% are under a longer term threat of collapse. The major
observed threats to the world coral reefs are indicated in Fig.
).

A case study [3] on the total net benefits and quantifiable
losses due to threats to coral reefs in Indonesia present value;
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10% discount rate; 25 year time-span) is indicated in Table
1.

Our “assistance” to natural recovery may be either in the
form of passive or indirect measures, or in the form of active
or direct interventions, the former generally involve improv-
ing the management of anthropogenic activities that are im-
peding natural recovery processes, the latter generally in-
volve active physical restoration and/or biological restoration
interventions (e.g., transplantation of corals and other biota
to degraded areas) [4].

With reefs we are usually aiming for restoration but may
be pleased if we can just achieve some form of rehabilita-
tion. The aims of reef restoration are likely to be dictated by
economic, legal, social and political constraints as well as
ecological realities, however, ignoring the latter means a
high risk of failure [5].

It is worth mentioning that Reefs stressed by anthropo-
genic activities (e.g., overfishing, sediment and nutrient run-
off) are less likely to be able to recover from large scale dis-
turbances. Active restoration is highly unlikely to be able to
assist such recovery due to the huge scale-mismatch, but
good coastal management (referred to by some as “passive
restoration”) may give them a fighting chance.

We should further encourage disseminating the success,
failures, and lessons learnt in order to help others to get ad-
vantage from your experiences.
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Fig. (1). Major observed threats to the world coral reefs.

Table 1. Total Net Benefits and Quantifiable Losses Due to Threats to Coral Reefs in Indonesia (Present Value; 10% Discount Rate;

25 Year Time-Span) [3]

Threat Total net Benefit to Individual Total net Losses to Society

Poison fishing $ 33,000 per km? $ 43,000- 476,000 per km?

Blast fishing $ 15,000 per km? $ 98,000~ 761,000 per km?

Coral mining $ 121,000 per km? $ 176,000- 903,000 per km?
Sedimentation from logging $ 98,000 per km? $ 273,000 per km?
Overfishing $ 39,000 per km? $ 109,000 per km?

1. RESTORATION OF DAMAGED NATURAL REEFS
I1.1. Active and Passive Restoration Measures

The primary aim of restoration is to improve the
degraded reef in terms of ecosystem structure and function.
Attributes to be considered might be biodiversity and com-
plexity on one hand and biomass and productivity on the
other [1]. In a healthy reef system which has not been physi-
cally damaged, an impacted area might be expected to
recover naturally to its pre-disturbance state along a succes-

sional trajectory [6]. In such a case, benign “neglect” (letting
nature take its course) and patience may achieve restoration.
However, if degradation is sufficiently severe or spatially
extensive, or the reef system is subject to additional chronic
human-induced stresses (e.g., overfishing, nutrient loading,
sedimentation) then “neglect” (doing nothing) may see fur-
ther decline, or possibly a switch to an alternate (perhaps
undesirable for local resource users) stable state (e.g., a reef
dominated by macroalgae). In such cases, active restoration,
if necessary, in combination with management actions to
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Table 2. Conditions Driving the Need for Restoration, and the Questions that must be Considered to Identify the Type of Restora-
tion Necessary or Possible (Modified and Expanded From [13]

Conditions Driving the Need for Restoration

Questions Which Help Define Restoration Approach

. reductions in habitat and species diversity, and habitat size and
heterogeneity;

. reductions in the population size, dynamics and range of many
species;

. fragmentation of habitats increasing the vulnerability of re-
maining isolated pockets to natural or human-induced envi-
ronmental changes, especially if fragmentation prevents the
movement of propagules; and

. reductions in the ability of naturally functioning ecosystems to
provide economically important goods and services such as
erosion protection, nutrient reduction, or carbon retention

. What is expected of a natural habitat; and what are the natural eco-
system goods and services, can these be quantified and thus re-
placed?

. What the human uses are for the system and the demands on the
system, and are these compatible with natural ecological structure
and functioning?

. Can the stressors be stopped, mitigated or compensated; and if so
will the system recover on its own or require some degree of inter-
vention?

. Is the system to be restored to a pristine state or merely fit-for-
purpose?

. Avre there some human impacts which are unavoidable?

. What are the human impacts against a background of natural and
wider change, such as global climate change?

reduce anthropogenic stress, is likely to be needed if the reef
is to have any chance of recovery to a desirable state. Even
with active restoration measures, recovery may progress to
some state different from the original ecosystem [4]. How-
ever, restoration ecology suggests the notion of active meas-
ures, while conservation biology focuses on “passive” meas-
ures, allowing natural processes to mitigate impacts without
or with only minimal human interference [7]. During the past
decade, coral transplantation measures have frequently been
employed and have gained recognition as the prime man-
agement tool for reef restoration [7].

11.2. Recovery

The large number of schemes and studies, has led to a
detailed but sometimes confusing semantics of restoration
with an inconsistent, conflicting and sometimes overlapping
application and interpretation of the terms [8]. Further un-
derstanding of these terms, approaches and their application
requires many fundamental questions to be answered [9]
Table 2. The term recovery implies that a system will return
to a previous condition after being in a degraded or disrupted
one, which is often interpreted as being in poor ecological
health. The recovery may occur naturally but of course may
be speeded up with intervention implying that recovery will
occur in the system once the stressor is removed; it can be
encouraged by management actions or is the response to
management actions. If recovery is truly successful then the
community established will be similar in species composi-
tion, population density and size and biomass structure to
that previously present or present at a comparable (unim-
pacted, unaffected) site [10]. The ecosystem goods and serv-
ices provided and its carrying capacity will have been recov-
ered or been regained to the pre-impact state. Despite this, it
is questioned whether the original state can ever be achieved
even if it is known [8]; it is more likely that the recovery will
be evaluated using single or sets of structural, functional or
socio-economic indicators of recovery, which may or may
not return to pre-impact states, whether known or not.

11.3. Recoverability

Recoverability can be defined as ‘the ability of a habitat,
community or individual (or individual colony) of species to

redress damage sustained as a result of an external factor’
[11]. It is an inherent property of the ecosystem in that cer-
tain ecosystems may have a greater potential for recovering
from stress than others; for example, a mobile subtidal sand-
bank whose physical and biological structures created by a
high-energy regime will have greater recoverability than
more stable areas to anthropogenic causes of change such as
beam-trawling or aggregate extraction [12]. However, such
communities may be less resilient to disturbance by other
stressors such as organic enrichment; hence recoverability
depends on the stressor, the impacted species/community
and the temporal and spatial intensities of the stressor.

11.4. Rehabilitation vs Restoration

Rehabilitation can be defined as “‘the act of partially or,
more rarely, fully replacing structural or functional charac-
teristics of an ecosystem that have been reduced or lost’”. It
may also be the substitution of alternative qualities or char-
acteristics than those originally present with the proviso that
they have more social, economic or ecological value than
existed in the disturbed or degraded state [9]. Thus, the reha-
bilitated state is not expected to be the same as the original
state or as healthy but merely an improvement on the de-
graded state [14].

Ecosystem restoration has been defined by [15] as ‘ac-
tivities designed to restore an ecosystem to an improved
condition. However, this does not imply the highest quality
of the final ecosystem but merely that it is better than the
degraded situation. Because of this, a preferable definition of
restoration is ‘the process of re-establishing, following deg-
radation by human activities, a sustainable habitat or ecosys-
tem with a natural (healthy) structure and functioning’ [14,
16]). Simenstad et al. (2006) [8] take this to be returning an
ecosystem to its pre-disturbance condition and functioning
and Bradshaw (2002) [14] suggests that although the non-
ecological uses of the term imply a return to an original state
which is perfect and healthy, an ecologically preferable defi-
nition is ‘the process of assisting the recovery and manage-
ment of ecological integrity. Restoration can accelerate
recovery although this could lead to an alternative state. Also
the original state may not be known [8] and so the desired
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state will be a best guess, subjective or valued judgement
[17]. Fonseca et al. (2002) [18] make the further distinction
between compensatory restoration and primary restoration.
The former refers to any action taken to compensate for
interim losses of natural resources and services that occur
from the point of injury until the recovery of those resources/
services to baseline. Conversely, primary restoration refers
to actions that return the injured natural resources and serv-
ices to baseline.

11.5. Restoration of Ship Grounding Sites

Efforts to restore reef sites damaged by ship grounding
include activities such as salvaging coral colonies, coral
fragments, and sponges, removing loose debris from the reef
floor, reconstructing 3-D structural complexity of the reef,
and reattaching detached corals and sponges to cleared reef
substrates or specially designed artificial reef structures [19-
21]. A major difference in this type of reef restoration, as
compared to other restoration measures, is that most, if not
all, coral material for restoration comes from the damaged
sites and not from adjacent coral reef populations. Another
challenge to tackle is the massive amounts of rubble. The
options include: (a) leaving it in place and stabilizing it with
cements; (b) moving it far from the site and dumping it in
deep water; or (c) reconfiguring it by moving it off reef and
building piles where it can do no harm. After removing the
debris from the reef platform, corals and other sessile benthic
organisms can be transplanted on the damaged area [19, 21].

Miller and Barimo [22] hypothesized that differences in
algal assemblages resulted from varying structural designs
(differing material, surface texture, and/or surface orienta-
tion) that mediated differential coral recruitment success at
the two sites. Despite the abundant resources spent on ship
grounding restoration projects, the lack of clear scientific
goals, the need for hypothesis-driven monitoring efforts, and
a general lack of tools to assess restoration success have hin-
dered progress in the reef restoration field [21, 23, 24].

11.6. Coral Transplantation
11.6.1. Coral Transplantation Measures

During the past decade, coral transplantation measures
have frequently been employed and have gained recognition
as the prime management tool for reef restoration [7]. Sev-
eral types of source material are available for transplantation.
These include: transplantation of small or large, whole coral
colonies [6, 25], enhanced by deliberate seeding of planula
larvae [26, 27], transplantation of coral branches or frag-
ments [26, 28, 29, 30-35] and the transplantation of nubbins
[36-41].

Several studies discussed different facets and parameters
for the rationale of coral transplantation: (a) choice of coral
species [42, 43]. (b) transplantation efficacy as compared to
natural recruitment processes and rates [7]. (c) colony pattern
formation [42]; (d) major goals for impacts of specific resto-
ration acts on donor reef areas [7, 42]. (e) survivorship of
transplanted coral material [25, 43,]. (f) growth rates of
transplanted colonies as compared to naturally recruited
colonies [25, 43]. (g) the type of substrate [7, 25, 43]) and
(h) the drawback of reduced fecundity in transplanted and/or
donor colonies [42].
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Ecologically sound management of coral transplantation
should consider the growth and mortality rates of transplants
in relation to their sizes. Although studies have yielded vari-
able results, possibly due to the use of different species, di-
vergent protocols employed, and various habitats restored,
most outcomes confirmed size-dependent survivorship [26,
28, 30, 38, 39, 40, 44]. The generalization of size-dependent
growth rate and size dependent pattern formation had also
been studied and has already guided several transplantation
operations [28, 42]. Coral transplantation measures might be
more effective when combined with other management
measures such as substrate stabilization, either by conven-
tional protocols [30, 35, 41, 45], by electrochemical deposi-
tion of calcium carbonate [39, 40, 46]. Dispersing coral
branches or attaching coral fragments onto unstable rubble or
coarse sand were ineffective for restoring coral sites (except
in specific cases of sheltered areas [30]. In those unstable
substrates, natural based recruitment processes were inhib-
ited because settled coral colonies were either buried or
smothered by the loose substrate [31, 35].

Transplantation of coral colonies/fragments onto denuded
reef areas is, therefore, best employed when: (a) disturbed
reef area undergoes a “phase shift” to communities domi-
nated by soft corals or macroalgae (that limit recovery of
hard coral colonies [41]; (b) when natural recruitment is un-
likely or limited, resulting from diminution of planula larvae
as a source material, or from the existence of unconsolidated
substrate [35]; and (c) when enough material of donor coral
colonies is available [47, 48, 30].

11.6. 2. Coral Nurseries

The concept of nursery installed on the sea floor has al-
ready been applied to corals [28, 42, 49].

One of the major ex situ restoration approaches is the
collection, settlement, and maintenance of planula larvae and
spats under optimal conditions [6, 50]. The in situ nursery
approach sustains the mariculture of nubbins, coral frag-
ments, and small colonies. A protected nursery phase (gar-
dening) provides the transplanted material with an acclima-
tion period, essential for increasing post transplantation sur-
vivorship and growth to size suitable for transplantation. The
transplantation of nursery-grown “propagules” back into
their natal reef helps in preventing genet and species extinc-
tions in degrading sites, thus exercising the “rescue effect”
on a local scale, it also preserves the genetic heterogeneity of
coral populations [7].

A coral nursery may also be considered as a pool for lo-
cal species that supplies reef-managers with unlimited coral
colonies for sustainable management [7, 29, 42].

In situ coral nurseries can supply transplantation opera-
tions with corals adapted to natural reef conditions, while ex
situ coral nurseries may facilitate the yield from coral planu-
lag, increasing genetic variability of transplanted colonies
[49]. Both ex situ and in situ approaches can also provide
ample material for the coral trade, thus reducing collections
of coral colonies from the wild [51]. Heeger and Sotto [52]
stated that, the cheapest route for coral propagation is to col-
lect corals directly from the reef and transplant to the de-
graded area.
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Fig. (2). Major artificial reefs around the world.

I11. ARTIFICIAL REEFS
I111.1. Definitions

Many formal definitions available to use, often worded to
promote a particular philosophy. Australian Great Barrier
Reef Marine Park defined artificial reef as “any structure
built or placed on the sea bed, water column or floating on
its surface, with the purpose of creating a new attraction to
scuba divers or to concentrate or attract plants or animals for
fishing purposes”; International Conventions on the protec-
tion of the marine environment, (OSPAR and Barcelona
Conventions) defined it as “a submerged structure with a
deliberate placement on the sea bed to imitate some of the
characteristics of a natural reef. Some parts of the reef can be
partially exposed in different tidal situations”; The European
Artificial Reef Research Network (EARRN) defined artifi-
cial reef as “any structure that has been deliberately
submerged on the substrate (sea bed) to imitate some of the
characteristics of natural reefs “. The most encompassing
definition is the Australian definition, the others all exclude
floating devices, new definitions will arise as technology
develops.

111.2. Materials of Artificial Reefs

Artificial reefs encompass a wide range of structures
from specially engineered and prefabricated reef structures to
““materials of opportunity’” such as white goods and tires,
and in recent years unwanted oil and gas recovery structures
[53]. Many of the huge variations in the engineering designs,
applications and uses of artificial reefs are shown in Figs. (3-
6).

111.3. Artificial Reefs Around the World

Major artificial reefs around the world are shown in Fig.
(2). At least 40 countries have deployed artificial reefs [54].
Japan leads the world in artificial reef technology to increase
commercial fishery yields and production, whereas the
Philippines widely use reef structures for artisanal fishery
activities. North America and Australia use artificial reefs

predominantly for recreational activity including fishing and
diving. European artificial reefs are generally in the devel-
opment stage but include a number of research reefs and
artificial reefs for trawler exclusion [53, 55]. Artificial reef
history in the United States of America has been well docu-
mented due to years of intense public interest leading to the
deployment of an extensive artificial reef network (Florida is
the leading state with over 1500 artificial reefs [56]. Europe
has also made a concerted effort to ensure responsible and
effective artificial reef development through creation of the
European Artificial Reef Research Network (EARRN) in
1995 (funded by the European Commission). The objectives
of EARRN include, but are not limited to, promoting
regional collaboration, promoting awareness of issues, and
guiding future research on artificial reefs (reviewed in Sutton
and Bushnell [57]). In Egypt, good and novel approaches
were use like the application of molecular biological tools to
select sites for rehabilitation [36] or designing and deploying
the artificial reef in such a way that one environmental dis-
advantage like sedimentation would be used for building the
artificial reef i.e. dealt with as an advantage rather than being
a disadvantage [37].

111.4. Uses of Artificial Reefs

To date, artificial reefs have not proven to be an efficient
restoration tool, neither when used for transplantation meas-
ures nor when left for natural recruitment [58]. For over 20
years, Schuhmacher [59] followed several artificial reefs in
Eilat, Red Sea, established some 30 years ago. That long
term study revealed that none of the artificial reefs developed
coral communities on the 3-D profile. The artificial reefs had
not been covered by corals during the long period and were
limited in coral recruits as compared to adjacent natural habi-
tats. From the review of literatures different uses of artificial
reefs can be outlined as follows: (1) Tourism (2) Fisheries
(3) Nature conservation (4) Science

(1) Tourism: A — SCUBA diving B - Recreational
Angling C - Surfing D — Beach enhancement
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Fig. (3). Many of the huge variations in the engineering designs and applications of artificial reefs used for fisheries around the world.

(2) Eisheries: It includes huge variation in applications
around the world and needs to question attraction and exploi-
tation rates to ensure overfishing isn’t the end result

(3) Nature conservation: Three levels are considered: a)
protect what exists b) mitigate for unavoidable damage
caused by very important infrastructure c) restore damaged
habitat to provide a new community/habitat

(4)_Science: It can be reef technology focused, needed if
reefs are to develop and target their aims effectively, needed
to ‘audit’ the ‘performance’ of a reef against its build targets,
diving scientists often involved with, used in fish census,
epifaunal monitoring and commercial species survey

I11.5. Substrate Stabilization

A variety of material and methodologies has been used
for substrate stabilization. Much of the work has been done
with artificial material laying on top or attached to the reef
substrate, preferably concrete (usually reinforced with steel)
or natural rock [41, 45, 59, 60]. Others claim success with

cheaper and less laborious methods, such as lashing corals to
seabed to form a grid or fixing with epoxy resin (Ammar et
al. [36]. Depositing CaCO3/Mg(OH), onto steel frames or
onto other conductive material and administering low volt-
age direct current (<24 V) was employed by several working
groups [20, 39, 40, 46, 59, 61]. Ammar [62] indicated that
the DNA strand break (SSF) of the Red Sea reef coral Stylo-
phora pistillata is improved by using ARCON® substrate
produced by electrolysis of seawater. Goreau et al. [46] also
suggested three hypotheses for enhancing growth of corals
that are under this low current state: (a) electric field enables
carbonate accretion and may cause the precipitated carbon-
ates to attach directly to the skeletons of coral transplants;
(b) low current induces CaCO; enrichment of water in the
immediate vicinity of the coral, thereby enhancing natural
calcification; and (c) excess production and release of elec-
trons, due to the electrochemical processes occurring in the
coral vicinity, might affect the electron transport chain for
ATP production, where the excess energy could be used for
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Fig. (5). Artificial reefs promote breaking of waves in situations where the surf would be poor.

Fig. (6). Barnacle Reef, Maldives, 1997, in which CaCO3/Mg(OH), were deposited onto steel conductive material.

growth enhancement. Recent studies that had tested these
hypotheses Numerous authors [20, 39, 40, 59], although
documenting high survivorship of attached coral branches,
did not reveal an ubiquitous accelerated calcification by live
corals, or resulted in lateral growth at the base of branches
instead of a longitudinal increas.

111.6. Biogeochemical Processes and Nutrient Cycling
Within an Artificial Reef

One of the reasons for the poor understanding of AR
(artificial reef) ecology is the lack of knowledge of their ef-
fect on the surrounding natural environment [63, 64], which
is a fairly new area of AR research.

Reef structures, by providing protection for marine
species, can result in marine system biomass enhancement
[65]. As a result of biomass enhancement, sediment becomes
more active in the process of nutrient regeneration providing
a nutritional source for other forms within the ecosystem, or
being exported by water movements increasing the general
productivity of neighbouring areas, furthermore, planktivo-
rous fish species can induce nutrient production in the water
column, excreting substantial amounts of ammonium, urea
and depositing organic material, which is then incorporated
into the reef food web [66].
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I11.7. Recruitment of Benthic Organisms onto an
Artificial Reef

Unplanned ARs, such as sunken ships, oil and gas plat-
forms and breakwaters, offer substratum for settlement of
benthic invertebrates and fish. This type of AR is common
worldwide and can be considered as a natural experiment in
community development on ARs, accessible for monitoring
[67-69]. Nowadays, most ARs are purpose-planned struc-
tures, built according to accepted principles of safety, dura-
bility and effectiveness [53, 70]. When designing ARs
several factors should be taken into consideration, including
type of materials [53], size and orientation [68]. The envi-
ronmental factors to be considered when positioning an AR
should include geographical location, surrounding substra-
tum, proximity to natural habitats, depth and water condi-
tions in the area of deployment [63]. Perkol-Finkel and
Benayaho [71] found that community development of the
experimental Pyramid-AR is suggested to be dependent on
various factors, including its structural design, spatial orien-
tation, depth, and age.

111.8. Artificial Reefs Mimic Natural Reef Communities

However, when substrates displaying different structural
features are compared, within an AR or between an AR and
a NR (natural reef), taxa assemblages will differ even after
more than a century. Vertical habitats are able to accommo-
date specialized species that flourish under the conditions
characterizing such habitats. The flourishing of ahermatypic
corals on ARs, as opposed to their absence from the adjacent
nearly horizontal NRs, was attributed to the current regime
and low sedimentation load associated with inclined surfaces
as well as to the ample overhangs [72, 73]. Horizontal
surfaces of both ARs and NRs were characterized by the soft
corals Nephthya sp. and Xenia sp., These taxa are character-
istic of the Red Sea fauna and settle successfully on artificial
surfaces there [71]. It is concluded by Perkol-Finkel et al.
[74] that in the long run, the degree of resemblance of AR to
NR communities will depend mainly on their respective
structural features. Spatial orientation, complexity and facing
of the substratum are the most important features to be con-
sidered, at least in tropical coral reef systems.

111.9. Effect of Artificial Reefs on Fish Grazing

Einbinder et al. [75] suggested that herbivorous fishes are
attracted to the artificial reefs, creating a zone of increased
grazing. Therefore, while planning deployment of such arti-
ficial reefs it is necessary to consider their overall influence
on their natural surroundings, in order to maintain the natural
community trophic dynamics. Rilov and Benayahu [68]
observed that fish abundance and species richness at oil jet-
ties were higher than in the natural coral reefs surrounding
them, they further concluded that herbivorous fishes are at-
tracted to artificial reefs. Herbivorous fishes are known to
feed on algae that colonize the surface of the artificial reef
structure [76].

111.10. Novel Technology Approaches
111.10.1. Use of Coral Nubbins

A valuable and novel approach was the attempt to
develop numerous genetically identical colonies from a sin-
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gle genet, by isolating coral fragments to sizes no larger than
a single or few polyps [28]. Subcloning minute fragments
from a coral colony may reduce the stress inflicted on it and
yield a high number of ramets amenable for various purposes
[77-79]. Shafir et al. [78] have suggested using the term
“nubbins” literally to characterize minute portions of coral
colonies (a single isolated polyp or a coral fragment contain-
ing only a few polyps) and to term larger subclones of coral
colonies as microcolonies, fragments, or ramets. Shafir et al.
[44] further suggested that the successful production of coral
colonies by nubbing minute sections from donor colonies
could be the preferred methodology for establishing large
numbers of genetically identical colonies (ramets) to be used
as a valuable substance for different approaches, including
restoration practices [42]. Not only are nubbins easily pruned
from any part of a coral colony, but working with them is
quick and vyields significant quantities of source material
within a short period. A set of 50 nubbins pruned from a 5
cm-long branch can be established within 30 min [78].

111.10.2. 3-D Structural Considerations

The idea that the structural complexity of ramets may
significantly influence its growth and regenerative ability
received little attention, and, when discussed, its importance
was attributed to ecological rather than to developmental
concepts. Epstein and Rinkevich [80] have recently explored
the conception that an architectural complexity threshold of
isolated ramet is required for faster regeneration to a full
colony structure. Rinkevich [29] and Epstein & Rinkevich
[80] found that the original architecture complexity of iso-
lated ramets might influence their ability to instigate
promptly these specific 3-D growth patterns. Similar out-
comes were recorded by Soong and Chen (2003) working on
Acropora, another branching genus. They found that frag-
ments collected from the proximal part of Acropora colonies
“were better” (in relation to transplantation measures) from
the perspectives of fragment growth and branching.

111.10.3. Molecular Biological Tools

Ammar et al. [36] used a rational strategy for restoration
of coral reefs by application of molecular biological tools to
select sites for rehabilitation by asexual recruits. Diseases
appearing in transplanted colonies and coral fragments have
already been documented in at least two recent publications
[32, 81]. Not only the heat shock protein HSP70 is used as
molecular biological indicator, but HSP90 as well, more
over, the two metabolic enzymes fructose-1, 6-biphos-
phatase, and succinate-dehydrogenase from the azooxanthel-
late soft coral Dendronephthya klunzingeri were used for
assessing health status of colonies sampled from two locali-
ties at Red Sea [36]. They found that, low levels of cDNAs
were measured at a site characterized by high sedimentation
rates.

111.10.4. Chemical Signals and Surface Chemistry

It is well known that chemical signals and communica-
tions may directly affect intracolony growth patterns and
intraspecific interactions. Koh and Sweatman [82] revealed
that extracts of Tubastrea faulkneri might reduce competi-
tion between existing corals and recruits by Kkilling coral
larvae. However, only very little attention has been given to
this phenomenon in transplantation measures [25].
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Still, the topics of surface chemistry [43, 83] and the pos-
sible inputs of toxic leachate from artificial substrates [43]
were discussed and considered as important factors for en-
hancing natural recruitment. At least one artificial reef manu-
facturer (Reef Ball) recommended the addition of microsilica
to concrete to provide a neutral pH surface. In addition, the
organic and microbial biofilm that is quickly formed on any
clear substrate that is immersed in seawater may provide
negative settling cues, it is also well documented that initial
colonizing microbial algal and invertebrate assemblages may
affect settlement of coral larvae, moreover the chemical gly-
cosaminoglycan was isolated from a coralline alga (Hydro-
lithon boergesenii) that signals Agaricia agaricites hummlis
larvae to settle, the synthesized material, called “coral flypa-
per”, proved effective for attracting larvae [58].

111.11. Socio-Economic Aspects of Artificial Reefs
111.11.1. Social Issues Surrounding Artificial Reefs

A review of the relevant literature has identified a num-
ber of social issues and outcomes - both positive and nega-
tive - that often surround the deployment and management of
artificial reefs. The following sections outline these issues
and, where possible, relate them to the potential deployment
of artificial reefs.

111.11.1.1. Enhanced Recreational Opportunities

Artificial reefs can create or enhance recreational experi-
ences in a number of ways [57]. First, they can add to the
variety of fishing and/or diving experiences that exist within
an area by providing different types of structure and attract-
ing different kinds of marine life. Second, they can provide
more accessible fishing and diving opportunities when
placed close to access points, thereby enabling people who
are limited by experience, boat size/horsepower, time, or
money to enjoy recreational fishing or diving. Third, they
can enhance the recreational experience or success rate by
attracting or producing more marine life and increasing the
probability of observing and/or catching fish. Fourth, they
can help redistribute use throughout a given area thereby
reducing user congestion and crowding.

111.11.1.2. Social and Economic Impacts of Overfishing at
Artificial Reefs

Catch rates of fish around artificial reefs are often higher
than catch rates in surrounding non-reef areas, leading to the
perception of ‘‘enhanced’” fisheries [57]. However, there is
considerable debate over whether improved catch rates occur
as a result of increased production (i.e., increased stock size)
or through increased attraction and aggregation of pre-
existing fish stocks [54]. Fished artificial reefs have the
potential to lead to overfishing if they increase the aggrega-
tion/attraction of existing stocks without increasing overall
stock size [84].

111.11.1.3. Changes in Property and Resource-Use Rights

Because of incompatibilities between gear and structure,
placing an artificial reef on a seabed where commercial fish-
ers operate can automatically exclude this group from the
area that was formally open access and their ‘right’ to use
[57]. In Europe, artificial reefs are commonly used to
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exclude (illegal) trawling from sensitive habitats [85].
Changes to property and resource-use rights can also occur
through management of artificial reefs. Artificial reefs often
become the focal point of conflict within and across user
groups, conflict is defined as goal interference attributed to
another’s behaviour and has been documented on numerous
artificial reef sites worldwide [57].

A number of measures to minimize or manage conflict at
artificial reefs have been proposed including: (1) selective
access controls; (2) gear and catch restrictions; and (3) tem-
poral or spatial segregation of users [86].

111.11.1.4. Liability

The potential for accidents resulting in personal injury or
property damage at artificial reefs raises the issue of who
should be held liable if such incidents occur. Because law
suits have not yet passed through the courts [87, 88], answers
to liability questions remain speculative. One question con-
cerns whether the group or organization granted a permit to
deploy an artificial reef will be capable of withstanding a
liability suit. In Australia, private citizens and interest groups
can apply for artificial reef permits, and may be required to
provide liability insurance for deployed structures [89]. Li-
ability on the managing agencies should be applicable only
in terms of the artificial reef quality, the life span, and natu-
ral environmental conditions causing the accident, however,
in case of man-made accidents like for example a ship acci-
dent, the liability should consider carefully the actual reasons
of the accident.

111.11.2. Economic Issues Surrounding Artificial Reefs

This section examines the costs, impacts, and values as-
sociated with artificial reef development and questions
whether the positive economic outcomes observed elsewhere
will be realized with artificial reef deployment.

111.11.2.1. Financial Costs of Reef Deployment and
Management

Costs associated with deployment will depend in part on
the materials used. For example, preparing and sinking a
decommissioned ship (the material most preferred by divers
[90]), can be labour intensive [91] and can cost up to US$2
million depending on the size of the vessel [92]. On-going
maintenance costs can also be significant. It is estimated that
the ongoing costs associated with maintaining the recently-
scuttled HMAS Brisbane in south Queensland will be on the
order of AU$200,000/year over 10 years [93]. Financial
costs associated with artificial reef deployment and man-
agement have been covered in various ways. In the US,
funds collected through an excise tax on fishing equipment
under the Federal Aid in Sport Fish Restoration program
(among other sources) have been used to create and manage
artificial reefs for fisheries enhancement [84]. On the west
coast of Canada, the Artificial Reef Society of British Co-
lumbia has used volunteer efforts (up to 8000 h/ship) to pre-
pare decommissioned ships for use as artificial reefs. The
British Columbia projects were funded through sale of scrap
materials removed from the ships prior to scuttling as well as
grants from governmental economic development programs
and community fundraising [91]. In Australia, the HMAS
Swan and HMAS Brisbane were ‘‘gifted’” to Western Aus-
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tralia and Queensland, respectively, from the Common-
wealth Government. The costs of scuttling the Swan were
borne locally through fundraising, through the sale of scrap
materials removed from the ship, and by the investment of
approximately 10,000 h of volunteer labour [94, 95]. The
AUS$5 million cost of preparing and scuttling the HMAS
Brisbane was born primarily by the Queensland government
[94]. Ongoing management costs of artificial reefs are often
borne by reef users through user fees. For example, funds to
cover the $200,000/year management costs for the former
HMAS Brisbane will be raised through a user fee for private
and club divers, and through permitting fees charged to
commercial dive companies who use the ref. [94]. Currently,
visitors to the GBRMP on private vessels are not required to
pay fees to use the park; however, visitors using commercial
vessels are required to pay a $5 “‘reef tax’* collected by op-
erators of commercial vessels. Although divers and fishers
have shown a willingness to pay for artificial reef diving and
fishing opportunities elsewhere [86].

111.11.2.2. Economic Impact of Artificial Reefs

One of the arguments frequently used in support of artifi-
cial reef development is that artificial reefs can have positive
economic impacts on local communities through increased
tourism and recreation activity. Economic impacts can occur
at local, regional, or state levels and are measured in terms of
employment, sales, income, and tax revenue [96]. Economic
impacts are derived from expenditures on items such as user
fees, charter fees, equipment, lodging, meals, fuel, and bait
made by artificial reef users in the local, regional, or state-
wide area of interest. Re-spending of money in the local
economy has a multiplier effect that results in the total eco-
nomic impact being larger than the actual expenditures made
[96].

Impacts on local economies due to artificial reef use can
be significant. Johns et al. [86] estimated that the total eco-
nomic impact of artificial reefs in Broward County (south-
east Florida) from June 2000 to May 2001 amounted to
US$962 million in sales, $502 million in income, and 16,800
full- and part-time jobs. Estimates of economic impact of
artificial reefs for three other southeast Florida countries
range from $131 million to $419 million in sales, $33 mil-
lion to $195 million in income, and 1,800 to 6,000 jobs. In
Australia, the total economic impact of the reef created by
the former HMAS Swan in the initial 15 months of operation
was estimated to be US$1.39 million [94], and the Burnett
Coast’s Cochrane artificial reef in Queensland is estimated to
inject approximately AU$1 million dollars into the region
annually “[93].

111.11.2.3. Economic Value of Artificial Reefs

Economic value measures the value that users place on
the opportunity and experience of using resources like artifi-
cial reefs. The extent to which users value artificial reefs is
expressed by the money they spend to use the reefs plus any
additional amount they would be willing to pay before fore-
going the opportunity to use the reefs [57]. Measures of will-
ingness to pay in excess of actual trip expenditures (com-
monly called consumer’s surplus) have been used to estimate
use value of artificial reefs. Johns et al. [86] estimated that
the total use value of artificial reefs in southeast Florida in
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2000-2001 was US$8.59/person/day, which equates to an
annual use value for all users of US$85 million (compared to
values of $12.47 per person per day and $229 million annu-
ally for natural reefs at the same location). The same author
further found that recreational users’ willingness to pay for
new artificial reefs was significant (US$27 million/year), but
was lower than willingness to pay for protection of both ex-
isting artificial reefs (US$85 million/year) and existing natu-
ral reefs (US$229 million/year).

111.11.2.4. A Strateqy to Maximize the Socio-Economic
Values of Artificial Reefs

Attention must be paid to socio-economic issues if the
values and benefits of artificial reefs are to be realized; with-
out considerable advance planning, artificial reefs are un-
likely to meet their socio-economic objectives [57]. To en-
sure that the socio-economic values of artificial reefs are
realized, it is suggested that the planning, implementation,
and management process should include the following steps:
(1) assess the demand for artificial reefs (2) consult relevant
stakeholders; (3) conduct a cost/benefit analysis; (4) decide
whether to permit artificial reefs in the marine park; (5)
involve stakeholders in the planning and management proc-
ess; (6) set clear socio-economic goals and objectives; (7)
consider social and economic issues in an appropriate
management plan; (8) monitor and evaluate social and
economic issues.

Potential deployment of artificial reefs will be a complex
and controversial issue that will need a high level of
management to ensure that artificial reef development pro-
duces positive social and economic benefits without dimin-
ishing the existing social, economic, and ecological values.
However, most research on artificial reefs and artificial reef
management is still ecological in nature, with few studies
focusing on the socio-economic aspects [53].

IV. FUTURE OF REEF RESTORATION
1V.1. Future Considerations

The long-term future of conservation biology is restora-
tion ecology [97], however considerable effort is being
invested in defining the conceptual bases for coral reef resto-
ration [7, 19, 42]. Pursuing the success of restoration activi-
ties, ecological criteria that evaluate the status of coral reefs
and biochemical/molecular markers that evaluate stress [36]
should be developed and applied. Additionally, deciding
which habitat in the reef should be restored may be as impor-
tant as the extent of its restoration and should be defined and
conceptually backed by experimental designs. Many restora-
tion efforts are also limited on both financial grounds and
available protocols and therefore should be highly focused.
With more scientific background and concepts integrated
with other biological disciplines (genetics, molecular
biology, theoretical ecology, etc.), coral reef restoration
measures will achieve far greater success than our present
meager knowledge can.

1VV.2. Future Applications
I- What we know now is:
1- Artificial reefs can be engineered effectively
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2- A number of targeted outcomes can be achieved (e.g
Stopping illegal trawling; increasing biodiversity; providing
tourist diving, fishing & surfing; creating new artisanal and
commercial fishing opportunities; colonizing structures by
fishes and invertebrates).

3- If created on a large enough scale the ‘reef effect’ can
be seen economically.

I1- What we still don’t is: 1- How to predict and manipu-
late epibiotic colonization 2- The exact trophic relationship
between reef structures and mobile inhabitants 3- How to
design structures to maximize benefit for target species (lots
of expert ideas, not too much detailed biological knowledge)
4- How to model the biological and physical development of
artificial reefs (for planning & design).

I11- What do the scientists, engineers, planners & deci-
sion makers need to do is: 1- Understand the processes in
creation of artificial reef habitat and the reasons why an arti-
ficial reef should be developed 2- Link the biological, physi-
cal and economic issues within reef development 3- Con-
tinue biological and engineering research to refine reef de-
sign and modeling 4- Communicate better!

CONCLUSIONS

* In a healthy reef system which has not been physi-
cally damaged, an impacted area might be expected
to recover naturally to its pre-disturbance state
along a successional trajectory. If degradation is
sufficiently severe or spatially extensive, then active
restoration e.g. transplantation, in combination with
management actions to reduce anthropogenic stress
are necessary. Recoverability depends on the stres-
sor, the impacted species/community and the tem-
poral and spatial intensities of the stressor

e A coral nursery may be considered as a pool for lo-
cal species that supplies reef-managers with unlim-
ited coral colonies for sustainable management

e Atrtificial reef is any structure built or placed on the
sea bed, water column or floating on its surface,
with the purpose of creating a new attraction to
scuba divers or to concentrate or attract plants or
animals for fishing purposes

e Atrtificial reefs are used for: (1) Tourism {SCUBA
diving, recreational angling, surfing and beach
enhancement} (2) Fisheries (3) Nature conservation
(4) Science

e Atrtificial reefs can have positive economic impacts
which is significant and may be several hundreds of
million dollars per year

e For future application, need is urgent for:

1. Link the biological, physical and economic
issues within reef development

2. Continue biological and engineering re-
search to refine reef design and modelling
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