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Preface
The 55th volume of Oceanography and Marine Biology: An Annual Review (OMBAR) contains 
six reviews that cover a range of topics, reflecting the wide readership of the series. A brief intro-
ductory comment outlines the inspiration for review articles in this special issue that stemmed 
from contributions to and discussions at the 2015 Aquatic Biodiversity & Ecosystems conference 
in Liverpool, UK.

OMBAR welcomes suggestions from potential authors for topics that could form the basis of 
appropriate reviews. Contributions from physical, chemical and biological oceanographers that 
seek to inform both oceanographers and marine biologists are especially welcome. Because the 
annual publication schedule constrains the timetable for submission, evaluation and acceptance of 
manuscripts, potential contributors are advised to contact the editors at an early stage of manuscript 
preparation. Contact details are listed on the title page of this volume.

The editors gratefully acknowledge the willingness and speed with which authors complied 
with the editors’ suggestions and requests and the efficiency of CRC Press, especially Jennifer 
Blaise, Marsha Hecht and John Sulzycki, in ensuring the timely appearance of this volume.
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Introduction to the Special Issue

ALLY J. EVANS1,2, LOUISE B. FIRTH3, ANDREW DALE4, 
DAVID HUGHES4, I. PHILIP SMITH5 & STEPHEN J. HAWKINS1,2

1Ocean and Earth Science, National Oceanography Centre 
Southampton, Southampton, SO14 3ZH, UK

2The Marine Biological Association of the UK, The Laboratory, 
Citadel Hill, Plymouth, PL1 2PB, UK

3School of Biological and Marine Sciences, Plymouth University, Plymouth, PL4 8AA, UK
4Scottish Association for Marine Science, Scottish Marine 

Institute, Oban, Argyll, Scotland, PA37 1QA, UK
5School of Biological Sciences, University of Aberdeen, Aberdeen, Scotland, AB24 2TZ, UK

In this 55th volume of Oceanography and Marine Biology: An Annual Review (OMBAR), we pres-
ent a special issue stemming directly and indirectly from contributions and discussions at the 2015 
Aquatic Biodiversity & Ecosystems Conference in Liverpool, UK, plus related work from research 
teams represented at that conference.

The Aquatic Biodiversity & Ecosystems Conference was organised by Dr Louise Firth at the 
University of Liverpool in August–September 2015. The overarching theme was “evolution, inter-
actions and global change in aquatic ecosystems”, with a number of subthemes, within which over 
250 papers were presented to delegates from 30 different countries. The meeting partially followed 
up on the 1990 Plant–Animal Interactions in the Marine Benthos Conference hosted by Professor 
Stephen Hawkins 25 years previously, which itself was prompted by a 1983 OMBAR review on 
grazing of intertidal algae by marine invertebrates (Hawkins & Hartnoll 1983).

Through structured workshops and informal discussions at the 2015 conference, suggestions 
were garnered for review articles for this special OMBAR issue, and for chapters in the forthcom-
ing book Interactions in the Marine Benthos—A Regional and Habitat Perspective, a follow-up 
to Plant–Animal Interactions in the Marine Benthos (John et al. 1992) (which was inspired by the 
1990 conference), to be published by Cambridge University Press. The neglected fields of herbivory 
in starfish (Martinez et al. 2017) and intertidal boulder-fields (Chapman 2017) are synthesized to 
stimulate further interest in these topics. Ecological dominance along rocky shores is discussed, 
focussing on ascidians (Rius et al. 2017). Neo et al. (2017) review the ecology of giant clams. 
Johnston et al. (2017) consider the spread of non-indigenous species. Enge et al. (2017) take this 
theme further by discussing defences against herbivory of invasive seaweeds. The themes of the 
conference— evolution, interactions and global change—are all explored in these contributions.

We hope that this special issue will be of value to oceanographers and marine biologists alike, 
and will inspire further research where knowledge gaps have been identified. We look forward to 
working with new contributors and welcome suggestions for reviews for future volumes. We would 
especially value contributions from oceanographers for coming issues.

We sadly heard of the passing away of Professor Roger Hughes at the conference in August 
2015. As the then Editor in Chief of OMBAR, this special issue was planned with Roger. We dedi-
cate this volume to his memory as a superb scientist, excellent editor, fine and fanatical fisherman 
and great guitarist.
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FILLING IN THE GRAZING PUZZLE: A SYNTHESIS 
OF HERBIVORY IN STARFISH

ALINE S. MARTINEZ1, MARIA BYRNE1 & ROSS A. COLEMAN1*

1Coastal and Marine Ecosystems Group, Marine Ecology Laboratories (A11),
School of Life and Environmental Sciences, The University of Sydney

New South Wales 2006, Australia
*Corresponding author: Ross A. Coleman

e-mail: ross.coleman@sydney.edu.au

Herbivory is an important ecological process controlling community structure and function in 
almost all ecosystems. The effects of herbivores on algal assemblages depend primarily on con-
sumer and algal traits, but the strength of this interaction is contingent on physical and biologi-
cal processes. Marine herbivory is particularly intense, where grazers can remove around 70% of 
primary production. Present understanding of marine herbivory is largely based on well-studied 
groups including herbivorous fishes, gastropods, crustaceans and sea urchins. Herbivory in other 
marine taxa is poorly understood, but nonetheless important. For instance, grazing by starfish has 
the potential to strongly affect algal assemblages. Most starfish feed by extruding their stomach 
and digesting their food externally. This feeding mechanism is distinctive and complex, and evolu-
tionarily advantageous as it allows individuals to explore many different food sources. Variation in 
the feeding habits of herbivorous starfish is intriguing because some species are very specialized 
whereas others are more generalist, and the reasons for those variations are not well understood. 
Some herbivorous starfish are obligate herbivores while others vary from herbivory to carnivory 
between life stages or between populations within the same species. The question that then arises is 
how well we are able to predict grazing pressure from complex feeding habits on benthic systems? 
This review provides a synthesis of herbivory in starfish showing that: the majority of species forage 
on microalgae and soft tissue macroalgae; fidelity to an algal diet appears to be related to the size of 
individuals; and, feeding habits are likely to change with variation in food availability. Directions 
for future studies on the biology and ecology of herbivorous starfish are suggested to better under-
stand variation in species feeding behaviour. Elucidating the mechanisms that contribute to varia-
tion in the behaviour of herbivorous starfish is crucial to predict the effects that these species exert 
on the structure of marine benthic communities. The influence of omnivorous species also warrants 
more detailed study. Such investigations are important in the context of climate change, given the 
potential for species invasions associated with range expansions.

Introduction

Herbivores play a key role in the world’s ecosystems by consuming primary production and altering 
habitat structure. Mammalian herbivory, including inter alia grazing and browsing, is well known 
to directly affect the distribution of plants in terrestrial systems (Hempson et al. 2015), whereas the 
most important herbivores in structuring benthic communities in freshwater aquatic systems are 

mailto:ross.coleman@sydney.edu.au
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snails, insects, crustaceans and small vertebrates (Huntly 1991, Steinman 1996). In marine ecosys-
tems, fish, molluscs, small crustaceans and sea urchins have been shown to dramatically affect the 
structure of marine benthic communities (Hawkins & Hartnoll 1983, Hawkins et al. 1992, Coleman 
et al. 2006, Poore et al. 2012, Poore et al. 2014). Thus far, the strongest known impact on a marine 
habitat, in terms of change in marine algal/macrophyte canopy in the absence of a herbivore, is for 
molluscs in rocky intertidal habitats (Poore et al. 2012).

The effects of herbivores on marine plants or microalgal assemblages depend primarily on the 
feeding apparatus of the consumer and the interactions of these with the susceptibility of the pri-
mary producer to grazing (Hawkins et al. 1992). The feeding mechanism determines what resources 
herbivores can exploit (Steneck & Watling 1982, Hawkins et al. 1989, Kennish & Williams 1997), 
whereas food traits (e.g. detectability, toughness, palatability and digestibility etc.) will affect the 
intake or intensity of consumption (Lubchenco & Cubit 1980, Lubchenco & Gaines 1981, Duffy & 
Hay 1990, Norton et al. 1990, Paul et al. 2001, Dolecal & Long 2013). Variation in grazing pres-
sure is also associated with the size and mobility of herbivores. Small and/or sedentary herbivores 
(e.g. amphipods, limpets) are likely to have local impacts on the assemblage while bigger and/or 
more mobile species (e.g. fish, sea urchins) require a broader foraging range and can affect assem-
blages at larger scales (Lawrence 1975, Hay 1984, Norton et al. 1990, Duffy & Hay 1991, Vergés 
et al. 2009). Apart from size and mobility of herbivores, abundance and composition of herbivores 
will together play an important role in the magnitude of the effects of grazing, thereby affecting 
the spatial heterogeneity and diversity of algal assemblages (Lubchenco & Gaines 1981, Benedetti-
Cecchi et al. 2005, Jenkins et al. 2008, Griffin et al. 2010).

Although there is a vast literature on the ecology of plant-animal interactions, knowledge from 
marine systems is concentrated on a few groups of herbivores, i.e. fish, sea urchins, crabs, amphi-
pods and gastropod grazers (Poore et al. 2012). There are a few gaps that need to be addressed in 
order to clarify grazing pressure by different herbivores. This is the case for starfish species, which 
are abundant and distributed worldwide. Research on the feeding behaviour of starfish has largely 
focused on predatory species (e.g. Brun 1972, Paine 1974, 1976, Town 1980, Keesing & Lucas 
1992, Keesing 1995, Himmelman et al. 2005, Scheibling & Lauzon-Guay 2007, Estes et al. 2011, 
Mueller et al. 2011, Menge & Sanford 2013). This is because numerous large and non-cryptic star-
fish species are carnivores and play an important role in controlling densities of prey (Chesher 1969, 
Porter 1972, Paine 1974, Gaymer & Himmelman 2008, Kenyon & Aeby 2009, Pratchett et al. 2009, 
Uthicke et al. 2009; Kayal et al. 2012, Baird et al. 2013, Pratchett et al. 2014). Several species of star-
fish have been reported to also feed on other resources such as detritus, dead animals, and macro- 
and microalgae (for a review, see Sloan 1980, Jangoux 1982b). These species have been considered 
to be omnivores, however their diet is poorly known because of the difficulty in identification of gut 
contents, especially because of their peculiar extra-oral feeding mechanism.

Most starfish feed by everting their cardiac stomach and directly secreting enzymes from the 
epithelium onto the food item and thereby digest their food externally. This feeding mechanism is 
rare among other animals and allows starfish to utilize many different food types. Despite using the 
same extra-oral feeding mechanism, diet varies among starfish species, ranging from carnivores 
feeding on specific prey items to omnivorous feeders and herbivores (for a review, see Sloan 1980, 
Jangoux 1982b).

The variation in feeding biology among starfish species is related to digestive tract anatomy and 
tube foot morphology (Jangoux 1982a). There is, however, poor knowledge of the causes of varia-
tion in feeding habits among starfish species and populations. This is a particular concern for our 
understanding of those starfish recorded as feeding on plant or microphyte resources because of the 
lack of information on their ecological role as herbivores. Understanding the mechanisms involved 
with a herbivorous diet in starfish is important to predict the potential impacts of grazing by these 
animals on the structure of benthic assemblages. Therefore the aim of this review is to identify the 
main findings and the fundamental gaps in knowledge on the ecology of herbivorous starfish, using 
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a systematic review of the literature. We compile information of starfish species that forage on any 
source of plant or microphytes and present a synthesis on the different aspects of the ecology of 
herbivory in starfish. We describe the food source exploited by herbivorous starfish, the changes 
in time and space on the use of food resource, and discuss the possible mechanisms driving these 
variations. We also highlight the potential function of herbivorous starfish in controlling the distri-
bution of algal assemblages and the limited studies on interactions between herbivorous starfish and 
other herbivores. We expect that this synthesis will encourage researchers to investigate in detail the 
functional ecology of herbivorous starfish in marine benthic ecosystems.

Data collection and definition of terminology

Literature on starfish that forage on algae and/or marine macrophytes was compiled by searching 
the ISI Web of Science database (Jan 1900–Jan 2015) using the following criteria: TOPIC: (starfish 
or “sea star” or seastar or asteroidea) AND TOPIC: (herb* or graz*) AND TOPIC: (macrophyte* or 
alga* or seagrass* or eelgrass* or seaweed*). We selected every article that cited or described algal 
or vascular plant material in the feeding or diet of starfish species. The compilation was supple-
mented by subsequently searching material cited within those articles including published journal 
articles and unpublished theses. We also gathered information from published reviews on star-
fish diet (Sloan 1980, Jangoux 1982b) and searched the references cited therein. The information 
extracted from the literature included species name, food resource exploited, foraging behaviour, 
distribution (habitat and region) and size of starfish. Any detailed or more relevant information on 
feeding habits of a starfish was noted where appropriate. Starfish scientific names are presented 
as the current accepted species name according to the world Asteroidea database (accessed at 
http://www.marinespecies.org/asteroidea on Jan 7th, 2015). Previous species names in some of the 
references cited in this review can be found in Appendix 1.

Hereafter true macrophytes are referred to as “plants”. Macroalgae and microalgae are used 
to distinguish multi- and unicellular algae. We consider that microalgae correspond to any biofilm 
assemblage (largely prokaryotes and microalgae). Algae are also considered in functional groups 
according to the classification of Steneck & Dethier (1994). Finally, it is important to keep in mind 
that all data of starfish presented as foraging on macroalgae or plant does not necessarily mean 
that the starfish is feeding on the macroalgae or plant per se, but may be consuming associated 
epiphytic organisms.

Composition of diet

Identifying the target plant or algal food source exploited by starfish species was used to detect com-
ponents of the benthos that are likely to be affected by asteroid grazing. We found 57 species whose 
diet consisted entirely or partially of algae across a variety of habitats and ecosystems (Table 1). The 
great majority of starfish (90%) that consume any source of plant/algae are found on hard-bottom 
ecosystems, where 30% are exclusive to coral reefs and 32% to rocky shores (mostly temperate). The 
remaining 28% of species are found in hard and soft bottom systems, including seagrass beds. Only 
10% are exclusive to seagrass and sand/mud sediments. The information on the feeding habits of 
starfish within different habitats is often descriptive and lacked accurate evidence of diet especially 
for those species that are found on sediments. After compiling information from the literature, how-
ever, a clear pattern of diet emerged for starfish that forage on algal/plant resources.

The most frequently documented algal group exploited by starfish were those that comprise 
biofilms. Biofilms usually contain a mix of diatoms, cyanobacteria, bacteria, spores of macroalgae 
and other micro organ isms embedded in a matrix of extra-polymer substances (Anderson 1995, 
Decho 2000). The majority of the species (77%, 44 out of 57 spp.) were reported feeding on epi-
benthic biofilms on different substrata (Table 1). Thus, starfish feeding on biofilm were identified 

http://www.marinespecies.org/asteroidea
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as species feeding on “bare rock”, “diatoms”, “diatom mats on rock”, “films of dead corals, detri-
tus, tubes of polychaetes, shells, macroalgae, seagrass”, “microalgae”, “epibenthic film”, “bacterial 
film”, “ epilithic organisms on algae” and “epibenthic felt of micro organ isms”; or characterized as 
“substratal film-feeder” and “substratal feeding on algae and microbes”.

Biofilms are one of the main food resources that are also exploited by several grazing gastro-
pods. One of the reasons that gastropods forage on this food resource is that their feeding abilities 
are limited by the physical characteristics of their radular feeding apparatus (Steneck & Watling 
1982, Hawkins et al. 1989). Asteroids do not have any feeding apparatus such as radulae, Aristotle’s 
lantern in sea urchins or teeth (e.g. fish) that can mechanically rasp, cut or bite the algae from the 
substratum. The algal food resource utilized by herbivorous starfish relies on the digestive capac-
ity of their stomach. Feeding on biofilms could be a cost-efficient source of food for starfish, since 
diatoms, bacteria and algal sporelings are protected only by individual cell walls, which are easier 
to break down compared to the structures of multicellular macrophytes. Macrophytes not only have 
thick walls, but also exhibit complex chemical defences (Hay 2009).

The enzymes produced in the pyloric ceca of some starfish (e.g. Oreaster reticulatus, Patiria 
miniata, Patiriella regularis), are capable of digesting some oligosaccharides and polysaccharides 
that are the sugar reserves of plants and algae (e.g. sucrose, trehalose, amylose, and laminarinose), 
but they have a weak effect on, or failed to break down, the structural components of plant/algal cell 
walls such as cellulose, alginate, agar, and carrageenan (Araki 1964, Araki & Giese 1970, Martin 
1970, Scheibling 1980c). This suggests that starfish are potentially capable of digesting macroalgae, 
but that feeding on these algae with thick cell walls might not be cost-effective. Still some starfish 
seem to feed on macroalgae, but on less structured thalli forms. Soft-structured macrophytes such 
as soft foliose (e.g. Ulva spp.) and filamentous algae (e.g. Ceramium, Chaetomorpha, etc.) appear 
to constitute the main group of macroalgae in the diet of some herbivorous starfish. These algae 
can be intensively grazed by several herbivores including snails, amphipods, isopods, crabs, and 
fish (e.g. Choat 1982, Hawkins & Hartnoll 1983, Arrontes 1990, Poore 1994, Kennish & Williams 
1997). This is because soft filamentous and foliose algae are generally easy to digest, have rapid 
growth rates and energy intake, and do not offer strong resistance to herbivory (Littler & Littler 
1980, Littler & Arnold 1982, Steneck & Dethier 1994). The cell walls of soft and thin thalli algae 
are generally structured in a simple uni- or multiseriate cell configuration, which are not differenti-
ated and heavily corticated unlike those of thick leathery or calcareous or crustose algae (Steneck 
& Dethier 1994). Thus, starfish could benefit from feeding on those soft algae by disrupting their 
simple cell walls with their enzymes and accessing the digestible cell content (Kristensen 1972, 
Scheibling 1980a). This hypothesis needs to be addressed through investigation of the digestive 
capacity of herbivorous species.

The fact that starfish are not able to readily break down the cell walls of plants/macroalgae 
raises the question of whether asteroids are able to feed on these more complex-structured pri-
mary producers. The diet of Asterina gibbosa, Patiria miniata and Protoreaster nodosus includes 
macroalgal detritus (Gerard 1976, Crump & Emson 1978, Scheibling & Metaxas 2008), and it is 
reasonable that these starfish species can eat decaying algae as the cell walls are already damaged. 
Indeed, feeding on decomposing macroalgae by Patiria miniata enhanced the nutritional value of 
the food source compared to intact layers of the algae (Gerard 1976). Some starfish species, how-
ever, were described as feeding on calcareous turf algae, calcareous and non-calcareous encrusting 
algae, red corticated algae and seagrass (Table 1). There is no certainty whether those starfish were 
actually feeding on the macroalgae itself or on the epiphytes or biofilm on those macrophytes. Some 
authors argue that starfish probably eat the epilithic organisms that grow on the macroalgae, but 
many authors noted that the plant/algae area on which a starfish had their stomach extruded became 
discoloured (Araki 1964, Crump 1969, Yamaguchi 1973, Scheibling 1979, Scheibling 1982, Levin 
et al. 1987, Leonard 1994, Farias et al. 2012). This is notably visible in calcareous algae, which 
may look bright orange or white after starfish feeding (Figure 1A,B). The physical structure of 
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those macrophytes, however, seems to not be affected by the starfish feeding. Indeed, studies of the 
effects of starfish grazing on calcareous algae showed that the top layer of live tissue on the algae 
was removed after being grazed, but the structure of the cell walls remained intact (Barker 1979, 
Burgett 1982, Fujita 1999). Hence it is more likely that starfish are targeting epiphytic organisms 
growing on the macroalgae than the macroalgae itself, although Bak (1981) showed that Patiria 
pectinifera intensely consumed eelgrass.

In summary, it seems that the plant/algal resources exploited by starfish are limited by their 
digestive enzymes. These enzymes can break down unicellular components of the biofilm and might 
be able to disrupt the cell walls of soft filamentous and foliose algae to readily digest and assimilate 
material from these macrophytes. Moreover, it is likely that starfish foraging on more robust mac-
roalgae are eating epiphytes and other organisms growing on the thalli. Whether or not the starfish 
benefits from the apparently digested (discoloured) area on these macrophytes is not known.

30 mm

A

C

20 mm

10 mm 50 mm

D

B

Figure 1 Discolouration of algae and scars caused by starfish herbivory: (A) Calcareous turf discoloured 
(bright orange) by Meridiastra calcar feeding (Photo: Aline Martinez); (B-D) Feeding scars of Parvulastra 
exigua on (B) encrusting calcareous algae (Photo: Ross Coleman), on (C) bare rock, in detail (Photo: Aline 
Martinez), and (D) around rock pools on open rock (Photo: Aline Martinez).
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Categories of herbivory

The definition of trophic guilds (e.g. carnivores, herbivores, omnivores etc.) in asteroid echino-
derms is often convoluted and not clear for species that are not strictly carnivores. Trying to distin-
guish between herbivorous and omnivorous starfish becomes complicated because the behaviour 
of herbivorous species can vary across time (amount or type of plant/algae consumed by individu-
als varies at different times) and space (individuals at different places have different diets). There 
are also species that are herbivorous only during a specific life stage, usually the juvenile stage 
(e.g. Yamaguchi 1973, Barker 1977, 1979, Sloan 1980; Kamya et al. 2016) whereas other species 
might forage for their entire life on algae (e.g. Laxton 1974, Arrontes & Underwood 1991, Prestedge 
1998, Wilson 2004, Jackson et al. 2009). Differentiating herbivorous behaviour becomes more com-
plicated when the same species displays different feeding habits between populations, locations 
or seasons (e.g. Araki 1964, Mauzey et al. 1968, Shepherd 1968, Leonard 1994, Scheibling 2013). 
Therefore, we approached this review by classifying starfish into different herbivore status depend-
ing on temporal and spatial fidelity of a species to an algal resource. Thus, starfish species were 
classified into obligate and facultative herbivores (Table 1).

Obligate herbivores

Starfish species that primarily feed on algae were classified as obligate herbivores and are consid-
ered herbivorous starfish sensu stricto. Some species were noted to feed on detritus in addition to 
algae and were also included in the obligate herbivorous category. While detritus may be a range 
of decaying material, it is unlikely to include dead animals because starfish foraging on dead or 
decomposing animals are clearly identified in the literature. Obligate herbivores also include some 
species that, while foraging primarily on algae, on very rare occasions are reported to feed on ani-
mal-derived food resources, which was the case for Parvulastra exigua and Pentaceraster cumingi 
(Branch & Branch 1980, Dee et al. 2012).

Most herbivorous starfish (70%) belong to the family Asterinidae and Ophidiasteridae. The 
Asterinidae includes, Aquilonastra anomala, Asterina gibbosa, A. phylactica, Cryptasterina hys-
tera, C. pentagona, Parvulastra exigua, P. parvivipara and P. vivipara (Dartnall 1971, Yamaguchi 
1975, Duyverman 1976, Crump & Emson 1978, Keough & Dartnall 1978, Emson & Crump 1979, 
Jangoux 1982b, Chen & Chen 1992, Prestedge 1998; Dartnall et al. 2003). These herbivores are 
small (average radius varies from 3 to 15 mm; see Figure 2A for example) and many occur in inter-
tidal pools on temperate rocky shores. There are also tropical species that occur in intertidal pools 
of coral reefs (Aquilonastra anomola and Cryptasterina pentagona). These herbivorous asterinids 
feed on surficial biofilms on rocks and coral rubble. Parvulastra exigua and Asterina gibbosa may 
also feed on macroalgae (encrusting algae, soft filamentous and foliose algae, and decaying algae), 
but these contribute a small portion of their diet (Crump & Emson 1978, Branch & Branch 1980).

The species from the Ophidiasteridae are nearly 10 orders of magnitude bigger (average radius 
varies from 30 to 160 mm) than those in the Asterinidae. Herbivorous ophidiasterids include spe-
cies from the genera Cistina, Dactylosaster, Linckia, Nardoa, Ophidiaster and Phataria and occur 
mostly in tropical coral reef flats and lagoons. Although they are bigger than the asterinids, the 
extruded stomach (ca. 5–20 mm radius) of the biggest ophidiasterids (i.e. Linckia spp.; Figure 2B) 
is similar in size to that of the small asterinids.

The other eight herbivorous starfish are distributed within the families Echinasteridae (2 spp. 
from the genus Echinaster), Goniasteridae (Neoferdina cumingi) and Oreasteridae (2 spp. from the 
genus Pentaceraster and 3 spp. from the genus Protoreaster). The Echinaster spp. and Neoferdina 
cumingi are as big and similar in shape (i.e. long arms and small central disk) as Linckia spp. 
These starfish inhabit coral reef flats and seagrass beds where they feed on the biofilms on hard 
substrata and on epibenthic films of the sediment. The oreasterids are big starfish (average radius 
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100–150 mm) and typically inhabit soft bottoms; foraging on seagrass, sand, and among cobbles. 
Pentaceraster cumingi is the only oreasterid species restricted to hard bottoms where it feeds mostly 
on biofilms and calcareous encrusting algae (Dee et al. 2012). Oreasterids exploit a broad range of 
plant/algal resources including biofilm, macroalgae, decomposing algae and seagrass.

It appears that eating plant/algal resources by obligate herbivores is associated with the lack 
of ability to catch or manipulate animal resources as predatory starfish do. Pentaceraster cumingi 
consumes small sea urchins (corresponding to 1% of their diet), but feeding was observed on teth-
ered sea urchins (Dee et al. 2012). Whether the starfish actively captured live sea urchins or was 
attracted by a moribund sea urchin already attacked by other predators (e.g. fish) is not clear. Other 
herbivorous species such as Protoreaster nodosus might not primarily forage on animal-derived 
resources, but benefit from ingesting small invertebrates (i.e. meiofauna) when foraging on plant/
algal food (Thomassin 1976, Scheibling 1982, Scheibling & Metaxas 2008). Complementing an 

10 mm

5 mm 100 mm

A

C D

B

50 mm

Figure 2 Aboral view of different categories of herbivorous starfish: Obligate herbivores. (A) Parvulastra 
exigua in a feeding mode shape (round; Photo: Aline Martinez), (B) Linckia laevigata (Maria Byrne); and 
facultative herbivores, (C) Acanthaster planci at juvenile stage (Photo: Phil Mercurio) and (D) Oreaster retic-
ulatus (Photo: Marcela Rosa).
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algal diet with animal resource can benefit animal growth as demonstrated for herbivorous crabs 
(Wolcott & O’Connor 1992). An explanation for this is that animal food is much richer in essential 
amino acids, vitamins and sterols compared to plant/algal resource (Phillips 1984).

Interestingly, obligate herbivorous starfish do not forage, or rarely forage, on soft sessile inverte-
brates such as sponges, bryozoans or ascidians, even though there is no need to handle these organ-
isms. Possible causes for this feeding behaviour include feeding preferences, chemical defences 
of sessile invertebrates, especially sponges and ascidians, physical prey defences and/or diges-
tive capabilities of starfish. This is an unexplored subject in herbivorous starfish that needs to be 
addressed to better understand their feeding behaviour.

Facultative herbivores

Many starfish species that forage on algae also feed on animal-derived material and this is quite 
variable among and within species, individual lifespan, seasons and location of populations. These 
species are classified as facultative herbivores, as their algal/plant diet changes in time or space.

Ontogenetic changes in diet

Herbivory in starfish that display ontogenetic changes in diet is reported from the early life stages 
of carnivorous or omnivorous species (e.g. Yamaguchi 1973, Barker 1977, 1979, Barker & Nichols 
1983). Only a few species have been described as herbivores when juvenile and carnivores when 
adult (Table 1). The lack of information on the feeding behaviour of juvenile starfish is due to the 
difficulty in finding newly-settled or post-metamorphosed starfish in situ (Yamaguchi 1975, 1977). 
Juveniles are small and often cryptic. Despite the lack of detailed studies, there is evidence that 
some predatory starfish are herbivores when young (for a review, see Sloan 1980), for example 
Acanthaster planci (Yamaguchi 1973, Yamaguchi 1975; Kamya et al. 2016), Mediaster aequalis 
(Birkeland et al. 1971) and Stichaster australis (Birkeland et al. 1971, Yamaguchi 1973, Barker 
1977, Sloan 1980).

The feeding behaviour of juveniles of the predatory starfish Acanthaster planci is well docu-
mented. Encrusting calcareous and coral rubble substrata induce settlement and metamorphosis of 
A. planci (Johnson et al. 1991). After metamorphosis, juveniles feed on calcareous encrusting algae 
for around 18 weeks (radius ca. 20 mm; Figure 2C), after which, they start foraging on small coral 
polyps (Henderson & Lucas 1971, Yamaguchi 1973, Yamaguchi 1975). Similarly, the coral reef 
starfish Culcita novaeguineae settles on encrusting calcareous algae and spends at least 12 months 
on this substratum (radius reaches ca. 3.5 mm) (Yamaguchi 1973, Yamaguchi 1975), but whether 
further feeding and growth rely on such algae is not known. Adult C. novaeguineae forage on ses-
sile invertebrates including coral, but still eat algae. Similar to these tropical species, the temperate 
starfish Stichaster australis uses the coralline alga Mesophyllum insigne as a nursery area. Juvenile 
Stichaster australis remain in this habitat and feed on the algae for 15 to 18 months (until ca. 
6.5 mm radius) and then switch to juvenile mussels (Perna canaliculus) (Barker 1977, 1979). The 
larvae of Mediaster aequalis settle and feed on the biofilm that grows on tubes of the polychaete 
Phyllochaetopterus prolifica, until the juvenile reaches around 5 to 10 mm radius and then feeds on 
animal prey and algae (Birkeland et al. 1971). In a survey of the feeding behaviour of juvenile star-
fish, Birkeland et al. (1971) noted that individuals smaller than 5 mm radius (Henricia leviuscula, 
Luidia foliolata, Pteraster tesselatus, Crossaster papposus, Solaster stimpsoni and S. dawsoni) 
feed on the tubes of Phyllochaetopterus prolifica. It appears that a period of herbivory in the early 
juvenile stage may be a common feature of carnivorous starfish, although not all juveniles studied 
were observed feeding on biofilm. Juvenile Asterias rubens and Marthasterias glacialis eat small 
encrusting invertebrates as soon as metamorphosis occurs, although these starfish settle in a variety 
of substrata covered with biofilm (Barker & Nichols 1983).
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The extent to which herbivory occurs in young starfish appears to be influenced by the growth 
patterns of a given species. Newly-settled starfish only have one to two pairs of tube feet and so 
feeding depends on extruding the stomach (Sloan 1980). Juveniles of predatory starfish pass through 
a phase during which young starfish start foraging on small animals as soon as they are big enough 
to catch prey. At this stage the juveniles stop feeding on algae. When adult, many predatory species 
use their disc-ending tube feet to hold prey and open shells (Hennebert et al. 2013). These starfish 
may also have extensive batteries of specialized pedicellariae (jaw-like structures) that the adults 
use to ensnare large prey, including fishes (e.g. Stylasterias forreri, Chia & Amerongen 1975). For 
predatory starfish, it appears that morphological changes are required as a juvenile develops into a 
competent predator. However, ecological–morphological studies of diet change through growth of 
juveniles are necessary to test this hypothesis.

In addition to the intrinsic biology of asteroids, external factors such as availability of resource 
and predation risk might influence diet shifts in starfish, as has been shown for crabs. Juvenile crabs 
inhabit macrophyte habitats where they are safe from predators and forage on the available food 
(i.e. plant/algal resources) until they achieve a certain size at which they are less vulnerable to pre-
dation and then move to open areas (Laughlin 1982, Alexander 1986, Orth & Vanmontfrans 1987, 
Williams et al. 1990). In a similar way, Yamaguchi (1975) argued that the cryptic behaviour of tropi-
cal juvenile starfish is associated with the risk of predation, which has been shown to be high in the 
early life stage (Keesing & Halford 1992). Foraging on encrusting algae exploits a highly abundant 
algal resource available within sheltered-cryptic habitat in coral reefs. When animals become big 
enough to escape predation, starfish would then start foraging on open areas on the reefs, as dem-
onstrated for Acanthaster planci (Yamaguchi 1973, Yamaguchi 1975). These observations suggest 
that herbivorous behaviour may have evolved in these species through a predator–prey interaction 
with the juvenile stages remaining in cryptic algal dominated habitat until they grow to a size where 
they are less vulnerable to predation.

It is clear that the ontogenetic change in starfish diet is related to starfish size (Birkeland 1989). 
Thus, investigations of feeding habits associated with morphological changes in post-metamor-
phosed juvenile starfish, as well as feeding behaviour associated with available food resources and 
predation risk, would be of great interest to understand the shifts from a herbivorous to a carnivo-
rous diet in asteroids. This may help in understanding the mechanisms that drive different feeding 
behaviours in starfish, a taxon where feeding is not constrained by possession of a complex feed-
ing apparatus.

Spatial and seasonal changes in diet

Most asteroids are considered to be opportunistic with feeding habits reflecting the availability of 
resources (for a review, see Sloan 1980, Jangoux 1982b). A more detailed examination of the litera-
ture indicates that several species classified as omnivores or even carnivores, display herbivorous 
behaviours linked to the variability of food between locations and seasons. Species are referred 
to here as facultative herbivores. Eighteen species were included in this category belonging to the 
families Asterinidae (8 spp.), Goniasteridae (5 spp.), Oreasteridae (2 spp.), Asteropseidae (1 sp.), 
Ophidiasteridae (1 sp.) and Stichasteridae (1 sp.). The most evident aspect of the feeding behaviour 
of facultative herbivorous starfish is that the proportion of algae eaten by a population varies accord-
ing to spatial and temporal fluctuations in density of food resources.

A well-studied species is the red cushion star Oreaster reticulatus (Figure 2D), a species that 
inhabits soft bottoms around reef areas such as sand, seagrass and cobble. Populations of this spe-
cies vary in their food selection, being either microphagous grazers or macrophagous predators, 
and the proportion of the food sources utilized changes with respect to the availability of mac-
rofaunal prey (Scheibling 2013). Oreaster reticulatus forages on biofilms (microalgae and other 
microscopic organisms), detritus, filamentous algae and seagrass in locations where animal prey 
(sea urchins and sponges) is absent (Scheibling 1980d, 1982, Wulff 1995). Similarly, feeding by 
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Dermasterias imbricata varies between carnivory and herbivory depending on local variation in 
food resource (Mauzey et al. 1968). As a predator, this species forages on anemones in rocky habi-
tats, and on anemones, sponges and ascidians on cobbles and sandy bottoms. When their primary 
prey is absent, most of the D. imbricata population (ca. 70%) concentrated their feeding on filamen-
tous green algae (Mauzey et al. 1968). Changes in feeding behaviour across habitats or locations 
were also observed in the bat star Patiria miniata, which can intensively forage on kelp sporelings 
in kelp beds (Leonard 1994), but also forages on other macroalgae or invertebrates in rocky shores 
(Araki 1964). In Meridiastra medius the percentage of algae consumed varies between locations 
(Shepherd 2013), but it is not clear whether this is associated with resource availability. Other spe-
cies (e.g. Meridiastra gunnii, M. calcar, Nectria spp., Culcita schmideliana, Pseudonepanthia 
troughtoni, Granaster nutrix) have a highly variable diet within locations that include both algae 
and invertebrates (Yamaguchi 1975, Jangoux 1982b, Shepherd 2013). These observations suggest 
that facultative herbivores may behave as opportunistic species, where prey items consumed may be 
proportional to the amount of resource available. It is not possible, however, to clarify whether these 
observations are related to resource availability because the variability of food resources within 
habitats was not evaluated.

Whilst herbivory in many facultative herbivores seems to be associated with absence of animal 
prey, some species display a different behaviour in which algal resources appear to be the main 
target resource when available. For example, Mediaster aequalis feeds on a great range of food 
resources that vary across habitats and season (Mauzey et al. 1968, Sloan 1980, Sloan & Robinson 
1983). This starfish forages on sponges, hydroids, bryozoans and diatoms on rocky shores, whereas 
on sandy bottoms it predominantly feeds on sea pens (i.e. 62% of its diet) and also captures drift 
algae (2% of its diet; mostly Ulva and Porphyra spp.) (Mauzey et al. 1968). Alternatively, Mediaster 
aequalis consumes detritus and biofilm on muddy bottoms. The proportion of the algal resource 
exploited by this species in sandy habitats varies seasonally. In spring, when Ulva forms dense mats 
on the seafloor, Mediaster aequalis switches to an algae-dominated diet (51%) with sea pens being 
less important (17%), despite their year-round abundance (Mauzey et al. 1968).

In summary, herbivory appears to be driven by the lack of animal food resources in facultative 
herbivores, where the proportion of food consumed will depend on variation in prey availability 
within a location, a habitat, or among seasons. Perhaps the fact that Acanthaster planci intensively 
forages on macroalgae at the end of an outbreak event when corals were scarce (De’ath & Moran 
1998) is strong evidence that algae might be targeted whenever animal resources are not available. 
This hypothesis, however, is not conclusive since there is a lack of manipulative studies on the rela-
tionships between feeding behaviour, availability of food resource and food preference in starfish 
that forage on animal and plant/algal resources.

Herbivory and starfish body metrics

Unlike virtually all other invertebrate taxa, starfish lack a specialized feeding structure. Instead, 
they have evolved extra-oral digestion of food due to their unusual ability to extrude their stomach. 
The feeding ecology of starfish has evolved independently of acquisition of specialized feeding 
structures. It seems that trophic modes among starfish may be influenced by other more general 
traits such as body size (Figure 3). Most obligate herbivorous starfish have short arm length (R) or 
in species with long arms, have a small disc size (r) (Figure 2A,B). This is also the case for juvenile 
individuals of carnivorous species (Figure 2C). Adult carnivores are generally bigger than the adults 
of herbivorous species. Large animals with larger disc size increase the area on which a starfish can 
extrude its stomach (Lawrence 2012, Lawrence 2013), which allows the starfish to feed on larger 
food resources and could facilitate the capture of mobile prey. On the other hand, feeding by species 
with small disc size regardless of arm length is restricted to a small surface area (Jangoux 1982a, 
Lawrence 2012, Lawrence 2013).
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Another interesting observation is that small herbivorous species and some larger ones have a 
ratio of arm length and disc size (R/r) close to 1. The greater the ratio, the greater is the difference 
between arm length and the arm intercepts. Thus, ratios close to 1 may be indicative of lower arm 
flexibility compared with species that have greater ratios. A small R/r ratio may constrain the capac-
ity to capture mobile or large prey. This hypothesis also supports the observation that carnivorous 
species have a distinct five-rayed or multi-rayed profile, so have a greater R/r (Figure 3). They are 
also larger and often have highly dexterous arms (e.g. Asterias, Acanthaster). The fact that some 
herbivorous and carnivorous species overlap in the R/r ratio is not explained, however. Regardless 
of the ratio, flexibility is contingent on the degree of connection and development of the arm ossicles 
(Blake 1989, Lawrence 2013). Thus, herbivorous starfish often have a pentagonal cushion-shape 
where the arms are not distinct from the disc or have arms that are not highly dexterous. In contrast, 
carnivorous species tend to have a stellate profile with flexible arms, with the exception perhaps of 
Pisaster ochraceus, which has stiff arms.

Other traits associated with starfish size may also influence starfish feeding habits. A possible 
explanation for starfish with similar metric sizes, but different feeding guilds, may be associated 
with the muscular strength of the arms and tube feet, as well as the ability of mutable connective tis-
sue to “lock” the starfish in place (Eylers 1976, Hennebert et al. 2010). Some facultative herbivorous 
starfish, for example Patiriella regularis, do not appear to be capable of preying on bivalves, species 
that have strong adductor muscles capable of holding valves shut (Crump 1969). Indeed a few stud-
ies note the relative ease of removing herbivorous starfish by hand from the substratum compared 
to carnivorous species. Strength in starfish depends on the type and number of tube feet, which are 
used to adhere to the substratum, move and capture prey (Hennebert et al. 2013). Thus, it is likely 
that herbivorous starfish may have fewer tube feet that have less adhesion power than predatory spe-
cies, which makes it difficult, if not impossible, to capture mobile or big prey.

Based on these observations, it is suggested that herbivory in starfish is more likely to occur in 
species with a low R/r or a small disc. The arms may be less dexterous than those of predatory spe-
cies and their tube feet may not be as muscular. Studies of the relationship between feeding guild, 
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Figure 3 Exploratory analysis (PCA) of starfish body metrics: arm length (R), disc radius (r) and the ratio 
between arm length and disc radius (R/r). Arm length (R) is the distance between the centre of the starfish 
disc and the arm tip, and disc radius (r) is the distance between the centre of the starfish disc and the intercept 
between two arms or interradius. The different colours of diamond symbols represent the data of obligate her-
bivores (green), herbivores at juvenile stage (light green), facultative herbivores (blue) and random carnivorous 
species (red).
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starfish body profile (e.g. pentagonal vs. stellate), arm flexibility and strength would be needed to 
test these hypotheses.

Phylogeny and associated feeding habits

Asteroid phylogeny has been in a state of flux for decades with strong disagreement among morphol-
ogists (e.g. Blake 1989, Gale 2011) with many attempts to resolve species’ and family relationships 
using molecular data (Mah & Foltz 2011a,b, Feuda & Smith 2015). Application of new molecular 
and statistical methods is starting to clarify the relationships between the different asteroid families 
and their morphological evolution (Mah & Blake 2012, Feuda & Smith 2015). Evolution of disc-
ending tube feet and an eversible stomach are ancient features of the Asteroidea, with loss of both 
features in some soft sediment burrowing starfish (e.g. Astropecten; Feuda & Smith 2015). The pat-
tern of extra-oral digestion using an eversible stomach is a near-uniform characteristic of starfish. 
Variations of the digestive system among starfish taxa, however, could be informative with respect 
to herbivorous habits. Many obligate herbivores belong to the Asterinidae, a family that has a well-
developed cardiac stomach (Jangoux 1982a). Similarly, some other starfish described here, such as 
Oreaster reticulatus (Oreasteridae), have a relatively larger and expandable cardiac stomach, which 
has been associated with efficient feeding behaviour on biofilms (Jangoux 1982a,b). For an animal 
that feeds by digesting the food underneath its stomach, a greater expansion ability of the cardiac 
stomach would provide a greater feeding surface area. The potential relationship between digestive 
tract structure and herbivorous starfish feeding behaviour deserves further investigation.

In addition to differences in body profile discussed above (pentagonal vs. stellate) there are 
other features that separate herbivorous and predatory starfish. Major predatory starfish that are 
able to manipulate their prey, those in the order Forcipulatida (e.g. Asterias and Coscinasterias), 
have maximally developed disc-ending tube feet and complex pedicellariae (Feuda & Smith 
2015). The presence of these pedicellariae is an important evolutionary innovation that sets aside 
these starfish. Forcipulate pedicellariae are intricate jaw-like structures that are used to catch and 
secure motile prey, including fish. The prey is then delivered to the mouth. In contrast in the order 
Valvatida, which includes the largely herbivorous asterinids (e.g. Parvulastra) as well as the 
oreasterids (e.g. Oreaster) and ophidiasterids (e.g. Linckia), pedicellariae are absent or less com-
plex. When present, they are largely used to defend the surface from interfering objects. The tube 
feet of the valvatids are also less muscular than in the forcipulatids. Pedicellariae are absent in the 
order Spinulosida (e.g. Echinaster) (Feuda & Smith 2015).

While the taxonomic development of disc-ending tube feet and pedicellariae are morphologi-
cal features along with body profile that can be used to separate some predatory starfish from 
herbivorous species, there remains considerable overlap in feeding behaviour in the carnivory-her-
bivory dichotomy, as detailed above. It is likely that other differences between carnivorous and 
herbivorous starfish will be discerned with investigation of digestive physiology and biology (e.g. 
enzyme biochemistry and internal digestive structure) and details of the skeleton of the mouth 
frame (e.g. Gale 2011).

Effects of starfish herbivory on benthic assemblages

The impacts of feeding by herbivorous starfish on benthic communities may be less predictable 
than by other herbivores because of the mechanism by which starfish feed. Not many studies have 
investigated the effects of starfish herbivory on benthic communities, but the potential of starfish to 
modify the structure of algal assemblages has been recognized (Burgett 1982, 1988, Leonard 1994, 
Fujita 1999, Jackson et al. 2009, Pillay et al. 2010, Dawson & Pillay 2011).

One of the first studies to document that algal distribution could be affected by starfish grazing 
was done by Burgett (1982), who showed that Patiriella regularis could inhibit establishment of 
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some macroalgal species on rocky shores in New Zealand by eating spores and germlings of newly-
settled algae. Likewise, Patiria miniata was shown to control recruitment of giant kelp (Macrocystis 
pyrifera) along the coast of California by intensively grazing on young sporophytes when they were 
microscopic (Leonard 1994). Due to the low densities of Patiria miniata, however, this affect may 
be limited to small spatial scales and areas with low kelp recruitment (Leonard 1994). This study 
also showed that the starfish increased survival of macroscopic juvenile kelp in the surroundings 
of the grazed kelp. These observations suggest that grazing by starfish may play an important role 
in the dynamic of benthic communities on kelp forests and rocky shores.

The most studied starfish, in terms of grazing impacts, is Parvulastra exigua, which is abun-
dant on intertidal rocky shores of South and South Eastern Australia and South Africa where it 
forages mostly on biofilms (Branch & Branch 1980, Arrontes & Underwood 1991, Stevenson 1992, 
Hart et al. 2006, Martinez et al. 2016). Previously it was demonstrated that P. exigua decreased 
the standing stock of algae, but did not suppress growth of macroalgae (Branch & Branch 1980, 
Arrontes & Underwood 1991). The strength of the grazing impact of P. exigua, however, could not 
be conclusively determined since both studies had problems with experimental artefacts from the 
caging methods used, in that the starfish would either escape (Branch & Branch 1980) or feed on 
the biofilm growing on the cages (Arrontes & Underwood 1991). More recently, experiments have 
demonstrated that P. exigua can consume 40 to 70% of the available biofilm on rocks during one 
period of low tide (Jackson et al. 2009). This calculation was based on natural densities of starfish 
in the field using measurements of area grazed and time spent per feeding event as well as the fre-
quency of feeding events per hour.

A key question that arises is how grazing pressure by Parvulastra exigua is affected by other 
factors such as competition, predation, tides etc. Alteration of the composition of algal assemblages 
by herbivorous starfish has been recently demonstrated on intertidal sand flats and rocky shores. 
Grazing by P. exigua increases the richness and diversity of microalgal assemblages on sand flats 
(Pillay et al. 2010, Dawson & Pillay 2011). This was associated with the increase in extra-polymeric 
substances (EPS) from P. exigua, substances that are an important component for settlement and 
growth of organisms in biofilms (Wotton 2004). The consumption of dominant competing species 
in the biofilm matrix by P. exigua was another factor that may contribute to the increase in biofilm 
diversity (Pillay et al. 2010, Dawson & Pillay 2011). Moreover, the disturbance caused by starfish 
feeding on rocky shores resulted in successional changes in algal composition due to the different 
ages of starfish feeding marks (Figure 1C,D), which may cause local spatial variation in algal diver-
sity (Jackson et al. 2009). More recently, Martinez (2016) demonstrated that P. exigua has a grazing 
impact within rock pools as strong as that of the key grazing limpet Cellana tramoserica on open 
rocks. This starfish also reduced abundance of primary producers on open rock, but the magnitude 
of the effect was weaker. The results from this research also showed that Parvulastra exigua may 
promote the development of red microalgae within rock pools and it was suggested that the starfish 
could increase the productivity of biofilm. Based on the foraging behaviour of P. exigua during high 
tide, the spatial grazing effects by P. exigua will depend on the availability of shelters (i.e. refugia 
at low tide) on rocky shores (Martinez 2016).

Grazing by starfish has also been shown to impact benthic assemblages on seagrass beds. 
Oreaster reticulatus significantly decreases chlorophyll concentrations on the surface of sediments 
in grazed areas (Scheibling 1980d, 2013). This impact can be intensified and occur over a great 
spatial extent when individuals aggregate and form dense grazing fronts (Scheibling 1980b,d). As 
O. reticulatus and Protoreaster nodosus accumulate sediment under their mouth during feeding 
and extrude their stomach to ingest associated biofilm and meiofauna, they constantly disturb the 
surficial sediment (Scheibling 1980b, d, 1982, Scheibling & Metaxas 2008). Thus, it appears that 
oreasterids in soft sediment systems have an important role in altering the structure of benthic com-
munities as well as in nutrient recycling.
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While there is evidence for negative and positive effects of starfish herbivory on benthic assem-
blages, the interactions between starfish grazing and algae are not well understood. Many starfish 
forage on calcareous algae and the discoloration of the algae in the grazed area is reported across 
studies (Barker 1979, Burgett 1982, 1988, Arrontes & Underwood 1991, Fujita 1999). Investigations 
of the effects of grazing on calcareous algae show that the starfish can damage the top layer of 
encrusting and turf calcareous algae (Figure 1A,B). It is not known, however, if starfish grazing 
causes macroalgal mortality (Barker 1979, Burgett 1982, Fujita 1999). It is suggested that grazing 
on calcareous turf by Patiriella regularis may negatively affect the growth of new branches on the 
apex of the algae because the enzymes secreted by the starfish attack meristematic tissues (Burgett 
1982). In addition, following grazing by starfish, epiphytic organisms colonize the damaged areas 
on turf algae (Burgett 1982). This probably has a negative effect on the photosynthetic activities 
of the grazed area on the calcareous algae. On the other hand, calcareous algae might be able to 
recover from the damage if grazing does not persist (Burgett 1982). Fujita (1999) showed that graz-
ing by Patiria pectinifera stimulated deep-layer sloughing on encrusting calcareous algae. This 
process can compensate for grazing damage by regenerating new cover cells. Thus, for calcareous 
algae grazing by starfish may promote growth, although it can cause some damage to the tissue. 
Grazing effects on the tissue of non-calcareous algae is not known, although some authors suggest 
that the grazed area might cause tissue death (Araki 1964, Bak 1981, Levin et al. 1987). Further 
investigations are required to elucidate the effects of starfish grazing on the tissue of different 
groups of algae.

The impact of starfish herbivory on algal assemblages indicates that starfish might play an 
important role in altering the structure of benthic communities. By foraging on biofilm, it is well 
known that molluscan grazers can control the distribution of algal assemblages as well as of some 
sessile macrofauna (e.g. barnacles, bivalves) as those grazers ingest not only spores of macroalgae, 
but also other unicellular micro organ isms and newly-settled invertebrates (Hawkins & Hartnoll 
1983, Hawkins et al. 1992, Poore et al. 2012). Starfish grazing might have a similar impact, as dem-
onstrated for Parvulastra exigua (Martinez 2016). Thus, studies on grazing by herbivorous starfish 
linked to changes in benthic assemblages are of great importance to elucidate the ecological niche 
of starfish herbivory in the diverse ecosystems that they inhabit.

Interactions between starfish and herbivores

Competitive interactions can influence spatial distribution and foraging activity of grazers, which 
may result in spatial and temporal variability in grazing pressure on algae (e.g. Branch 1981, 
Chapman & Underwood 1992, Johnson et al. 2008, Aguilera & Navarrete 2011). There is, however, 
a lack of knowledge on the interactions between herbivorous starfish and other herbivorous taxa.

There are only 3 studies to date where hypotheses of competitive interactions have been tested, 
all investigating the putative competitive interaction between Parvulastra exigua and the limpet 
Cellana tramoserica on intertidal rocky shores (Branch & Branch 1980, Arrontes & Underwood 
1991, Martinez 2016). The motivation for these studies was that C. tramoserica is a strong competi-
tor for food compared to other gastropod grazers and it was expected that the limpet would out-
compete the starfish for food resources (Underwood 1978, Underwood & Jernakoff 1981, Steneck 
& Watling 1982). The results of these early studies, however, were far from conclusive. According 
to Branch & Branch (1980) Parvulastra exigua appears to be a weak competitor when competing 
with the limpet Cellana tramoserica, while the results from Arrontes & Underwood (1991) indicate 
that competition was not evident. The results from these studies are not only contradictory, but also 
confounded by experimental artefacts. Branch & Branch (1980) reported issues in caging the star-
fish because individuals escaped from the cages whereas Arrontes & Underwood (1991) observed 
starfish feeding on biofilms/microalgae growing on the cages. The recent study of Martinez (2016) 
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eliminated the confounding effects of caging the starfish on her experiment and provided evidence 
of competition between these grazers. Parvulastra exigua was shown to be as strong a competitor 
as Cellana tramoserica with the two species having similar effects on each other. This finding may 
change our view of the dynamics of rocky shores, since the dominance of limpets in this system is 
a well-established concept (Branch 1984, Underwood 1992).

Many other benthic grazers, especially of intertidal rocky shores, forage on biofilm or soft foli-
ose and filamentous algae (e.g. Hawkins & Hartnoll 1983, Kennish & Williams 1997, Coleman et al. 
2006). The habitat and food resources exploited overlap with the distribution and feeding habits of 
most obligate herbivorous starfish (see above). This suggests that starfish might compete for food 
resources with other herbivores, the outcomes of which may affect the structure of benthic com-
munities. The potential competitive interactions between herbivorous starfish and other herbivores 
are new, open areas of investigation. This information is relevant to understanding the effects of 
interaction between different groups of herbivores (e.g. starfish, gastropods) on foraging behaviour, 
growth and distribution of species in benthic communities.

Overview and future directions

There is strong evidence that grazing by starfish plays an important role in modifying the structure 
of algal/plant assemblages in some systems, e.g. biofilm on rocky and sandy shores (Jackson et al. 
2009, Pillay et al. 2010, Dawson & Pillay 2011, Martinez 2016), kelp beds (Leonard 1994), coralline 
algae on coral reefs (Laxton 1974) and seagrass beds (Scheibling 1980b, d). There are many gaps, 
however, that need to be investigated to understand the ecological niche of herbivorous starfish in 
different ecosystems.

First, detailed information on the diet of starfish is required. Most reports of starfish feeding on 
algae include obligate herbivores as well as omnivores and lack details of prey items. Part of this 
problem may be the difficulty to actually identify the food item, as most starfish evert their stomach 
and digest externally. Application of techniques such as stable isotope analysis (e.g. Alfaro 2008), 
comparison of fatty acid profiles (e.g. Alfaro 2008, Wessels et al. 2012) and even genetic com-
parisons of stomach contents with the genomes of potential food items (e.g. Pompanon et al. 2012) 
would be helpful in correctly assigning food types to the diet of these organisms. Also traditional 
methods such as collecting samples of material under the extruded stomach of starfish might be 
useful to gather information on starfish diet as long as these data are collected in a systematic way.

Determining the dietary composition of herbivorous starfish species will prompt questions on 
the factors that might affect their feeding habits. It has been shown that many starfish forage on 
biofilm, but some species may also forage on macroalgae (e.g. Scheibling 1979, Bak 1981, Stevenson 
1992). Investigations of starfish nutritional ecology might be of great importance to elucidate intrin-
sic characteristics of herbivory in starfish that will give insights into the type of food that different 
species are likely to exploit. Further studies should focus on the relationships among digestibil-
ity of different components of plant/algal resources, morphological and physiological adaptations 
of starfish species to forage on plant/algae, and herbivore tolerance to chemical defences of pri-
mary producers.

It appears that digestive enzymes play an important role in the ability of starfish to forage on 
algae, such that starfish might forage on algae that are easier to digest e.g. microalgae and soft 
filamentous / foliose algae (Steneck & Dethier 1994). It has also been shown that starfish can par-
tially digest more robust algae and it is suggested that those might require a longer digestion time 
(Kristensen 1972, Scheibling 1980a). Thus, feeding on tough macroalgae might be more energeti-
cally costly than soft algae or microalgae. It is also possible that starfish respond to algal chemical 
defences. Digestive enzymes could induce the production of chemical defences in the macroalgae 
(Amsler 2001), thus starfish would graze less on algae. Alternatively, starfish could be responding 
negatively to inherently chemically-defended macroalgae. It is well known that chemical defences 
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and palatability of algae are important components of algae-herbivore interactions, which can affect 
feeding choices and behaviour of herbivores (Hay 1996). There is no information, however, on how 
algal traits affect herbivory in starfish. Thus, studies should give priority to investigating the abil-
ity of different species of starfish to digest different groups of algae and explore the relationship 
between algal chemical defences and feeding by starfish.

Digestive capabilities, however, would not solely explain why some species feed on algae instead 
of animal resources because many starfish, including carnivores, possess carbohydrases and pro-
teinases that are potentially capable of breaking down animal or plant/algal material (Araki 1964, 
Araki & Giese 1970, Kristensen 1972, Scheibling 1980a). Theoretically starfish should be able to 
exploit any available resource. That said, some species have specialized digestive enzyme systems, 
as evident for Acanthaster planci, which is able to avail of the wax esters produced by its coral prey 
(Benson et al. 1975, Brahimi-Horn et al. 1989). Detailed comparison of the digestive physiology 
of herbivorous and predatory starfish may reveal diet-related differences in enzyme biochemistry.

Even though starfish do not have specialized morphological structures related to exploitation 
of a specific food type, in contrast to other herbivores, there may be some morphological features/
traits associated with body size that influence food selection. Herbivory appears to be influenced 
by starfish size and shape, since starfish feeding on algae are often of similar size or with the same 
size of stomach (i.e. small disc sizes). It is also suggested that herbivorous species lack the ability 
and strength to attack or manipulate more mobile or shelled prey (Birkeland et al. 1971, Sloan 1980). 
The fact that many starfish that forage on algae might opportunistically eat moribund or dead ani-
mals may support this hypothesis. If this is true, herbivory is likely to be more common in starfish 
than thought and would occur in all small species such as in many asterinid starfish, including at 
least 25 species of the genus Aquilonastra (O’Loughlin & Rowe 2006), species with small oral 
discs. Juveniles of carnivorous species also appear to be initially herbivorous. Thus, comparative 
morphological studies between herbivorous, carnivorous and omnivorous starfish linked to feeding 
habits are an important area for future research.

Factors other than the intrinsic characteristics of starfish must also influence their foraging 
behaviour. According to the studies on feeding habits of facultative herbivores, foraging on algae 
seems to be a response to the availability of animal resources and predation risk. It seems that 
herbivory will occur in the absence or low availability of animal prey or when accessing animal 
resource incurs a high risk of being preyed on (e.g. Mauzey et al. 1968, Yamaguchi 1973, De’ath & 
Moran 1998, Scheibling 2013). These arguments would explain the great variability in diet (algal/
animals proportion consumed) across different locations and seasons. Manipulative experiments 
are needed to test these hypotheses.

In addition to predation risk, competitive interactions can strongly affect foraging behav-
iour of herbivores and consequently the structure of algal assemblages within benthic communi-
ties (Lawrence 1975, Underwood & Denley 1984, Underwood 1992). Because starfish have the 
potential to forage on any food resource, they may avoid competition by foraging on resources not 
used by competitors (Arrontes & Underwood 1991). Otherwise, if starfish select a specific food 
resource, it is likely that competition might take place (Martinez 2016). Due to the paucity of stud-
ies, it is not possible to make inferences about competitive interactions between herbivorous starfish 
and other herbivorous taxa and the consequent outcomes on foraging behaviour and changes in 
algal assemblages.

In general, the knowledge of herbivory in starfish is currently limited to descriptive investiga-
tions of starfish diet and to a few studies of food digestion, changes in diet and grazing effects of 
starfish on algal assemblages. Future studies on starfish herbivory should investigate feeding habits 
in more detail and especially expand investigations to areas with a paucity of information, such 
as foraging behaviour related to algal chemical defences, competitive interactions and predation 
risk. Discovering the mechanisms that modulate herbivory in starfish is particularly important in 
consideration of current changes in species ranges and distribution in response to climate change 
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(García Molinos et al. 2015). There is already evidence that natural invasions of herbivorous spe-
cies in new habitats in the marine environment are causing strong modifications in habitat structure 
(Johnson et al. 2011, Vergés et al. 2014a,b, Ling et al. 2015). For example there is evidence that 
tropical herbivorous fish, which disperse to higher latitudes during summer, are now surviving over 
winter and their grazing is probably causing changes in algal assemblages (Vergés et al. 2014b). The 
kelp beds that are usually grazed by sea urchins during warm seasons are not being able to recover 
during winter, probably because tropical fishes are feeding on young, settled kelp, and therefore kelp 
beds are being replaced by turf algae assemblages (Vergés et al. 2014b).

Changes in the distribution of herbivorous species are also predicted to affect economic activi-
ties, such as fisheries, since changes in the structure of assemblages can cause declines in the stocks 
of target species (Johnson et al. 2011). Perhaps this is already a concern for abalone fisheries in 
Eastern Tasmania. Due to the expansion and intense grazing of the sea urchin Centrostephanus 
rodgersii, kelp beds are declining and abalones are losing their habitat as a consequence (Johnson 
et al. 2011, Ling et al. 2015).

Therefore, there is an urge to investigate the ecology of some groups of herbivores, such as 
starfish species, that are poorly understood compared to other marine herbivores (Poore et al. 2012). 
As starfish have no apparent specialized structures adapted to forage on specific food resources, 
understanding the mechanism that affects their feeding behaviour towards herbivory can be crucial 
to predict the effects of species expansion on native benthic communities in different ecosystems.
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Appendix 1 Current accepted name of species 

cited in the review and previous species name 

that may be found in the references cited

Family Current species name Previous species name

Asterinidae Aquilonastra anomala (H.L. Clark, 1921) Asterina anomala

Asterina stellifera (Möbius, 1859) Patiria stellifera

Cryptasterina pacifica (Hayashi, 1977) Patiriella pseudoexigua pacifica

Cryptasterina hystera (Dartnall & Byrne, 2003) Patiriella pseudoexigua

Cryptasterina pentagona (Muller & Troschel, 1842) Patiriella pseudoexigua pseudoexigua, 

Patiriella obscura

Meridiastra calcar (Lamarck, 1816) Patiriella calcar

Meridiastra gunnii (Gray, 1840) Patiriella brevispina

Parvulastra parvivipara (Keough & Dartnall, 1978) Patiriella parvivipara 

Parvulastra exigua (Lamarck, 1816) Patiriella exigua

Parvulastra vivipara (Dartnall, 1969) Patiriella vivipara

Patiria miniata (Brandt, 1835) Asterina miniata

Patiria pectinifera (Muller & Troschel, 1842) Asterina pectinifera

Ophidiasteridae Ophidiaster cribrarius (Lütken, 1871) Ophidiaster robillardi

Ophidiaster hemprichi (Müller & Troschel, 1842) Ophidiaster squameus

Oreasteridae Pentaceraster cumingi (Gray, 1840) Oreaster occidentalis
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BUT ECOLOGICALLY IMPORTANT, INTERTIDAL HABITAT
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Intertidal boulder-fields form important habitat because they support a wide range of fauna, many 
species of which are rare or not found in other habitats. Over many decades, they have been studied 
to test general ecological theories, such as effects of disturbance, succession and species-area rela-
tionships, because of the ease with which the habitats themselves and their biota can be manipulated 
experimentally. Much less is known about their unique characteristics and biota. Experimental stud-
ies are limited to few parts of the world, primarily south-eastern Australia. Intertidal boulder-fields 
support a diverse biota of often related rare and common species, which typically show extremely 
aggregated patterns of dispersion, but little consistent association among different species. This 
review summarizes experimental research in these habitats, which has led to current understand-
ing of factors affecting spatial and temporal patterns of species living in boulder-fields, in addition 
to the contributions that have been made to broader ecological concepts. Finally, directions for 
future research are suggested, particularly with respect to conservation and restoration of intertidal 
boulder-fields in a rapidly changing world.

Introduction

Intertidal boulder-fields are important habitats worldwide. They can occur overlying soft sediments 
and, in places, grade into cobble shores. Elsewhere they lie adjacent to rocky platforms. Boulder-
fields can be extensive (kilometres long), or only occupy tens of metres of shoreline. They can occur 
on shores that are very exposed or those that are very sheltered, and from highshore levels down 
to low on the shore where they extend into subtidal areas. They can be natural areas or created by 
anthropogenic activities, either intentionally to create new habitat (Chapman 2012), or unintention-
ally through the disposal of waste (Chapman 2006).

The boulders themselves are used as habitats by a mix of widespread, common marine inver-
tebrates and algae and by a suite of specialist, rare species, particularly invertebrates (Chapman 
2002a, 2005). Nevertheless, boulder-fields have not been extensively studied by ecologists. A pre-
liminary search of Web of Science 2005–2015 for the numbers of published papers describing 
research in intertidal habitats gave more than 46,000 records. Of these, fewer than 0.1% described 
research in boulder-fields (Figure 1) and not all of these were ecological studies. The ecology of 
this habitat is thus poorly described compared to many other intertidal habitats. Boulder-fields are 
susceptible to many natural and anthropogenic disturbances, including wave action (Lieberman 
et al. 1979, Sousa 1979a), burial by sand (McGuinness 1987a,b, Kurihara et al. 2001) and harvesting 
(Cryer et al. 1987, Addessi 1994). Many of these perturbations are expected to increase with both 
climatic change and urbanization of the coast.

mailto:gee.chapman@sydney.edu.au
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Boulder-fields contain at least four types of microhabitats, three of which are unique to this hab-
itat. The exposed tops and sides of intertidal boulders have many biota in common with intertidal 
rock platforms; although the boulders are small isolated patches of habitat, rather than an extensive 
patch of similar habitat (Figure 2A). The undersurfaces of the boulders, the rocky or sedimentary 
substratum lying immediately below a boulder and the crevices created between adjacent boulders 
are, however, microhabitats unique to these habitats, which are composed of movable, isolated units. 
They tend to support a very different biota to those living on their upper surfaces (Figure 2B). 
The number of unique microhabitats in boulder-fields has been extended to eight by some authors 
(Le Hir & Hily 2005), and are distinguished by subtle differences in the degree of shelter offered by 
the boulders. Many of these additional microhabitats are occupied by very similar biota.

Because boulders are natural patches of isolated habitat, which can be relatively easily manipu-
lated in the field, they have proved ideal units for experimental manipulations to test general ecolog-
ical ideas. Here, I briefly review the more important early studies in boulder-fields, where boulders 
were used primarily to investigate general ecological theories, often in conjunction with or parallel 
to similar studies on rocky shores. Their uniqueness, in being composed of isolated patches of habi-
tat of different size and structure, which could be experimentally manipulated in the field, added 
considerable insight to current knowledge. I then follow this by describing studies of the general 
ecology of intertidal boulder-fields themselves, where the primary focus has been on understanding 
how their ecology differs from that of rocky shores and how we can best ensure the persistence of 
these habitats in a rapidly changing world.

A brief history of ecological studies in boulder-fields

Using boulder-fields to develop general ecological theories

Many of the early ecological studies in boulder-fields used boulders as natural units of intertidal 
habitat to test models about general ecological processes, such as the establishment and succession 
of faunal (Osman 1977) or algal (Sousa 1979b) assemblages. Especially important were investi-
gations into the role of physical disturbance, due to the vulnerability of boulders to movement 
and overturning, in resetting an assemblage to an earlier successional stage (Sousa 1979a). Sousa 
(1979b) demonstrated a successional sequence from quick-growing, rapidly-reproducing species, 
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such as the green alga, Ulva lactuca, and barnacles, which were gradually replaced by a range of 
green and red algae, before the boulders became dominated by the red alga, Chondracanthus cana-
liculatus (=Gigartina canaliculata). Despite this general pattern, there was considerable local vari-
ation, depending on the season and the size of area (created on the substratum by various forms and 
intensities of disturbance) available for colonization at different successional stages. The succes-
sional stage found on a boulder was related to its size, with early successional species common on 
small, easily-disturbed boulders and large boulders dominated by Chondracanthus canaliculatus. 
Medium-sized boulders supported a range of algae. Although each small boulder only supported 
a few species, a set of such boulders could support more species than a similar set of larger stable 
boulders, because each small boulder was not necessarily occupied by the same species, whereas 
large boulders tended each to be dominated by the same set of few species (Sousa 1979a; but see 
Douglas & Lake 1994 for different patterns on boulders in streams). This work was very important 
in providing experimental evidence for the ‘Intermediate Disturbance Hypothesis’ (Connell 1978).

A few years later, McGuinness (1984) used boulders of different sizes to investigate hypotheses 
derived from four models that were currently being used to explain species-area relationships. Using 
boulders allowed him to examine abundances of species of marine organisms across natural patches 
of habitat of different sizes. This was in contrast to studies that examined accumulation of species 
when patches of similar sizes of a shore were summed to create larger areas (Hawkins & Hartnoll 

A

B C

Figure 2 (A) Diverse assemblages on the tops of boulders resemble those living on rocky shores, whereas 
those species living under boulders (B) are not generally found together in other intertidal habitats. (C) Many 
of the species are very overdispersed, being crowded onto relatively few of the available boulders. (Photos: 
M.G. Chapman)
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1980). McGuinness (1984) also tested these hypotheses using the mobile and sessile components 
of assemblages on boulders at different shore levels and in different sites to test for generality of 
any patterns. Each of the models examined (Random Placement, Intermediate Disturbance, Habitat 
Diversity, Equilibrium Theory) could explain the number of species on boulders of different sizes 
and relative to similarly-sized patches of adjacent rock platforms. This, however, depended on the 
site, shore height and the assemblage examined, thus emphasizing the danger of generalizing eco-
logical concepts from limited data. This contrasts with boulders in rivers, where small boulders 
were always depauperate, even when their areas were summed to equal that of larger boulders 
(Douglas & Lake 1994, Downes et al. 1998).

In some terrestrial habitats, boulders have been considered inappropriate to test theories such 
as island biogeography, because of small-scale disturbances interrupting succession (Kimmerer & 
Driscoll 2000). Similar patchy disturbances may have contributed to the variable results described 
by McGuinness (1984), but spatially-variable disturbances are natural features of most habitats. 
In a smaller study, Londoño-Cruz & Tokeshi (2007) showed a linear relationship between species 
diversity of molluscs and sizes of boulders, but the abundance-area relationships were dominated 
by very large abundances on only a few large boulders. It is likely, however, that had this study been 
replicated under many conditions, as was done by McGuinness (1984), then similar spatial variabil-
ity in the patterns would have been found.

This research was later extended by McGuinness & Underwood (1986) in their experimental 
study of the importance of habitat complexity in determining diversity of species on boulders, 
standardizing habitat by using concrete blocks of different thickness with added pits and/or grooves 
in place of natural boulders (see also Douglas & Lake 1994, Downes et al. 1998 for similar stud-
ies in streams). McGuinness & Underwood (1986) demonstrated considerable spatial variability 
in patterns of colonization and increased habitat complexity did not consistently lead to increased 
diversity as predicted by theory. Its importance varied with the types of species examined (algae, 
sessile fauna, mobile fauna), the height on the shore (which influences the types and intensities of 
disturbances) and individual sites in complex and unpredictable ways.

Because of the sparse distribution of many taxa living under boulders and the common pat-
tern of extreme overdispersion shown by both rare and common taxa (e.g. chitons, Figure 2C), it 
can be necessary (depending on local conditions) to sample a large number of boulders to measure 
temporal and spatial patterns with any degree of precision (Chapman 2002a, 2005). Such data can 
be used to test more general ideas. Such a dataset of sessile and mobile animals on 100 boulders 
from each of six locations in the Sydney region of New South Wales (NSW), Australia, allowed a 
powerful evaluation of the accuracy and precision of six non-parametric methods and five regres-
sion models used for deriving species estimates from samples (Chapman & Underwood 2009). This 
extensive study (which also included samples of species living on rock platforms and small inver-
tebrates colonizing artificial units of habitat), tested how well random samples of different sizes 
estimated the known number of species from all samples combined. Analyses showed that many of 
the commonly-used methods estimated the species number very poorly (Table 1). In addition, the 
accuracy (how close was the predicted total number of species to the true measured number) and the 
precision (what percentage of the estimated values lay within 10% of the measured value) differed 
among the different metrics according to site, the sample size and whether one was examining the 
sessile or mobile component of the assemblage on the boulders (details in Chapman & Underwood 
2009). This comparison raises questions about using any single metric to estimate the number of 
species in an area from a single sample, especially in cases with small replication.

Using the same extensive dataset, Chapman et al. (2009) developed indices for ranking sites for 
conservation, under conditions where the objective is to choose which sites to conserve among a 
number of sites for which there are quantitative data on abundances of organisms. Individual spe-
cies are given scores for each site, according to the proportion of sites that each species is found in, 
the proportion of patches of habitat (or samples) in which it is found in each site and the proportion 
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of individuals in each site. This information is used to create an index which identifies those species 
with very limited distributions within and among sites and, when summed across species, identifies 
those sites containing a large proportion of such species. Although developed for assemblages in 
boulder-fields, the results are applicable to any conservation issue where sites need to be ranked, 
using quantitative data from diverse assemblages.

There have thus been many studies in boulder-fields in which the boulders simply represented 
intertidal habitat, with no questions about their features as boulders (e.g. testing interactions among 
grazers, barnacles and algae; Van Tamelen 1987). This has contributed to and extended the well-docu-
mented early research on rocky shores in the UK (Hawkins & Hartnoll 1982, Hawkins 1983), Australia 
(Underwood & Jernakoff 1981, Underwood 1984), South Africa (Branch 1975) and in the USA (Dayton 
1971, Menge 1976), increasing our understanding of the complexity of interactions among rocky shore 
assemblages. Green & Crowe (2014) examined the effects of the invasive oyster, Magallana gigas 
(=Crassostrea gigas), on intertidal biodiversity, using manipulations of oysters on individual boulders. 
The questions being addressed, however, regarded the invasive oyster, not the boulder habitat per se. 
Similarly, Altieri et al. (2010) used intertidal cobble beaches that were colonized by cordgrass and mus-
sels to investigate relationships between abiotic stress, species diversity and invasibility.

Understanding the ecology of the biota living under boulders

The upper surfaces of intertidal boulders tend to have much bare space or be dominated by common 
algae or sessile invertebrates depending on the exposure of the site and the sizes of the boulders. In 
contrast, the undersurfaces tend to be dominated by encrusting algae and sessile animals, includ-
ing sponges, bryozoans and tube worms (described by McGuinness 1987a,b, Chapman 2002a, 
2005) (Figure 2B). Even in extremely harsh environments, where the tops of boulders are bare, the 

Table 1 Total number of species on 100 boulders in six sites (LR, LB, CB, CH, BH, RB), 
the mean number of species estimated for 100 boulders from 500 random samples, each 
of 20 boulders and (in parentheses) the percentage of the 500 estimates that were within 10% 
of the true value for mobile and sessile species

Site
Total 
spp.

Non-parametric estimators Regression models

HF SB J2 SJ1 SJ2 Chao 2 Power Exp.
Neg. 
Exp. Asymp. Rational

Mobile species

LR 53 44 (26) 37 (<1) 51 (43) 35 (<1) 48 (36) 50 (24) 88 (<1) 44 (30) 33 (0) 36 (2) 44 (25)

LB 54 45 (30) 39 (<1) 53 (43) 36 (0) 47 (34) 55 (28) 79 (4) 47 (46) 33 (0) 36 (<1) 43 (19)

CB 48 39 (22) 33 (<1) 45 (44) 32 (<1) 40 (23) 45 (25) 77 (<1) 42 (38) 30 (0) 32 (<1) 38 (17)

CH 47 35 (11) 28 (<1) 42 (29) 28 (<1) 38 (21) 49 (21) 68 (10) 34 (7) 26 (<1) 28 (3) 34 (11)

BH 34 23 (7) 19 (0) 29 (30) 20 (2) 29 (20) 35 (12) 53 (5) 21 (1) 20 (3) 22 (8) 13 (<1)

RB 35 26 (13) 21 (0) 32 (34) 22 (3) 30 (24) 34 (16) 60 <1) 25 (5) 22 (4) 23 (8) 15 (2)

Sessile species

LR 49 46 (62) 41 (17) 49 (49) 38 (2) 46 (55) 48 (39) 75 (0) 51 (71) 36 (0) 37 (<1) 44 (45)

LB 36 32 (45) 27 (6) 36 (45) 25 (<1) 34 (44) 37 (30) 48 (8) 33 (56) 23 (0) 26 (5) 31 (36)

CB 51 49 (70) 44 (30) 52 (49) 41 (4) 49 (63) 49 (44) 81 (0) 56 (57) 38 (0) 41 (4) 48 (69)

CH 52 50 (72) 45 (31) 53 (61) 43 (4) 48 (56) 50 (47) 75 (0) 57 (56) 39 (0) 42 (2) 47 (59)

BH 44 41 (60) 37 (16) 44 (48) 34 (1) 39 (38) 43 #$) 62 (<1) 45 (76) 31 (0) 34 (2) 39 (36)

RB 65 60 (64) 55 (14) 63 (65) 52 (2) 57 (31) 61 (43) 94 (0) 70 (62) 48 (0) 51 (0) 57 (31)

Note: Estimates were made from six non-parametric estimates (HF, SB, J2, SJ1, SJ2 and Chao 2) and five regression 
models (Power, Exponential, Negative exponential, Asymptotic and Rational). Details of the metrics used, sites 
and methods are in Chapman and Underwood (2009).
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undersurfaces support a few common epifauna, particularly bryozoans and polychaetes (Barnes 
et al. 1996, Kuklinski et al. 2006, Waller 2012). Where boulders are colonized by species that pro-
vide biogenic habitat (e.g. plants or sessile species, such as mussels), species diversity is increased 
in such harsh environments, due to amelioration of these environmental stresses (Altieri et al. 2010).

In more benign environments, the undersurfaces of boulders and any rocky substratum on 
which they rest, support a diverse sessile assemblage of invertebrates and many mobile species, 
particularly molluscs and echinoderms. Many of these are widespread species, but others appear 
to be habitat-specialists and can be relatively rare under boulders and even sparser in other habitats 
(McGuinness 1987a, Chapman 2002a, 2005). Chitons are particularly speciose and abundant, most 
notably species of the genus Ischnochiton (Kangas & Shepherd 1984, Grayson & Chapman 2004). 
McGuinness (1987a) showed that although the abundances of individual species were sometimes 
related to size of the boulder, patterns were very variable, with increases in abundance with size 
on one shore (NSW, Australia), but the opposite pattern found on another nearby shore. This result 
was, however, confounded by the rock-type differing between the two shores. Most studies of biota 
living under boulders in NSW have shown no relationship between either abundances of individual 
species or numbers of species with the size of the boulder (Smith & Otway 1997, Chapman 2002a, 
2005, Grayson & Chapman 2004, Palmer 2012).

An obvious characteristic of many species living under boulders is their extreme overdisper-
sion at a number of spatial scales. In any location, many boulders are unoccupied by any par-
ticular species and many individuals of that species are crowded on to few boulders (described by 
Smith & Otway 1997, Chapman 2002a, Grayson & Chapman 2004, Smoothey & Chapman 2007) 
(Figures 2C and 3). Nevertheless, very few boulders are completely devoid of species (as few as 
5%; Chapman 2005) in many locations and the mix of species co-existing on boulders in a location 
is very variable (shown for a sample of boulders from Cape Banks, NSW, Australia in Figure 4), 
indicating that many more boulders may be suitable habitat than are actually occupied by any par-
ticular species. Up to 90% of the spatial variation at multiple scales, from individual boulders to 
locations hundreds of kilometres apart, is found at the scale of metres, among individual boulders. 
Assemblages in adjacent sites in one location can differ more than assemblages that are kilome-
tres apart in different boulder-fields (Chapman 2005). In addition, the species that most contribute 
to variability among boulders also vary spatially, with different species showing quite different 
degrees of overdispersion in different places, in quite unpredictable ways.

Palmer (2012) compared the spatial patterns of a brooding chiton and one which was a broad-
cast fertilizer in a number of boulder-fields in NSW, Australia, expecting that the brooding species 
would be more aggregated than the broadcast fertilizer. Each species was overdispersed, but the 
brooder was not more aggregated and did not show greater genetic relationships among animals 
under individual boulders than did the broadcast fertilizer. In fact, there was a very large amount of 
genetic variability among individuals for both breeding types, under individual boulders and within 
patches of a boulder-field. This suggests large amounts of dispersal among boulders by both spe-
cies, probably as small juveniles or adults, despite their apparent ‘preference’ for certain boulders.

Patterns of overdispersion are established very early in the development of an assemblage. 
Chapman (2002b) examined colonization of newly quarried rocks (thus, with no biofilm, which 
might act as an attractant for some species) placed on a sandy or algal/rocky substratum in replicate 
areas. Many species that rapidly colonized these boulders—68 taxa within five days—are gener-
ally only seen under boulders or in biogenic habitat and not on the substratum among the boulders 
(e.g. the chitons, Ischnochiton australis and I. smaragdinus), although other early colonizers were 
common and widespread species (e.g. the gastropod, Austrocochlea porcata). From relatively early 
in the experiment, however, common and rare species were each aggregated on to some of the new 
boulders, but all species did not colonize the same subset of boulders. Therefore, nearly all boulders 
had some species aggregated under them, with different species colonizing a different subset of 
boulders. It was never clear how or why they located those particular boulders, why they moved on 
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to the novel habitat, nor the mechanisms by which they dispersed among boulders. Some species 
(e.g. Ischnochiton australis and the gastropod, Stomatella impertusa) detach from the surfaces of 
boulders into the water column when the boulders are disturbed. They are rapidly washed away 
with the moving water, although S. impertusa appears to readily adhere to new substratum that it 
encounters while carried in the water column (G. Chapman, pers. obs).

Aggregation also occurs at scales larger than among individual boulders. This may occur 
because different species tend to live at different shore heights (e.g. porcelain crabs, Emparanza 
2007; chitons, Palmer 2012), but patchiness is often not related to height, with large and, so far, 
unexplained variability in assemblages among patches of apparently similar boulders at the same 
height (Chapman 2005). At a smaller scale, different species distribute themselves non-randomly on 
individual boulders. For example, in Australia and South Africa, chitons were more common near 
the edges than the centres of undersurfaces of boulders lying over fine sediments (Liversage et al. 
2012), and the distribution of coralline crusts under boulders depends on their shape (Liversage 
2016). Experiments in which sediments under the boulders were altered showed increased move-
ment of chitons towards the edges when boulders were placed on fine sediment, perhaps because the 
centres of boulders tended to bury more deeply in fine than in coarse sediment. Choi & Ginsberg 
(1983) similarly showed greater densities of coelobites towards the edges of coral rubble rather than 
towards the middle of the undersurfaces.

Temporal variation of assemblages in boulder-fields is also very difficult to explain, because 
there are often no clear seasonal or annual patterns of abundance nor recruitment, with both short- 
and long-term temporal variability in numbers of most species interacting with numerous spatial 
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Figure 3 Overdispersion among boulders illustrated for a species of chiton (Ischnochiton australis), fissurelid 
limpet (Scutus antipodes), starfish (Parvulastra exigua) and prosobranch gastropod (Austrocochlea porcata) 
sampled in NSW, Australia. Most boulders are not occupied by any particular species, with many individuals 
crowded onto a few boulders, which differ among the different species. (Chapman, unpublished data.)
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scales, from metres to kilometres (Chapman 2005). In areas where seasons are more extreme, there 
may, however, be seasonal patterns in abundance which are more predictable (Gianguzza et al. 2013).

Rarely studied microhabitats in boulder-fields

Some specific microhabitats found in boulder-fields have been little studied. In the spaces between 
adjacent boulders, crevices can be used as refuges by invertebrates, such as sea urchins (Smoothey 
& Chapman 2007) or fish, many of which are quite rare (Kovačič et al. 2012). Female blue-ringed 
octopuses, Hapalochlaena lunulata, lay egg masses in the crevices among boulders, which they 
brood until hatching (G. Chapman, pers. obs.). Similarly, freshwater crayfish, Cambarus chas-
modactylus, maintain territories in such crevices and under boulders in rivers in Florida, USA 
(Loughman et al. 2013).

The presence of boulders may also affect species living in soft-sedimentary intertidal habi-
tats, for example in saltmarshes, where patches of boulders protect rare forbs from wave action 
(Bruno 2000), or in mangroves where boulders provide hard substrata for settlement and grazing 
(Underwood & Barrett 1990). Where boulders overlay sediment, they lead to altered grain-size and 
increased amounts of organic matter in the sediment (Cruz-Motta et al. 2003). Either these changes 
or other factors associated with the presence of boulders can affect the infauna in the sediment 
directly under the boulders. Again, such influences are spatially variable, although they can be 
strongly influenced by the state of the tide (Cruz-Motta 2005).

Factors affecting diversity and abundances 

of biota on boulders

Abiotic factors

Disturbances

Individual boulders are vulnerable to numerous disturbances, both anthropogenic and natural. 
Small boulders in dynamic environments are overturned by wave action (Osman 1977, Sousa 1979a, 
McGuinness 1987a,b), or scoured (Littler & Littler 1984) or buried by sediment (McGuinness 
1987a). These boulders support few species compared to more stable boulders. Sousa (1979a) showed 
experimentally, by stabilizing small boulders, that the numbers of species occupying boulders was 
directly related to the frequency and extent of disturbance. McGuinness (1987b) similarly used 
 experimentally-stabilized or buried boulders of different sizes to illustrate the effects of disturbance 
on species diversity. In contrast to Sousa (1979a), he showed no effects of the experimental treatments 
on algal diversity on the tops of boulders, probably because his sites were comparatively undisturbed 
and/or grazers had strong effects on diversity of algae in some areas. These disturbances did, how-
ever, affect some species living under the boulders. In the absence of such disturbances, assemblages 
under boulders were dominated by ascidians and sponges, which readily overgrow other taxa.

In some areas, boulders are overturned by humans while harvesting (Cryer et al. 1987), which 
can kill the biota on the upper and lower surfaces (Addessi 1994) and reduces abundances of har-
vested species, such as urchins and crabs. Harvested species can, but do not always, increase in 
areas with intermediate amounts of such disturbance (Addessi 1994), although crabs can rapidly 
move on to boulders from which individuals have been removed by harvesters (Cryer et al. 1987). 
If boulders are not left overturned, but are replaced in their normal orientation, then as long as 
disturbances are not too frequent, both mobile and sessile assemblages are likely to be unaltered by 
the disturbance (Chapman & Underwood 1996). When boulders are overturned on sequential days, 
however, even if they are replaced each time, abundances of many taxa are likely to decrease as 
mobile species apparently move away from the disturbed area. This is an important consideration 
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when sampling organisms that live under boulders, because boulders must be overturned before the 
undersurfaces can be sampled. Nevertheless, this form of disturbance has not received a lot of atten-
tion from ecologists working in this habitat (but see Chapman & Underwood 1996).

There are also potential cascading effects of harvesting on other species living under boul-
ders. For example, in NSW, Australia, people frequently harvest sea urchins from under boulders 
(G. Chapman, pers. obs.). The chiton, Ischnochiton australis, is very strongly associated with 
urchins, being more abundant on boulders with urchins and, on the surface of the boulder, being 
crowded into the areas under the spines of the urchins (Chapman & Smoothey 2014). Experiments 
showed that the chitons left boulders from which urchins had been removed at a faster rate than from 
boulders with urchins, but removal of chitons did not affect numbers of urchins. This suggests that 
urchins provide important habitat for the chitons, but it is not known what particular resources they 
provide, considering that the boulder itself appears to protect the chitons from predation or strong 
water movement. Whatever these resources are, they appear to be removed by removal of urchins.

Features of the boulders or their immediate surroundings

In experiments to try to identify features of the habitat that affect dispersal of animals on to and 
among boulders, most species that colonized newly quarried boulders aggregated rapidly on some 
boulders and not others, despite the lack of a sessile assemblage that could influence dispersal 
(Chapman 2002b). Overdispersion for most species was established very early—within days. These 
patterns were mainly due to dispersal, not settlement, because most colonizers were not new recruits. 
Later work compared colonization on to denuded natural boulders or sandstone blocks (which pro-
vided reduced complexity of habitat). The blocks had either no or one of two ages of established ses-
sile assemblages (thus providing different levels of biotic complexity). These treatments were either 
placed adjacent to or away from a natural boulder, with the latter treatments placed in a position from 
which a boulder was removed, or in a position where there was no natural boulder (potentially influ-
encing proximity to a pool of potential colonizers). Colonization was measured after the first week to 
nine months after deployment of the treatments. There was rapid colonization of all habitats, with no 
effects of either features of boulder, nor its position (Chapman 2003a) and assemblages on all habitats 
converged within six months (development of the mobile assemblage shown as trends in the cen-
troids calculated at each time of sampling for selected treatments in Figure 5). Again, most species 
were overdispersed, with the detailed patterns showing no similarity among species. Later research 
showed that neither size of sandstone block, time of deployment, nor length of deployment showed 
clear effects on animals colonizing the experimental units, although there was some suggestion that 
the position in the boulder-field may be more important than the habitat itself (Chapman 2007).

The most obvious feature of a boulder that would be expected to affect diversity of species occu-
pying it is its size, but generally, neither abundances of individual taxa nor numbers of species appear 
related to size of the boulder (Smith & Otway 1997, Chapman 2002a, 2005, Grayson & Chapman 
2004), or results are very spatially variable (McGuinness 1984, 1987a,b). In contrast to much of the 
unexplained variation, experiments have shown that rock-type may be important (McGuinness & 
Underwood 1986, Green et al. 2012), but it cannot explain patterns of distribution for all species. 
Liversage & Benkendorff (2013) sampled limestone and basalt boulder-fields and showed species 
were most abundant in areas with basalt shores and that some species (e.g. Ischnochiton australis) 
were never found on limestone boulders. Patterns of overdispersion for some species also varied 
with rock-type, but this was not consistent among locations for the different species.

In addition, neither abundances nor diversity may be related to the characteristics of the substra-
tum on which the boulders lie (e.g. the grain-size of the sediments; Smith & Otway 1997), although in 
a comparative study between Australia and South Africa, Liversage et al. (2012) showed more chitons 
under boulders lying on fine than on coarse sediment. Changing the sediment showed more immi-
gration to boulders lying on fine sediment, but densities were not controlled in the experimental 
treatments, so the results were confounded. Chapman (2002b) also showed differences in developing 
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assemblages depending on whether the underlying substratum was sand or algal/rocky, but patterns 
varied between replicate areas and few general patterns could be identified (Chapman 2003a).

Combinations of abiotic stresses

Cobbles on semi-sheltered beaches in New England, USA, can be colonized by large areas of cord grass 
and mussels. Experiments have shown that the former provide shade and the latter stabilize the cobbles 
(Altieri et al. 2010). Both of these mechanisms ameliorate abiotic stresses, increasing the number of 
species and abundances of the invasive crab, Hemigrapsus sanguineus, associated with the cobble beds 
(Altieri et al. 2010). Similarly, disturbances due to wave action or water movement can vary with the 
depth of the water or distance off shore, altering the size-range of subtidal boulders that are frequently 
overturned (Osman 1977). Intertidally, the small-scale configuration of the shoreline and presence of 
offshore shallow reefs similarly reduce disturbance on intertidal boulders, although these reductions do 
not occur in very stormy conditions (G. Chapman, pers. obs.). Exposure to waves has been shown to 
influence disturbance to intertidal coral rubble, directly in relationship to size of the boulders and the 
height on the shore (Walker et al. 2008). This did not directly relate to the numbers of species under the 
boulders, which, it was suggested, may also be affected by competition. Experiments are needed, how-
ever, to unravel the complexity of interacting abiotic factors, such as height on the shore, wave exposure 
and size of boulders on the richness of species. Such experiments are still, unfortunately, relatively rare.

Biotic factors

Recruitment

Initial patterns of recruitment can be very important in determining later assemblages on boul-
ders (Osman 1977). Recruitment can be affected by the composition of the rock, as shown by 
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Figure 5 Convergence of the mobile assemblage over nine months from one week after plates and boulders 
were deployed at the start of the experiment (S). Trends are shown by the centroids calculated from indepen-
dent samples of each treatment at each time of sampling. (A) Artificial plates with no biofilm, placed at the 
start of the experiment adjacent to an existing boulder (black dashed line), at least 1 m away from an exist-
ing boulder (gray solid line) or in a position where there was originally a natural boulder (black solid line). 
(B) Treatment placed adjacent to an existing boulder; samples of new plates with no biofilm (gray dashed 
line), plates with a six-month-old sessile assemblage (black solid line), plates with a nine-month-old sessile 
assemblage (gray solid line), denuded natural boulder with existing sessile assemblage (black dashed line). 
(From Chapman 2003a.)
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McGuinness & Underwood (1986), who used a reciprocal transplant of sandstone or shale rocks 
between two shores to test the hypotheses that differences in the distribution of the alga, Ulva 
lactuca, and spirorbid polychaetes between shores could be explained by recruitment in response 
to rock-type. As predicted, the alga colonized more onto sandstone than onto shale boulders, with 
spirorbids showing the opposite pattern. At a larger scale, Green et al. (2012) showed more foliose 
algae colonizing sandstone boulders and more barnacles colonizing granite boulders in artificial 
boulder-fields created at the bases of sea walls.

An experimental extension of the research by McGuinness & Underwood (1986), where upper 
and lower surfaces of the two types of rocks were painted different colours to match different 
rock-types, showed that spirorbids recruited in response to a dark lower surface, irrespective of 
the type of rock or the colour of the upper surface (James & Underwood 1994). Colour alone was 
not, however, adequate to explain all of the variation and on natural boulders, both the upper and 
lower surfaces tend to be multicoloured, depending on the sessile assemblages that they support. 
Recruitment in response to rock-type could not explain patterns of distribution in the coexisting 
common polychaete, Galeolaria caespitosa (McGuinness 1988).

Competition

There have been few studies of competition in assemblages on or under boulders, largely because, 
other than on the tops of stable boulders (Sousa 1979b), there is often considerable free space 
(McGuinness 1987a,b). Despite available free space, species may, however, be crowded into very 
small areas of the boulders, as described above for chitons under boulders lying on fine sediments 
(Liversage et al. 2012). Barnes & Lehane (2001), however, showed strong competitive interactions, 
including overgrowth, by numerous sessile species of invertebrates under boulders on South Atlantic 
islands, where the fauna are crowded into the central areas of the undersurfaces. There was, thus, 
strong competition for space, despite most of the boulders being unoccupied and abundant space 
being available.

Extreme aggregation of many mobile species among individual boulders (Smith & Otway 1997, 
Chapman 2002a, 2005) and overdispersion on the undersurfaces of individual boulders themselves 
(Chapman & Smoothey 2014) suggests that space under boulders may be limiting for attachment 
and feeding by mobile species, even when many boulders in the vicinity are sparsely or un occupied. 
The chiton, Ischnochiton australis, can occur in large abundances under some boulders and are 
often lying in layers on top of each other (Palmer 2012), or crowded under other species, such as 
urchins (Chapman & Smoothey 2014). This suggests that there could be strong local competition for 
space or food, but neither intra- nor interspecific competition has been examined in these overdis-
persed species living under boulders, so this question remains unanswered.

Grazing and predation

Grazers may not be as important as are physical disturbances in controlling cover of algae on 
boulders, which contrasts to its importance on many rocky shores (Underwood 1980, Hawkins 
& Hartnoll 1983). Nevertheless, grazing may explain the lack of relationship between algal cover 
and size of boulders in some lowshore areas, where grazers are more abundant on larger boulders. 
They may reduce algal cover on these boulders in a similar way that physical disturbance controls 
cover of algae on smaller or highshore boulders (McGuinness 1987b), thus disrupting the expected 
species-area relationship.

It is not clear on what and where many of the species that live under boulders feed. Many mol-
luscs, including those living under boulders, are algal grazers, but measures of micro- or macroalgal 
food under boulders are lacking. Other species, such as Ischnochiton smaragdinus, feed on bryo-
zoans and sponges that are common under boulders, and Loricella angasi can catch and eat amphi-
pods (Kangas & Shepherd 1984). Some species have been seen to move on to the upper surfaces to 
feed (e.g. Ischnochiton australis; Kangas & Shepherd 1984) and others migrate into the surrounding 
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area at night before returning to boulders during daylight (J. Grayson, pers. comm.). It is assumed, 
but not known, that these animals are feeding.

There have been few studies of predation in intertidal boulder-fields, other than human harvest-
ing, although Rogers & Elliott (2013) examined predation of starfish by gulls in numerous intertidal 
habitats in Puget Sound, USA. Small starfish were only found in the boulder-fields, where there was 
also the largest incidence of predation, with gulls observed pulling small starfish out from under the 
boulders. Experiments showed that gulls tended to feed only on the small starfish. These may have 
been eaten in parts of the shore where they are easily visible and were, thus, only found under boul-
ders, or they may not have recruited to those other habitats. Thus, gulls concentrated their predation 
in the only habitat where young starfish lived.

Post-settlement dispersal

Some experiments on dispersal of organisms among boulders have shown strong behavioural 
responses for some species. For example, Cryer et al. (1987), in an experimental study of the effects 
of harvesting, showed that boulders which originally had crabs sheltering under them, were more 
likely to be recolonized by crabs, even after the crabs had been removed. The colonizing crabs were 
presumably responding to some features of the boulders (or possibly cues remaining after removal 
of the crabs), but what these were is unknown. Smoothey & Chapman (2007) showed similar behav-
iour for sea urchins: more dispersal to boulders under which there were originally urchins, even 
after the urchins had been removed, than to boulders without urchins at the start of the experiment.

In experiments to try to identify what are the features of boulders or their surroundings that 
affect dispersal of animals, newly quarried boulders were deployed within boulder-fields (Chapman 
2002b). These boulders had no biota or biofilm at the start of the experiment. Nevertheless, they 
were quickly colonized with most animals arriving as adults or juveniles, rather than settling larvae. 
They apparently moved under the new boulders from the surrounding habitat (Chapman 2002b, 
2003a). An overdispersed pattern of distribution among individual units of habitat was established 
very quickly—within days or weeks.

Restoration of boulder-fields in response to degradation or loss

Because boulders support a wide diversity of biota and create complex habitat that changes rates of 
water movement and sediment deposition (Cruz Motta 2005), they have been deployed in streams 
and rivers as part of restoration programmes, often in conjunction with the addition of vegetation 
and removal of channelization. The aim has been to increase local biodiversity or improve habitat 
for fish (Roni et al. 2006, Branco et al. 2013) because boulders are effective at retaining floating 
vegetation at relatively low rates of discharge (Koljonen et al. 2012), thus increasing the availability 
of local patches of complex habitat and resources.

Boulders, or artificial surrogates such as concrete blocks, are similarly used to build artificial 
reefs in subtidal areas to mitigate for loss of habitat, predominantly to provide habitat for exploited 
or charismatic species, or to increase habitat for fish (reviewed by Baine 2001). Such reefs, however, 
frequently support unique assemblages and do not form surrogates for any loss of natural habitats. 
For example, a 5-year-long comparison of a built boulder-reef and natural reef in Florida, USA, 
showed that the former consistently had larger abundances of fish and supported a different assem-
blage to that found on the natural reef (Kilfoyle et al. 2013).

Intertidally, there has been little research on the restoration of boulder-fields, with most inter-
tidal restoration efforts focused on mangroves and wetlands. Because boulder-fields are vulnerable 
to so many disturbances and support such a diverse and specialized fauna, consideration should be 
given to the possibility of creating novel boulder-fields to replace those that have been lost or are 
under threat (e.g. due to urban development or potentially through a rise in sea level). The sessile 
assemblages that naturally inhabit boulders often include many fouling species that readily colonize 
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bare space, but characteristics of the sessile assemblage do not seem important in influencing colo-
nization by the mobile species, many of which are habitat-specialists (Chapman 2002b). When 
novel habitat, such as sandstone blocks, are placed within boulder-fields, they are rapidly colonized 
(Chapman 2003a), suggesting that boulder-fields may be easy to duplicate if there is a nearby source 
of colonists, and boulders or their surrogates can be deployed with minimal disturbances. This view 
is supported by examining the small artificial boulder-fields that are created from building rubble 
at the base of many intertidal sea walls. These support many species which do not live on the walls 
themselves, thus increasing local diversity of species (Chapman 2006). Stony rubble, if left in place, 
may therefore compensate to some extent for the negative effects on native biodiversity of armor-
ing shorelines by replacing natural habitat with sea walls (Chapman 2003b). This is not to suggest, 
however, that it is acceptable to simply discard waste materials in the sea and call them artificial 
reefs or surrogate habitat (Chou 1997).

Research in NSW, Australia, has created new, relatively small boulder-fields from quarried 
rock in areas near to, but not within, natural boulder-fields (Chapman 2012). Sessile assemblages 
colonized these patches very slowly and variably and had not reached the equivalence of natural 
boulders within a year. Nevertheless, both rare and common mobile animals, primarily molluscs 
and echinoderms which are the main taxa that occupy natural boulders, rapidly colonized these 
patches. There was no clear successional sequence, with colonization patchy at the scales of indi-
vidual boulders, among patches of boulders 20 m apart, between sites 500 m apart and between 
locations 2 km apart, although diversities and abundances of some species matched those of natural 
boulders within a few months. Both rare and common animals mainly colonized as adults from sur-
rounding areas, despite the fact that there were no visible individuals of many of the rare species in 
these areas. The size of the newly created patches, composed of 50 or 100 large boulders, showed no 
effect of patch size on either rates of colonization, or the suite of species that colonized the differ-
ent patches (Chapman 2013). Most species were randomly distributed between the two patch sizes, 
some species were more abundant on the larger patches, but other closely-related species showed the 
opposite pattern. After a few weeks, most species were as abundant in these patches as on natural 
boulders; colonization was rapid.

Future research directions

Intertidal boulder-fields have many characteristics which make them ideal for experimental stud-
ies to further our understanding of ecology. A fertile field for further research is the causes for the 
extreme patterns of overdispersion that are found in this habitat. Despite considerable research into 
responses of biota to different features of habitat associated with the boulders themselves, these 
strong patterns of overdispersion are still little understood. Because the fauna occupy and move 
among discrete patches of habitat (the boulders), which can be experimentally manipulated with 
respect to their features (size, complexity, sessile assemblage), their positions relative to each other, 
and the timing of manipulations relative to timing of settlement, weather, etc., they are ideal habitats 
in which to test experimentally complex ecological models of dispersal and habitat requirements. 
In addition, because many of the more common species are also found on continuous rocky shores, 
they are ideally placed to compare dispersal and recolonization of denuded areas in continuous 
versus patchy habitats. With increased disturbances on natural rocky shores potentially disrupting 
and fragmenting natural populations, such information could be invaluable in determining how best 
to manage such populations.

Despite the well-documented species–area relationship for many habitats, size of boulders 
appears to have little consistent effect on either abundances or numbers of species found on them. 
Because this theory is a cornerstone of much ecological theory, this habitat is an ideal arena in 
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which to explore this relationship (or lack thereof) because the habitat itself can be easily experi-
mentally manipulated.

There is still much to learn about the persistence of rare species because their spatial and tem-
poral dynamics, responses to habitat, body-size abundance patterns and many other characteristics 
of life history are all thought to differ fundamentally from those of common species (Gaston 1994). 
Because boulder-fields support a number of species which are closely related, which are function-
ally similar, or which have differing modes of reproduction, they and their habitat can be manipu-
lated in the field with relatively little disturbance (Chapman & Underwood 1996). This makes them 
ideal for investigating many of the questions raised by Gaston (1994) and others who attempt to 
understand the dynamics of rare species.

Finally, there is still much to understand in order to manage, restore or recreate these habitats 
for the conservation of their biota, both with respect to repairing damage to existing boulder-fields, 
or building new habitat in mitigation for that lost or threatened. In addition, it has been suggested 
that boulder-fields may be built to compensate for loss of alternative habitat, such as seagrasses 
through urban development (Iversen & Bannerot 1984). Boulder-fields are being built to protect 
shorelines (Green et al. 2012) as part of softening armoured shores to create hybrid designs. Yet, to 
date, there has been little research into the ecological value of such created habitat relative to that 
lost by urbanization and shoreline development.

Conclusions

Despite their prevalence along some coastlines and the large number of species that live in intertidal 
boulder-fields, they have been little studied compared to habitats such as mangrove forests or inter-
tidal rock platforms. Yet, because boulder-fields are composed of natural units of habitat (the boul-
ders), which can be transplanted among sites (with or without their very diverse sessile and mobile 
assemblages), and in addition, experimentally manipulated in many different ways to test a variety 
of hypotheses, they have been very rich areas of research for tests of such ecological concepts as 
succession, the role of disturbance, species-area relationships, and the effects of habitat complexity 
on diversity. As such, research in boulder-fields has added important data to the generality of many 
ecological theories.

In addition, the undersurfaces of boulders, especially in relatively sheltered areas, are habitat for 
a wide range of species, particularly of molluscs, many of which are seldom or not found in other 
habitats. Many of these are rare species, with limited range and/or small abundances. As such, they 
are vulnerable to many current and predicted disturbances. Most species have extremely strong pat-
terns of habitat association, but in general, the factors causing these overdispersed patterns of abun-
dance, at scales of metres to kilometres, are not known. With few exceptions, animals do not appear 
to respond to obvious features of the boulders, or to the other biota inhabiting the boulders, but they 
aggregate on to a limited number of boulders at the stage of initial colonization. To maximize our 
potential to protect these fauna, it is important to generate better understanding of the responses to 
habitat of these species, especially the rare species. This requires careful, well thought-out experi-
ments that minimize disturbance to the habitat (Chapman & Underwood 1996) and the rare species 
(Chapman & Smoothey 2014).
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The role of dominant species is of central importance in ecology. Such species play a key role in 
ecosystem structure, stability and function, regulating resource allocation across trophic levels and 
overall ecosystem productivity. Although ecological interactions between dominant and subordinate 
species are often considered to influence the latter negatively, the presence of dominant species 
can also be beneficial. These species commonly act as ecosystem engineers and enhance biodi-
versity by creating habitat for other species. Along rocky coastlines, dominant species are often 
sessile  suspension-feeding organisms that can monopolize all available substrata. This is particu-
larly noticeable in intertidal and shallow subtidal habitats where the number of species that achieve 
ecological dominance is limited. Here, we review the ecological and evolutionary mechanisms that 
facilitate dominance along rocky coastlines. We then focus on a prominent example, the members of 
the Pyura stolonifera species complex (Tunicata), which are an emerging model system for studying 
ecological dominance. These ascidians achieve the highest biomass levels ever reported in rocky 
intertidal habitats and, when invasive, can fundamentally transform entire ecosystems. Finally, we 
discuss conservation implications and conclude with directions for future research.

Introduction

Ecological dominance can be defined as “the exertion of a major controlling influence of one or 
more species upon all other species by virtue of their number, size, productivity or related  activities” 
(United Nations 1997). Interest in ecological dominance extends across a wide range of fields 
including, for example, paleontology (Clapham et al. 2006) and anthropology (Flinn et al. 2005). 
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In ecology, dominance describes the opposite of ecosystem evenness (Hillebrand et al. 2008) and 
dominant species are generally the most abundant components of natural communities as a result 
of their competitive superiority. These species have the ability to structure communities in terms 
of species composition, diversity, biomass, spatial arrangement and occupancy. Additionally, domi-
nant species often function as ecosystem engineers or bioengineer species (Jones et al. 1994, 1997, 
Nilsson & Wardle 2005) as they provide habitat for, and regulate the distribution and abundance of 
other species. Ecological dominance could be construed as including keystone predators or habitat-
forming seaweeds, but within the context of this chapter we limit it to spatial dominance by ses-
sile or sedentary animals. The persistence of dominant species may depend on certain levels of 
environmental stochasticity (e.g. disturbance), which maintain stable levels of species diversity and 
hierarchy (Connell 1978, but see Fox 2013). Consequently, dominant species and disturbance may 
collectively determine ecosystem stability and levels of functional diversity (Loreau et al. 2001, 
Smith & Knapp 2003).

In marine benthic ecosystems, dominant species are often sessile suspension-feeders. These 
organisms are able to gather and incorporate allochthonous pelagic energy into benthic communi-
ties with remarkable efficiency (Gili & Coma 1998) and monopolize food and spatial resources 
(Sarà 1986). This is especially noticeable in rocky intertidal and shallow subtidal ecosystems where 
dominance is often achieved by one or a few suspension-feeding species (e.g. Dayton 1971, Paine 
1971, Sousa 1979, Paine et al. 1985, Underwood et al. 1991, Castilla et al. 2000). Dominant suspen-
sion-feeders are ecosystem engineer species (Wright & Jones 2006) and are present in most marine 
ecosystems around the world (Jones et al. 1994, Crooks 2002, Gutiérrez et al. 2003).

Here, we review the literature to unravel the ecological and evolutionary mechanisms that facili-
tate dominance. We then focus on a specific group of dominant marine invertebrate species that 
are of considerable ecological importance in rocky shore communities of the southern hemisphere, 
the members of the Pyura stolonifera species complex. We conclude with the role of ecological 
dominance in conservation efforts and outline future directions for research on dominant species.

The theory behind ecological dominance

Ecological dominance is strongly linked to competitive ability (e.g. Dayton 1975, Steneck et al. 
1991, Baird & Hughes 2000), which is often seen as having negative effects on species richness as 
competing species work towards eliminating one another. In order to understand how ecological 
dominance can influence overall community structure, it is important to recognize that competition 
can take various forms. Theoretically, competition only occurs if specific resources are in limited 
supply and, in the case of competition for food or space, it can take the form of either exploitation 
or interference competition (Schoener 1983, Yodzis 1989). Competition for renewable resources 
such as food often exclusively involves interference, whereas competition for space has two com-
ponents that operate across different spatial scales and interact with one another: actual competi-
tion for space, which operates at small scales through interference, and exploitation competition 
(Steinwascher 1978) through dispersal, which takes place at larger scales. Dispersal is required to 
find and to monopolize available space.

In the marine realm, organisms exhibit markedly different scales of propagule dispersal 
(Kinlan & Gaines 2003), and this has important consequences for the likelihood of coexistence 
of competing (and potentially dominant) species (Berkley et al. 2010, Aiken & Navarrete 2014). 
When dispersal is minimal, two species can theoretically coexist, as patches of habitat often operate 
independently of one another (Leibold et al. 2004, Tilman 1994). If dispersal scales are very large, 
however, the distinction among patches of habitat is lost and coexistence is less likely. Therefore, 
it is important to measure and define scales carefully when describing the effects of dispersal and 
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to recognize that ecological processes are affected by dispersal type (Kinlan et al. 2005, Aiken & 
Navarrete 2014). Nevertheless, there are clearly different implications for space occupiers that are 
assumed to have the potential to disperse over scales of hundreds of kilometres, such as mussels 
or barnacles (Tapia & Pineda 2007, Teske et al. 2016) as opposed to those with abbreviated larval 
development, such as ascidians (Millar 1971, Clarke et al. 1999). Scales of dispersal also have 
implications for the type of guild responsible for dominating space. Where species are capable of 
outcompeting others through functional dominance, as is often the case for intertidal communities 
(e.g. Dayton 1975, Lubchenco & Menge 1978), the guild is composed of dominant space occupiers. 
In this case, weakening of dominance results in an increase in the number of species that can coex-
ist so that non-selective mortality, common in cases of mass mortality due to wave or heat stress 
(e.g. Tsuchiya 1983, Erlandsson et al. 2006, Garrabou et al. 2009), has a positive effect on species 
richness. In contrast, in ecosystems without clear competitive dominance, the system is shaped by 
dispersal and colonization events and is considered to be founder-controlled. Such systems include 
coral reef fish communities (e.g. Sale 1977, 1979, Almany et al. 2007) and in this case, mortality 
will decrease richness (Paine 1966, Sousa 1979, Yodzis 1989).

There is a vast body of both theoretical and empirical literature on resource-mediated interac-
tions in communities dominated by superior competitors, including the implications for the con-
trol of species richness, the persistence of subordinate species (Dayton 1975), shifting competitive 
dominance (Paine 1969, Lubchenco 1978) and ecological consequences of body size (Brown & 
Maurer 1986). Of course, dominant species interact with other drivers of community structure, 
including keystone species (Paine 1969, Paine & Suchanek 1983, Menge et al. 1994, Castilla 1999), 
recruitment limitation (Connolly & Roughgarden 1999) and disturbance (Lubchenco & Menge 
1978, Sousa 1979). Importantly, and partly through their effects on other species, dominant species 
can regulate ecosystem function, trophic complexity and community stability (Paine 1969, Smith 
& Knapp 2003), which leads to community-level impacts (Harley 2006). More recently, it has been 
recognized that species that occupy primary space interact not only with other space-occupiers, but 
also have a key role in enhancing species richness through facilitation. The inclusion of facilita-
tion in ecological models can completely alter predictions of the effects of environmental stress, 
disturbance or predation on species richness and the probability of success of biological invasions 
(Bruno et al. 2003). This builds on the recognition of the importance of within-species group effects 
for space-occupiers (Bertness & Leonard 1997) and their role as ecological engineers (Jones et al. 
1994). Dominant species can provide habitat for associated species, offer protection from predation 
(Stachowicz & Hay 1999, Crain & Bertness 2006), mitigate environmental stress (Rius & McQuaid 
2006, 2009) and enhance recruitment success of conspecifics (Erlandsson & McQuaid 2004) as 
well as other species. For example, successful settlement of mussel recruits can be enhanced by the 
presence of macroalgae (Bayne 1964, McQuaid & Lindsay 2005).

Resource availability is a critical mechanism modulating ecosystems. It determines commu-
nity structure, ecological interactions and phenotypic traits (Coley et al. 1985), and it shapes lev-
els of energy transfer across trophic levels that are required to maintain niche differentiation and 
functional diversity. Along rocky coastlines, the primary limiting factor for benthic organisms is 
space, which in the intertidal zone can be dominated by both sessile animals and algae. However, 
the balance between faunal and algal dominance is often mediated by wave action (McQuaid & 
Branch 1984). At the subtidal fringe, space is mostly dominated by suspension-feeders, with ascid-
ians dominating many temperate coastlines, especially in the Southern Hemisphere (see below).

The monopolization of a specific resource by a single species is generally ascribed to certain 
attributes (Paine & Suchanek 1983, Guiñez & Castilla 2001). Accordingly, it is expected that com-
petitive dominance will positively correlate with degree of gregariousness and the species’ ability 
to occupy space (Figure 1). Among the species traits that enhance ecological dominance (Figure 2), 
gregariousness and a sessile or sedentary life strategy are tightly linked (i.e. it is difficult to have 
one trait without the other), and collectively lead to a specific ecological trade-off. A gregarious 
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species can act as a bioengineer and occupy space while the ability of its predators or competitors to 
fulfil their roles diminishes. A key aspect for dominance is to maximize the extent and duration of 
resource monopolization. Species such as ephemeral algae are rarely considered dominant species 
as they are short-lived and space occupancy is only transient.

The monopolization of resources, particularly space, can be mitigated by compensatory mor-
tality, with dominant species suffering higher rates of mortality through disturbance (e.g. Connell 
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1978, Paine 1979, Sousa 1979, Erlandsson et al. 2006) or predation (Paine 1976, Symondson et al. 
2002). The effects of predation can depend on timing in terms of ecological succession (Vieira et al. 
2012) and recruitment rates high enough to swamp predators can ultimately allow monopolization 
(Navarrete & Berlow 2006). Thus, disturbance and predation generally tend to free resources and 
ameliorate the subordination of inferior species. This reduces interference competition and allows 
species to exploit spatial and temporal variability in resources, minimizing dominance by a par-
ticular species.

Evolutionary implications of ecological dominance

The formation of aggregations by propagules that disperse freely in a particular environment requires 
certain behavioural abilities. For example, behaviour-mediated recruitment has been reported in 
many taxa (Toonen & Pawlik 1994) and is often a response to the presence of conspecific adults 
(Toonen & Pawlik 1996, Alvarado et al. 2001). However, other external stimuli such as light, bio-
film, substratum orientation or flow conditions may be more relevant (Pawlik et al. 1991, Keough 
& Raimondi 1995, Wieczorek & Todd 1997, Rius et al. 2010a). In addition, evolutionary mecha-
nisms such as Allee effects may be critical for understanding ecological dominance. Allee effects 
normally appear when there is a decline in population size or density that leads to a loss of overall 
fitness (Courchamp et al. 1999, Berec et al. 2007). These effects can operate through increased 
difficulty in finding mates (e.g. Kuussaari et al. 1998) or susceptibility to predators (e.g. Bertness 
& Grosholz 1985). Additionally, because most broadcast-spawning benthic suspension-feeders are 
sessile (e.g. ascidians) or near-sessile (e.g. mussels), populations often exhibit Allee effects because 
the likelihood of gamete encounters resulting in fertilization is significantly lower when adults are 
present at low densities (Levitan 1991, Babcock & Keesing 1999).

For many organisms, ecological dominance is largely a consequence of the behaviour of their dis-
persive larvae, which enables the formation of long-lasting aggregations. Aggregated settlement can 
be facilitated by conspecific cues following successful colonization by a founder (Toonen & Pawlik 
1994). Indeed, a possible evolutionary consequence of Allee effects is conspecific attraction. Although 
the idea of linking Allee effects, recruitment and conspecific attraction was developed in the context 
of vertebrates, especially colonial- and non-colonial-nesting birds (Reed & Dobson 1993), the insights 
gained are applicable to species with external fertilization. Stephens & Sutherland (1999) regard con-
specific attraction as a “direct product” of Allee effects and Donahue (2006) suggests that conspecific 
cues and Allee effects jointly lead to conspecific attraction. Another aspect that may be relevant is kin 
aggregation (Grosberg & Quinn 1986, Veliz et al. 2006), although the reverse situation (kin avoid-
ance) has also been reported (Johnson & Woollacott 2010) and thus requires further investigation.

Propagule attraction to conspecifics can be facilitated by increased habitat complexity. For exam-
ple, studies have shown increased settlement rates in structurally-complex mussel beds (Alvarado & 
Castilla 1996, Alvarado 2004), though there is responsiveness to conspecifics in the absence of struc-
tural complexity that can change with settler age (von der Meden et al. 2010). Attraction to adult con-
specifics can have negative consequences in the case of suspension-feeders that feed indiscriminately, 
such as adult mussels which are able to consume >70% of potential settlers, including conspecifics, 
through larviphagy (Lehane & Davenport 2004, Porri et al. 2008, Troost et al. 2008). In addition, 
self-recruitment (i.e. recruitment of progeny to the parental population or patch) may increase levels 
of inbreeding (potentially promoting low levels of genetic diversity), which is known to negatively 
affect population persistence (Keller & Waller 2002). Despite the potential negative effects, settling 
close to parents seems to have remarkable fitness benefits in some taxa. The positive aspects of 
attraction of settling larvae to adults are chiefly due to the enhancement of fertilization success via 
adult aggregation. In the case of broadcast spawners, fertilization success is often correlated with the 
degree of aggregation (Levitan et al. 1992, Downing et al. 1993). In addition, aggregations can have 
evolutionary benefits by providing group defence against predators. For example, mussels use byssal 
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threads to trap predatory whelks (Day et al. 1991, Farrell & Crowe 2007) and to mutually protect 
conspecifics from wave action (van de Koppel et al. 2005). The latter can also involve facilitative 
interspecific effects between ecologically homologous species (e.g. Rius & McQuaid 2009).

Ecological dominance on rocky shores

Intertidal habitats have long been model systems for the study of ecological dynamics and prin-
ciples (Paine 1966, 1969, Stephenson & Stephenson 1972, Lubchenco & Gaines 1981, Hawkins & 
Hartnoll 1983b, Branch 1984, Castilla & Durán 1985, Menge & Sutherland 1987, Menge et al. 1994, 
Underwood 2000, Navarrete & Castilla 2003). They can support sessile consumers because food can 
be transported through the aquatic medium itself, and in many systems, suspension-feeders main-
tain extremely dense populations (Monteiro et al. 2002, Castilla et al. 2004b). These species domi-
nate overall biomass (e.g. McQuaid & Branch 1984, Castilla et al. 2000) and energy flow (Newell 
et al. 1982) because of their high rates of secondary production (Baird et al. 2004). Dominant rocky 
shore species filter large volumes of water and suspended particles (mainly originating from pri-
mary  production), creating a habitat for diverse associated biota. This gives such species a number 
of critical roles in ecosystem functioning. Firstly, they act as primary consumers, linking primary 
production and secondary consumers (Gili & Coma 1998), critically contributing to remineraliza-
tion (Eriksson et al. 2010) and benthic-pelagic coupling. This creates a two-way interaction between 
the water column and the benthos through both the consumption of suspended particles (McQuaid 
& Branch 1985, Loo & Rosenberg 1989, 1996) and the benthic recruitment of planktonic larvae 
(Navarrete et al. 2005). Secondly, dominant rocky shore species can act as autogenic ecological engi-
neers (sensu Lawton & Jones 1995), occupying all available primary space (e.g. Castilla et al. 2004a), 
and in doing so increasing architectural complexity (Hughes & Griffiths 1988, Guiñez & Castilla 
1999, 2001), which enhances species richness (Cerda & Castilla 2001, Cole & McQuaid 2010). All 
these characteristics make this group a unique and important component of benthic communities.

Mass mortalities of dominant suspension-feeding species as a result of extreme environmental 
stress or disease (e.g. Hanekom et al. 1999), can have important implications for the entire rocky shore 
ecosystem. One direct consequence is the loss of ecological networks and function. For example, 
drastic reductions of intertidal suspension-feeding species directly modify the intertidal community 
structure and zonation, impacting on key ecosystem services (Castilla et al. 2014, Manríquez et al. 
2016). Another consequence of major disturbance events is the decrease of structural complexity 
upon which other species depend. This is particularly critical when the spatially-dominant species 
lack a hard calcareous skeleton, such as ascidians (Cerrano & Bavestrello 2009). However, in the 
case of calcareous species such as barnacles, habitat complexity can persist after mortality. Patch 
fragmentation as a result of disturbance has major effects on dominant suspension-feeding species 
and associated communities, contributing to a non-random community assembly in intertidal areas.

Ecological dominance along rocky shores is achieved by a small, taxonomically-diverse 
group of species. Some examples include bivalves, tubeworms, bryozoans and solitary ascidians 
(Figure 3), all broadcast-spawning organisms with well-studied life histories (Marshall & Keough 
2008, Marshall et al. 2012). These taxa have a wide variety of dissimilar characteristics (Figure 3), 
indicating that ecological dominance is not due to analogous combinations of traits.

The Pyura stolonifera species complex: A model 

system for studying ecological dominance

Members of the Pyura stolonifera species complex (sensu Rius & Teske 2011, Phylum Chordata, 
Subphylum Tunicata) (hereafter the P.s.s.c.) are amongst the few intertidal solitary ascidian species 
that form extensive and dense monospecific aggregations, dominating all available substrata. These 
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species are roughly barrel-shaped tunicates that can grow to >30 cm in height (Paine & Suchanek 
1983, Fielding et al. 1994, Castilla et al. 2000). They form extensive cemented aggregations or 
3-dimensional matrices (Guiñez & Castilla 2001) in the form of collective packed units, although 
isolated individuals also occur (Castilla & Camaño 2001, Monteiro et al. 2002). Members of the 
P.s.s.c. produce the highest intertidal biomass per unit surface area ever reported in the literature, 
with dry tissue biomass of >20 kg m–2 and densities of up to 1800 individuals m–2 (Fielding et al. 
1994, Castilla et al. 2000). Such biomass is an order of magnitude higher than the maximum values 
reported for other suspension-feeding species along rocky shores (e.g. McQuaid & Branch 1985). 
Ecological theory predicts that the area on either side of the Low Water Springs level is dominated 
by highly competitive species that are generally free from predators (Hawkins & Hartnoll 1983). 
Accordingly, intertidal populations of the members of the P.s.s.c. achieve the highest densities and 
biomass in this particular area (Castilla et al. 2000). The members of the P.s.s.c. each present unique 
bioengineer habitat architectures in terms of the number, size and shape of individuals and the 
arrangements of habitable secondary space. Overall, these ascidians represent good models for the 
study of ecological dominance in benthic communities (Monteiro et al. 2002, Castilla et al. 2004b, 
Teske et al. 2011, Manríquez et al. 2016).

Information on the P.s.s.c. has been accumulating over the past 130 years or so, from taxonomic 
(Heller 1878, Van Name 1945, Millar 1955, 1966, Monniot & Bitar 1983, Rius & Teske 2011) and 
ecological studies (Guiler 1959, Stephenson & Stephenson 1972, Paine & Suchanek 1983, Clarke 
et al. 1999, Castilla et al. 2000, Monteiro et al. 2002, Castilla et al. 2004a, Castilla et al. 2004b, 
Knott et al. 2004, Rius et al. 2010a) to recent studies of its physiology (Rius et al. 2014a), genetics 
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(Castilla et al. 2002, Astorga et al. 2009, Teske et al. 2011, Rius & Teske 2013), invasion biology 
(Castilla et al. 2004a, Hayward & Morley 2009, Teske et al. 2011, Rius & Teske 2013) and exploita-
tion by humans (Kyle et al. 1997, Castilla et al. 2014, Manríquez et al. 2016). Below, we analyze the 
biological attributes that have allowed this group to become successful in dominating rocky shores.

Biogeography and evolutionary history of the species complex

Despite the conspicuous nature of the members of the P.s.s.c. in both intertidal and subtidal environ-
ments, the taxonomy of the group has been fiercely contested until very recently (Kott 2006, Rius & 
Teske 2011). Many papers referred to all the members of the P.s.s.c. as Pyura stolonifera (e.g. Kott 
1985, Marshall et al. 2000) despite taxonomic (Millar 1962, Monniot & Bitar 1983, Monniot et al. 
2001), ecological (Dalby 1997) and genetic (Castilla et al. 2002) evidence pointing to the existence 
of multiple species. Recent studies employing a combination of morphological and genetic analyses 
(Rius & Teske 2011, 2013, Teske et al. 2011) have revealed that Pyura stolonifera (Heller, 1878) as 
defined by Kott (2006) is a species complex that in fact represents at least five distinct species. The 
species presently accepted as valid are the African representatives P. stolonifera and P. herdmani 
(Drasche, 1884), and the Australian P. praeputialis (Heller, 1878), P. dalbyi (Rius & Teske, 2011) 
and P. doppelgangera (Rius & Teske, 2013).

Members of the P.s.s.c. are predominantly found along temperate rocky shores of the Southern 
Hemisphere. In particular, most species are distributed along southern African (Millar 1955, Monniot & 
Monniot 2001) and Australian (Kott 1985) coasts, but one member of the P.s.s.c. (Pyura herdmani) 
is also present in the Northern Hemisphere (Monniot & Bitar 1983, Lafargue & Wahl 1986–1987, 
Teske et al. 2011). The different species are typically allopatric and some exhibit disjunct distribu-
tions, with populations that are separated by large geographic distances (Castilla & Guiñez 2000, 
Rius & Teske 2013), but there are also instances of sympatric distributions in southern Africa and 
Australia (Figure 4). Reports from South America (Clarke et al. 1999) and New Zealand (Hayward 
& Morley 2009) that are corroborated by genetic evidence (Teske et al. 2011), as well as recent sight-
ings in Europe (see further details below), suggest that the species found in these regions originated 
from elsewhere and were most likely introduced through human activities.

Temperate coastlines characterized by upwelling systems are often preferred habitats for mem-
bers of the P.s.s.c. (Figure 4). Some species, such as Pyura herdmani in Africa, are widespread 
and occur across several biogeographic provinces of differing temperature regimes, providing an 
interesting system to study population connectivity and physiological tolerance across ecoregions. 
Another interesting case is P. dalbyi, which shows a large distribution gap between the southwest-
ern and southeastern coasts of Australia (Figure 4). However, much of the intermediate region is 
part of the Great Australian Bight, which is highly inaccessible to study, so this species may be 
more widespread.

The presence of members of the P.s.s.c. on land masses that formed part of the former supercon-
tinent of Gondwanaland (Africa, Australasia and South America) suggests that the present species 
shared a common ancestor during the Mesozoic. Interestingly, despite treating all as a single spe-
cies, Kott (1985, 2006) favoured a Gondwanan origin for the group, notwithstanding the fact that 
tens of millions of years are ample time for speciation to occur. While it is now believed that the 
populations in South America and New Zealand are the product of recent anthropogenic introduc-
tions from Australia (see below), phylogenetic work indicates that there is an ancient split between 
evolutionary lineages comprising the African species (Pyura stolonifera and P. herdmani) on one 
hand, and two of the Australian (P. praeputialis and P. doppelgangera) species on the other (Teske 
et al. 2011). This split has not yet been dated, and a shared Gondwanan ancestry of these two lin-
eages thus remains a possibility. However, such a scenario would have involved extinctions on all 
of the remaining Gondwanan land masses (Madagascar, India, South America, New Zealand and 
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Antarctica), which is a less parsimonious solution than a single long-distance colonization event 
(e.g. from Africa to Australia via the West Wind Drift). The gametes and larvae of ascidians are 
unable to disperse over greater distances because of their very short planktonic propagule durations 
(Millar 1971, Clarke et al. 1999, Rius et al. 2010b), but it is well known that the adults can travel 
attached to vessels or other floating objects (Lambert 2007, Locke 2009). There is thus little reason 
to rule out the possibility that the disjunct distribution of the African and Australian lineages was 
the result of an ancient long-distance colonization event.

Reproductive cycle, early life-history stages, settlement and fertilization

The members of the P.s.s.c. have a multiphasic life-cycle (Figure 5) and are broadcast-spawning 
simultaneous hermaphrodites, releasing male and female gametes mainly during low tides (Marshall 
2002, Manríquez & Castilla 2010). After release, currents disperse the gametes, reducing the likeli-
hood of inbreeding. In addition, members of the P.s.s.c. have blocks to self-fertilization since eggs of 
Pyura praeputialis fertilized with self-sperm fail to complete development (Manríquez & Castilla 
2010). As a result, fertilization and developmental success rely mainly on allogametes encountering 
one another, which in turn depends on the concentration of allosperm and the viability of eggs (see 
Marshall 2002, Manríquez & Castilla 2010). Fertilization success in P. praeputialis is at its high-
est with newly-shed sperm and declines as sperm and eggs age (Manríquez & Castilla 2010). Since 
allogamete limitation as a result of the rapid dispersion of gametes may occur along exposed rocky 
shores, some members of the P.s.s.c. have developed strategies to counteract gamete dilution and 
mitigate the difficulties of fertilization in such environments. Gamete retention close to the parents 
following spawning has been observed in P. praeputialis both in Australia (Marshall 2002) and 
Chile (Manríquez & Castilla 2010) and, although this has not yet been described in other members 
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Figure 4 Global distribution of the members of the Pyura stolonifera species complex, with the introduced 
ranges of the different species indicated.
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of this complex, it is highly plausible that it occurs. The gametes of P. praeputialis are often shed 
in a viscous matrix (Marshall 2002, Castilla et al. 2007b, Manríquez & Castilla 2010) and once 
they come into contact with seawater a biofoam is formed (Castilla et al. 2007b, Manríquez & 
Castilla 2010). Such biofoam also retains a high concentration of developing embryos and larvae 
of P. praeputialis (Castilla et al. 2007b, Manríquez & Castilla 2010). This suggests that biofoam 
formation may be an adaptive mechanism that enhances fertilization success and self-recruitment.

After fertilization, embryonic development occurs rapidly (see details in Rius et al. 2010a) and 
results in tadpole-like larvae that have a very short swimming period (Figure 5). The larvae are leci-
thotrophic and dependence on limited yolk-reserves limits dispersal range. As a result of the short 
pelagic duration of gametes, embryos and larvae, settlement will occur in the vicinity of the parental 
habitat, and colonization of new areas (away from the parental populations) requires the dispersal of 
adults that have settled on moving objects, such as boats or floating debris (Teske et al. 2015). Since 
direct observation of pelagic dispersal is challenging, genetic tools are often used to estimate population 
connectivity (e.g. Teske 2014) and confirm that levels of self-recruitment are high (Teske et al. 2015).

Although experimental trials using Pyura stolonifera and P. herdmani larvae showed that settle-
ment occurs irrespective of the presence of adult tunic extracts (Rius et al. 2010a), the highest recruit-
ment in the field is consistently reported on the tunics of adults or on substrata in the immediate 
vicinity (Alvarado et al. 2001, Marshall 2002, Monteiro et al. 2002, Castilla et al. 2014, Manríquez 
et al. 2016). More studies are however needed to confirm if self-recruitment is consistently present 
in aggregations of these ascidians. Taken together, gamete release synchrony, as well as strategies 
to retain early life-history stages, facilitate ecological dominance by members of the P.s.s.c. along 
rocky shores.
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Figure 5 Life cycle of Pyura herdmani depicting different life-history stages and key barriers that may pre-
clude ecological dominance. Early life-history stages were obtained via artificial fertilization in the laboratory 
(see details in Rius et al. 2010a). All photographs were taken in South Africa.
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Suspension-feeding and diet

Species of the P.s.s.c. are, like the great majority of ascidians, ciliary-mucus active sieving suspen-
sion-feeders (Bone et al. 2003). Water filtration is extremely efficient, even for particles as small as 
2–3 μm, with food items including detrital organic matter, diatoms and other phytoplankton, and 
suspended bacteria (Millar 1971, Monniot et al. 1991, Bak et al. 1998, Tyree 2001, Lambert 2005). 
Although no evidence of particle selection has yet been reported (Randløv & Riisgård 1979), studies 
of the gut of Pyura stolonifera suggest that phytoplankton is a much more important energy source 
than macroalgal detritus (Seiderer & Newell 1988). Other potential food items include developing 
stages and larvae of other invertebrate species, including self- and allogametes. Gut content analysis 
of adult individuals of P. praeputialis shows the presence of annelid, crustacean and mollusc larvae 
(Table 1). In addition, faecal pellets of P. praeputialis collected in the field contained tadpole larvae 
of P. praeputialis, mytilid larvae and newly hatched veliger larvae of the gastropod Concholepas 
concholepas (Table 2). Regardless of whether or not these items are digested, the available informa-
tion suggests that members of the P.s.s.c. interact with other species inhabiting the same area by 
reducing food availability and by directly consuming early life-history stages.

The rates of filtration by ascidians generally depend on body size (Monniot et al. 1991) and 
seawater temperature (Fiala-Médioni 1978, Petersen & Riisgård 1992, Ribes et al. 1998). For 
Pyura stolonifera, filtration rates increase with the size of the branchial sacs (Klumpp 1984) and 
ciliary bands lining the stigmatal openings (Petersen & Svane 2002). Large individuals of P. sto-
lonifera can filter up to 18 litres seawater h–1 (Klumpp 1984).

Table 1 Stomach content (mean number of individual 
food items counted ± SE) of Pyura praeputialis collected 
at two sampling sites in Antofagasta Bay, Chile

El Way (n = 21) Las Conchitas (n = 20)

Foraminifera (j, a) 11.67 ± 1.67  3.40 ± 1.02

Tintinnida (j, a)  1.00 ± 10.29  0

Nematoda (j, a)  0.10 ± 0.07)  0.10 ± 0.10

Gastropoda (j)  2.10 ± 0.48  2.05 ± 0.84

Mytilidae (l, j)  1.38 ± 0.30 18.25 ± 10.23

Annelida (l, j)  0.10 ± 0.10  0

Crustacea (unidentified)  0.29 ± 0.20  0.40 ± 0.24

 Nauplii  1.86 ± 0.46  0.60 ± 0.60

 Cyprids  1.48 ± 0.35  0.25 ± 0.16

 Copepoda

  Harpacticoida (j, a)  0.38 ± 0.13  0.40 ± 0.23

  Calanoida (j, a)  0.67 ± 0.17  1.60 ± 0.60

  Cyclopoida (j, a)  0.33 ± 0.17  0.15 ± 0.08

Bacillariophyceae  3.33 ± 0.87  0.55 ± 0.17

Dinoflagellata

 Protoperidinium sp.  0.81 ± 0.25  0.70 ± 0.47

 Ceratium sp.  0.14 ± 0.10  0.20 ± 0.20

Algal detritus  p  p

Silt  p  p

Faecal pellets  p  p

Note: Sampling was conducted between February and May 1998 (El Way, 
23°45’ S; 70°26’ W) and March and May 1998 (Las Conchitas, 
23°31’ S; 70°32’ W). Key: p = present but not quantified, 1 = larvae, 
j = juveniles, a = adults.
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Laboratory studies of Pyura stolonifera showed 100% retention efficiency when individuals 
were offered cells of the alga Dunaliella primolecta of sizes ranging from 4 to 6.35 μm (Stuart & 
Klumpp 1984). The same was found by Klumpp (1984) when food particles from the field were 
analyzed. These studies suggest that Pyura stolonifera is a non-selective suspension-feeder and that 
this may contribute to their competitive superiority over coexisting species, such as bivalves and 
sponges (Stuart & Klumpp 1984).

The risk of predation is a major selective pressure driving the evolution of larval settlement 
strategies in marine invertebrates (Thorson 1950). Young (1988) reported that gregarious species 
such as Pyura haustor rejected their own eggs and larvae as food, which can be seen as an adaptive 
strategy to avoid cannibalism. The large inhalant siphon of the members of the P.s.s.c. (diameter up 
to 1.5 cm) does not allow discrimination among suspended particles, and high levels of consump-
tion of conspecific offspring have been reported (see Table 2). In addition, rates of cannibalism of 
larvae are extremely high when mechanisms of gamete and larval retention (e.g. biofoam) are pres-
ent (Castilla et al. 2007b, Manríquez & Castilla 2010). This suggests that in the absence of biofoam 
the gametes spawned are not present or are considerably diluted, so there is little or no opportunity 
for cannibalism.

Community structure and ecological interactions

Members of the P.s.s.c. are fierce competitors for space, outcompeting individuals at intra-specific 
(Dalby 1995, Guiñez & Castilla 2001) and inter-specific (Castilla et al. 2004a, Caro et al. 2011, 
Manríquez et al. 2016) levels. Experimental studies of intertidal aggregations of Pyura praeputialis 
in Antofagasta Bay, Chile (where this species is invasive), showed that as aggregates reach high 
population densities, a negative relationship exists between the number of individuals per unit area 
and mean individual mass (Guiñez & Castilla 2001). As a result, competition in the form of severe 
crowding affects the morphological characteristics and the energy/tissue allocation of P. praeputi-
alis (Guiñez & Castilla 2001). Experiments analyzing competition for space between the introduced 
P. praeputialis and the native mussel Perumytilus purpuratus in Antofagasta Bay have shown that 
the tunicate significantly affects native rocky intertidal biota, as well as several ecological processes. 

Table 2 Pyura praeputialis consumption of embryos and larvae when 
biofoam is present and absent

Pools with biofoam (n = 15) Pools without biofoam (n = 17)

Developing embryosa 0.83 ± 0.21 0

Tadpole larvaea 0.41 ± 0.13 0.03 ± 0.03

Mytilidae larvaeb 0.84 ± 0.22 0.10 ± 0.06

Gastropod larvaec 0.15 ± 0.21 0.03 ± 0.21

Note: The abundance (mean ± SE) of developing embryos or larvae per unit length of the 
faecal pellet is indicated. Faecal pellets were collected from the field in May 2004 at 
El Way (23° 45’ S, 70° 26’ W) in Antofagasta Bay, Chile, approximately two hours 
after a spawning of Pyura praeputialis. They were collected from the vicinity of the 
exhalant siphon of individuals present in small rocky intertidal pools. Faecal pellets 
were collected from several pools with (n = 50 pellets) and without (n = 50 pellets) 
surface biofoam.

a Embryonic stages (ca. 200 μm, total length) and hatched Pyura praeputialis tadpole lar-
vae (120 × 1200 μm; trunk and total length) (see Clarke et al. 1999).

b Prodisoconch and disoconch larvae, presumably Perumytilus purpuratus with sizes rang-
ing from 100–180 μm (see Ramorino & Campos 1983).

c Newly hatched larvae of Concholepas concholepas of about 250 μm in size (see 
Manríquez et al. 2014).
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For example, Pyura praeputialis has completely modified the intertidal zonation pattern of the bay 
by monopolizing the low and mid rocky intertidal zones, constraining the distribution of the native 
mussel to the mid-upper intertidal fringe (Castilla et al. 2004a, Caro et al. 2011, Manríquez et al. 
2016). In Antofagasta Bay, Ortiz et al. (2013), analized rocky intertidal communities using Ecopath, 
Ecosim and Loop Analysis (Levins, 1974) to better understand the properties of keystone species 
(e.g. biomass, food consumption) and concluded that P. praeputialis is not a superior bioengineer 
compared to the kelp Lessonia nigrescens. In fact, the model indicated that these two bioengineer 
species hosted ecologically-similar species but relied on different ecological processes to carry out 
their ecosystem role.

Another consequence of dominance by members of the P.s.s.c. is the creation of habitat struc-
ture that allows a diverse associated community to thrive. In South Africa, 64 intertidal and 61 sub-
tidal taxa of benthic macroinvertebrates, representing 10 phyla, were associated with aggregations 
of Pyura stolonifera (Fielding et al. 1994). Similar research on aggregations of P. praeputialis in 
Antofagasta Bay reported 96 associated benthic invertebrate species (Castilla et al. & Camaño 
2001), with polychaetes, decapods and bivalves being the most speciose (see Cerda & Castilla 2001). 
In addition to epifauna, amphipods, copepods and nemerteans may be present inside the branchial 
sac of large individuals (e.g. Oldewage 1994, Dalby 1996). Van Driel & Steyl (1978) showed that 
in Algoa Bay (South Africa), the composition of communities associated with P. stolonifera was 
determined by levels of wave exposure. Similarly, Ramírez & Mena (1984) found differences in 
the distribution and abundance of macroalgae that grow on top of Pyura praeputialis aggregations 
in Antofagasta Bay across different levels of wave exposure. Although high densities of Ulva spp. 
are frequently observed growing on top of P. praeputialis (see Castilla et al. 2014), the presence 
of algae does not appear to affect the ascidian (Castilla et al. 2004b). The density of P. praepu-
tialis individuals also affects the composition of associated communities, with clumped and 
sparse P. praeputialis individuals having different alga- and invertebrate-associated assemblages 

Figure  6 Dense aggregations of Pyura praeputilalis in La Rinconada (23°28’16.41”S, 70°30’47.83”W), 
Chile. A bar with red and white sections (10 centimetres each) was positioned for scale.
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(Monteiro et al. 2002). Coralline algae and the limpet Cellana sp. are typically found in low-density 
aggregations of Pyura praeputialis, whereas species of whelks are more common in denser aggre-
gations (Monteiro et al. 2002).

Predation upon members of the P.s.s.c. has rarely been studied (see Alvarado 2004). In Chile, 
apart from human harvesting (see below), the main intertidal predators are the sunstar Heliaster 
helianthus (Castilla et al. 2013) and the muricid gastropod Concholepas concholepas (Alvarado 
2004), which both appear to regulate populations of Pyura praeputialis in the lower intertidal zone 
(Castilla et al. 2004a) (Figure 7). Further, the oystercatcher Haematopus palliatus pitanay is also 
an active predator of Pyura praeputialis in Chile (Pacheco & Castilla 2001, Goss-Custard et al. 
2006) (Figure 7). In Australia, the triton shell Cabestana spengleri and the sooty oystercatcher 
Haematopus fuliginosus have been reported as preying on Pyura praeputialis (Schultz 1989, 
Fairweather 1991, Chafer 1992). Finally, in South Africa, known predators include the oystercatcher 
Haematopus moquini and the seastar Marthasterias africana (Wright et al. 2016) (Figure 7), but 
more work is needed to determine the extent of their predatory role in intertidal communities.

Apart from competition and predation, two additional factors can negatively affect the popula-
tion dynamics of the P.s.s.c.. The first is mass mortality, as reported for Pyura stolonifera along 
the South African coast (Hanekom et al. 1999, Hanekom 2013). Such mortalities were suspected 
to occur as a result of infection by an unidentified microbe, potentially as an indirect result of 
abnormally high temperatures (Hanekom 2013). The second factor is patch dynamics that are 
directly influenced by mechanical forces. Intertidal and subtidal aggregations of P. praeputalis are 
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constantly exposed to removal by wave action. An important patch-filling mechanism is propagule 
retention, which increases recruitment in the patch-border zone next to adults (Alvarado et al. 2001).

Invasion biology and the Pyura stolonifera species complex

Species that are dominant in their native habitat are expected to have a particularly high likeli-
hood of becoming invasive once established elsewhere (Simberloff 2010). Therefore, understanding 
dominance is particularly important for predicting the changes in ecosystem structure and function 
caused by biological invasions. Members of the P.s.s.c. dominate intertidal and subtidal areas in 
their native ranges, and when these species are introduced to new areas, they can strongly alter local 
communities. Introductions of members of the P.s.s.c. are being reported with increasing frequency, 
including the colonization of the northern part of New Zealand’s North Island by Pyura doppel-
gangera (Hayward & Morley 2009, Fletcher 2014) and the recent introduction of P. herdmani to 
northwestern Spain (X. Turon, personal communication).

A growing debate exists in the literature around the concept of invasiveness and the impact 
of invasive species on recipient communities (see Cronon 1983, Katz 1992, Soulé 1995, Jordan 
2000, Katz 2000, Cafaro 2001, Castilla & Neill 2009, Simberloff 2012, Simberloff & Vitule 2014). 
This debate includes conceptual aspects such as understanding what is ‘native’, ‘harmful’ or ‘wild’, 
and even philosophical aspects; for example whether non-indigenous sentient (vertebrate) or non-
sentient species (e.g. invertebrates, plants, fungi) have intrinsic value (see Varner 1990, 1998, Justus 
et al. 2009). Some non-indigenous species are considered to be innocuous, while others can have 
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dramatic ecological effects (although the latter may have critical economic value for humans, e.g. 
in terms of food security). Non-indigenous marine organisms can have positive, neutral or negative 
impacts on humans (Castilla & Neill 2009, Manríquez et al. 2016). For example, the non-indige-
nous intertidal macroalgae Porphyra linearis, Pyropia pseudolinearis (=Porphyra pseudolinearis) 
and Mastocarpus papillatus are commercially important resources in Chile, as they are extracted 
by small-scale (artisanal) fishermen, and as yet no negative ecological impact has been reported. 
Similarly, both Pyura praeputialis and subtidal red algae of the genus Gracilaria are introduced 
species in Chile but have not yet caused adverse economic effects (Castilla et al. 2002, Castilla et al. 
2014, Manríquez et al. 2016). In South Africa, the introduced mussel Mytilus galloprovincialis has 
been farmed for decades (Heasman et al. 1998), but even though this species is now of considerable 
economic importance it dominates extensive stretches of the South African coastline, causing dras-
tic ecological changes to native communities (Robinson et al. 2005). Another example of dominant 
non-indigenous species causing harm to natural communities is Pyura praeputialis in Antofagasta 
Bay. This species has reduced the abundance of native species of mussels through displacement by 
competition for space (Castilla 1998, Castilla & Guiñez 2000, Castilla et al. 2004a, Castilla 2008, 
Caro et al. 2011, Castilla et al. 2014, Manríquez et al. 2016). In turn, however, the presence of this 
introduced species has resulted in an increase of overall local biodiversity (i.e. an increase in mac-
roinvertebrate richness) via the provision of a new habitat (Castilla et al. 2004b, Castilla et al. 2005).

Once a new geographic area is colonized, establishment success depends on the inability of the 
resident community to repel newcomers (Rius et al. 2014b). Specifically, certain types of habitats 
(e.g. marine hard infrastructure, Airoldi et al. 2015) and community attributes (e.g. levels of native 
species diversity, Crutsinger et al. 2008) may facilitate biological invasions in some regions but 
not others. This is illustrated by considerable differences in the colonization success of the non-
indigenous populations of Pyura doppelgangera (Teske et al. 2014). In the North Island of New 
Zealand this species was introduced less than 20 years ago (Hayward & Morley 2009) and has now 
spread along 100 km of exposed rocky shores (Fletcher 2014). In contrast, introduced populations 
of the same species in two regions of the Australian mainland (Adelaide in South Australia, and 
Corner Inlet in Victoria) have failed to expand their ranges beyond the immediate points of intro-
duction. Taxonomic and genetic evidence suggests that this species has recently been introduced 
to mainland Australia (Kott 1952, Teske et al. 2014) from northern Tasmania. Both Adelaide and 
Corner Inlet lack rocky shores and are dominated by sandy shores (Bowman & Harvey 1986), with 
artificial structures such as jetties and piers representing the only habitat suitable for settlement. 
Such marine infrastructures are spaced a few kilometres apart and thus large gaps of sandy beach 
seem to limit connectivity among suitable habitats. Small-scale dispersal has been assessed in the 
P. doppelgangera population of the Adelaide metropolitan area and revealed high levels of self-
recruitment, with most larvae settling on the structure occupied by their parents (Teske et al. 2015). 
This is also consistent with findings suggesting effective gamete retention mechanisms and spawn-
ing synchrony of P. praeputialis in southeastern Australia (Marshall 2002).

The short larval duration typical of solitary ascidians (Figure 5) considerably reduces coloniza-
tion success when substrata suitable for settlement are located far from one another, and suggests that 
Pyura doppelgangera will only spread rapidly where habitat is more continuous. In New Zealand, 
the sea star Stichaster australis and a whelk of the genus Cabestana prey upon the abundant new 
food resource provided by Pyura doppelgangera (Fletcher 2014). However, such biotic resistance 
effects are clearly insufficient to counteract the invasion of this ascidian species. Localized removal 
of P. doppelgangera patches have been conducted by local communities, but it is likely to prove too 
late for the complete eradication of this invasive species.

Cases of naturalization (i.e. species that are able to self-sustain populations but that have failed 
to spread beyond the immediate point of introduction, Richardson et al. 2000) have also been 
reported in the P.s.s.c. For example, while Pyura praeputialis is found along thousands of kilome-
tres of rocky shore in its native habitat in Australia, the Chilean distribution is restricted to a single 
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bay (Clarke et al. 1999, Castilla & Guiñez 2000, Castilla et al. 2002). Other examples of limited 
distribution include those of P. dalbyi in Western Australia (Teske et al. 2011) and P. doppelgangera 
in mainland Australia (Teske 2014, Teske et al. 2015).

Human exploitation and conservation 
of the Pyura stolonifera species complex

Human activities such as rocky intertidal harvesting and trampling are well-known stressors of 
several marine taxa including algae (Bally & Griffiths 1989, Castilla & Bustamante 1989, Castilla 
et al. 2007a) and various invertebrates (Castilla & Durán 1985, Roy et al. 2003, Smith & Murray 
2005, Rius et al. 2006). Although human exploitation of intertidal resources targets a wide range 
of species (Moreno et al. 1984, Lasiak 1991, Keough et al. 1993, Castilla 1999), dominant species 
(e.g. mussels and tunicates) are often an important proportion of the overall catch (Kyle et al. 1997, 
Rius & Cabral 2004). This is not surprising as the gregarious nature of these organisms allows 
maximization of the catch. The selective removal of large adults in limited quantities may allow 
sustainable exploitation of intertidal resources (as is sometimes seen in subsistence exploitation, 
Castilla et al. 2014), but human harvesting is often unrestrained and can be a major conservation 
threat to intertidal communities.

Humans harvest members of the P.s.s.c. for subsistence exploitation and/or recreational activi-
ties (e.g. bait collection). Such activities have been reported in Australia (Otway 1989, Fairweather 
1991, Kingsford et al. 1991, Chapman & Underwood 1994, Monteiro et al. 2002), South Africa (Kyle 
et al. 1997) and Chile (Castilla et al. 2004a, Castilla et al. 2014, Manríquez et al. 2016). Fairweather 
(1991) studied the exploitation of Pyura praeputialis at seven intertidal sites in New South Wales, 
Australia, showing that changes in density of P. praeputialis were temporally asynchronous among 
sites but that P. praeputialis recovery was consistently slow. The study concluded that the population 
dynamics of P. praeputialis are modulated by human harvesting, episodic storms and recruitment 
patterns. Monteiro et al. (2002) studied habitat structure in patches of P. praeputialis in Sydney, 
Australia, where fishermen collect this species for bait, and found that changes to the structure of 
these patches resulted in changes in the composition of associated biota. The authors identified 19 
algal and 45 invertebrate species in habitats provided by P. praeputialis, and species assemblages 
differed significantly between sparse and dense patches. In South Africa, P. herdmani is heavily 
exploited by intertidal food-gatherers (Fielding et al. 1994), as well as anglers who collect this spe-
cies for bait. Along some parts of the South African coast P. herdmani is the second most important 
harvested species (after mussels) (Kyle et al. 1997). In Chile, P. praeputialis is considered a delicacy 
and has a high market value, and studies indicate that the rate of extraction by professional tunicate 
gatherers can be up to 750 individuals h–1 during low tide (Castilla et al. 2014, Manríquez et al. 
2016). The harvesting of P. praeputialis is in fact so continuous and intense that it impairs recruit-
ment. The shrinking of P. praeputialis aggregations in certain sites has allowed mussels to recover 
intertidal dominance (Castilla et al. 2014, Manríquez et al. 2016).

Reductions of intertidal aggregations of members of the P.s.s.c. can significantly affect the 
associated intertidal community (Fielding et al. 1994, Cerda & Castilla 2001, Monteiro et al. 2002, 
Castilla et al. 2004b, Manríquez et al. 2016). In Chile, the crevices and gaps between individuals of 
Pyura praeputialis create microhabitats for the settlement of the species Concholepas concholepas, 
a commercially important gastropod (Castilla & Jerez 1986, Castilla et al. 1998, Castilla 1999, 
Castilla & Defeo 2001, Manríquez et al. 2008, Gelcich et al. 2017), and they are used by females of 
C. concholepas to lay thousands of egg capsules during the reproductive season (authors’ unpub-
lished data). In addition, individuals of C. concholepas and Octopus mimus have traditionally been 
collected from aggregations of Pyura praeputialis during low tide. However, overexploitation of 
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P. praeputialis during the past decade has resulted in a considerable decrease in the number of 
these associated species (authors’ unpublished data). Similarly, the scarcity of P. stolonifera and 
P. herdmani along some sections of the South African coast may be an indication of overharvesting 
(e.g. Kyle et al. 1997, Majiza & Lasiak 2010). Future repopulation initiatives may be key for restor-
ing ecosystem functioning, as these aggregations play an important role as bioengineers (Castilla 
et al. 2001, Castilla et al. 2004b). Considering that ecological dominance influences many funda-
mental aspects of ecosystem health, such as coexistence and metacommunity dynamics (Hillebrand 
et al. 2008), human activities reducing the dominance of members of the P.s.s.c. are likely to result 
in alterations of biodiversity patterns.

Conclusions and future research directions

Dominant species are superior competitors that often generate exceptional levels of biomass. 
Although many attributes (e.g. gregariousness, sessile life strategy, broadcast spawning) may be 
linked to ecological dominance (Figure 2), it cannot be readily explained by any specific combina-
tion of traits (Figure 3). The presence of dominant sessile invertebrates generally increases habitat 
complexity, directly benefiting a wide range of associated biota. Therefore, dominant species are 
key components for the conservation of biodiversity and ecosystem functioning along rocky shores.

Although knowledge of ecological dominance has been accumulating for decades, more 
research is needed to understand fully some of the underlying ecological and evolutionary mecha-
nisms. For example, little is known about how kin selection affects gregariousness, and there is lim-
ited information on possible links between Allee effects and ecological dominance. To date, there 
is little empirical evidence for Allee effects in natural populations (Gascoigne & Lipcius 2004), and 
studies are particularly scarce in the context of dominant species.

This review focused on members of the P.s.s.c. as a key example for the study of ecological 
dominance. Among many consequences that derive from the presence of these dominant species, 
creation of architectural complexity is one of the most striking, as it influences the hydrodynamics 
of intertidal zones, ameliorates physical stress and creates habitat for a wide range of associated 
species. Other aspects remain largely unexplored, however. For example, there is as yet no informa-
tion on the impact of the P.s.s.c. on planktonic communities. The high rates of filtration and particle 
retention achieved by the members of the P.s.s.c. suggest that they may extract massive amounts 
of suspended particles from seawater (Klumpp 1984, Seiderer & Newell 1988). This, together with 
their aggregated nature and large adult size, strongly suggest that these species have an important 
role in ecosystems. High clearance rates that significantly alter seston composition and reduce food 
availability may directly affect adult survival, growth and reproductive potential of competing or 
subordinate species, such as mussels and barnacles. Another unexplored consequence of such high 
filtration capacity is the consumption of heterospecific gametes and larvae. Studies have assessed 
the role of cannibalism by members of the P.s.s.c. and found that it reduces the conspecific larval 
pool. However, little is known about how such feeding may influence the abundance and distribu-
tion of heterospecific gametes and larvae. Species that could be directly displaced include suspen-
sion-feeders but also primary producers (e.g. seaweeds). Thus, possible impacts of the presence 
of these dominant ascidians could go beyond a specific trophic level, and influence entire food 
chains. A negative association between tunicate abundance and the settlement of mussel larvae 
has been found (LeBlanc et al. 2007), which suggests tunicate predation on mussel larvae, as well 
as a reduction of available food particles. This may have been the mechanism through which the 
invasive population of Pyura praeputialis in Antofagasta Bay outcompeted the native mussel spe-
cies Perumytilus purpuratus (Castilla et al. 2004a, Castilla et al. 2014). Finally, the multiphasic life 
cycle of the members of the P.s.s.c. (Figure 5) implies that the size and type of particles consumed 
by each life-history stage (i.e. postmetamorph, juvenile and adult) vary, so the study of dietary shifts 
(see Sherrard & LaBarbera 2005) may reveal important insights into this possible form of food 
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competition. Taken together, filtration capacity, when fully investigated, may reveal key aspects 
facilitating the establishment and maintenance of dense aggregations of these dominant species.

Comprehensive information is available on the intertidal distribution, population structure, bio-
mass, energy/tissue allocation and phenotypic traits of the members of the P.s.s.c., especially from 
Antofagasta Bay, Chile (e.g. Clarke et al. 1999, Castilla et al. 2000). The restricted distribution of 
Pyura praeputialis in South America (a range of only about 70 km; Castilla et al. 2002) and the 
high densities attained there (intertidal belts over 10 m wide, with the highest densities towards 
the centre of the belt) makes Antofagasta Bay a unique location to study ecological aspects of this 
species. However, our present ecological knowledge is limited to studies of P. praeputialis and P. 
stolonifera. Further research is therefore required to study the ecology of the remaining members 
of the P.s.s.c., as well as to understand the influence of coastal geography and oceanography on eco-
logical dominance. Nearshore larval retention of P. praeputialis has been reported in Antofagasta 
Bay (Castilla & Largier 2002), but similar studies are needed in the native range. Distances between 
suitable habitats may be too large to be crossed by larval transport, particularly when oceanographic 
conditions are not favourable, and consequently, self-recruitment seems to be the norm (Teske et al. 
2015). Regions where the effects of geography and oceanography could be tested include False Bay 
in South Africa and the coastline around Adelaide in Australia. Taken together, it remains uncertain 
how geographic and oceanographic singularities affect ecological dominance.

In order to study ecological dominance, a detailed understanding of the taxonomy and evolu-
tionary history of the studied organism is required. For example, failing to correctly identify cryptic 
species or hybrids could lead to erroneous interpretation of ecological data. For the members of the 
P.s.s.c., the combined study of morphological and genetic data has greatly facilitated the resolution 
of phylogenetic relationships (Teske et al. 2011, Rius & Teske 2013). However, numerous challenges 
remain. First, it is presently not established whether the species complex is reciprocally monophy-
letic. Thus, more work is needed to understand whether all its members have arisen from a single 
ancestor, or whether the inclusion of some species is merely an artefact of similar morphology. For 
example, the phylogenetic placement of Pyura dalbyi is poorly resolved (Teske et al. 2011), and it is 
possible that this species is more closely related to the morphologically very different P. spinifera 
(Quoy & Gaimard 1834). It is also uncertain whether any of the presently-accepted species com-
prise additional ‘cryptic’ species that should be scientifically described. Phylogenetic data based on 
mitochondrial DNA sequences indicate that P. herdmani comprises four reciprocally monophyletic 
genetic lineages (Teske et al. 2011). One lineage occurs in northwestern Africa, one in subtropical/
tropical southern Africa, and two lineages have overlapping ranges in temperate southern Africa. 
While these lineages may be morphologically difficult to distinguish, different geographical ranges 
or habitat preferences support the hypothesis that they may be different species (see Rius & Teske 
2011). Of the temperate southern African populations, one has a sister-taxon relationship with the 
northwest African population of P. herdmani and has so far been exclusively found on rocky shores, 
while the other also occurs on sandy sediments. Given that P. herdmani can hybridize with P. sto-
lonifera (Rius & Teske 2013), it cannot be ruled out that hybridization is also common among the 
individual southern African lineages of P. herdmani, which would considerably complicate attempts 
at resolving their taxonomy. The existence of hybrids in regions where multiple species coexist (i.e. 
southern Africa and southeastern Australia) could provide important insights into understanding 
recent range expansions. Human activities are known to facilitate interbreeding among divergent 
lineages (Chunco 2014, Vallejo-Marín & Hiscock 2016), which may create hybrids with enhanced 
ability to colonize new habitats (Ruis & Darling 2014).

Genetic data have been particularly useful in confirming the non-indigenous status of popula-
tions of the members of the P.s.s.c. Genetic evidence often falls into two categories: 1) lack of genetic 
differentiation among non-indigenous populations that contrasts with well-defined native population 
structure, and 2) recent divergence between native and introduced ranges (on the basis of molecu-
lar dating) since the start of human-mediated transoceanic transport. In addition, circumstantial 
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evidence for the non-indigenous status of a particular population could include small distribution 
ranges (e.g. limited to harbours as most likely points of introduction, Carlton & Geller 1993) and 
settlement on marine infrastructures in regions that lack rocky shores. DNA sequence data have 
been used to identify the lack of genetic differentiation among introduced populations that are sepa-
rated by vast distribution gaps. For example, a genetic study of Pyura praeputialis samples collected 
in Chile revealed that these were genetically indistinguishable from eastern Australian populations 
(Castilla et al. 2002), and all mtDNA haplotypes found in the single Western Australian population 
of P. dalbyi were also found in southeastern Australia (Teske et al. 2011). The use of polymorphic 
microsatellites can be much more informative than sequence data in revealing the colonization his-
tory of non-indigenous populations (e.g. Rius et al. 2012). The high mutation rate of these genetic 
markers make them suitable for distinguishing ancient natural colonization events from introduc-
tions that have occurred since humans started navigating the seas. For example, microsatellite data 
confirmed that all non-Tasmanian populations of P. doppelgangera diverged from closely related 
northern Tasmanian populations no more than a few hundred years ago (Teske et al. 2014). Genetic 
data able to provide information on recent changes are thus required for understanding recent colo-
nization events by these dominant species. For example, many uncertainties remain concerning the 
introduction of P. praeputialis from Australia to Chile. Fine-scale and temporal genetic studies have 
the potential to not only reveal important information on the colonization history of this species, but 
also to provide key insights into the community effects of this species over time.

Members of the P.s.s.c. are often reported as introduced species around the world (Figure 4) but 
few studies have focused on reconstructing invasion routes or identifying source populations or the 
presence of recurrent introductions. A particularly interesting example is the recent introduction of 
Pyura doppelgangera in New Zealand (Hayward & Morley 2009), where it has spread across continu-
ous rocky shores, replacing native assemblages. Since limited information is available to date (Rius & 
Teske 2013), a multilocus genetic or genomic study would help to explain why and how this invasion 
is particularly successful. New introductions by members of the P.s.s.c. provide unplanned replicated 
experiments to study the consequences of ecological dominance for rocky shore ecosystems.
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Giant clams, the largest living bivalves, play important ecological roles in coral reef ecosystems and 
provide a source of nutrition and income for coastal communities; however, all species are under 
threat and intervention is required. Here, we re-examine and update their taxonomy, distribution, 
abundance and conservation status as a contribution to the protection, rebuilding and management 
of declining populations. Since the first comprehensive review of the Tridacnidae by Rosewater 
(1965), the taxonomy and phylogeny of giant clams have evolved, with three new species descriptions 
and rediscoveries since 1982 represented by Tridacna squamosina (formerly known as T. costata), 
T. noae and T. lorenzi. Giant clams are distributed along shallow coasts and coral reefs from South 
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Africa to the Pitcairn Islands (32°E to 128°W), and from southern Japan to Western Australia (24°N 
to 15°S). Geographic distribution of the 12 currently recognized species is not even across the 
66 localities we review here. Tridacna maxima and T. squamosa are the most widespread, followed 
by the intermediate-range species, T. gigas, T. derasa, T. noae, T. crocea and Hippopus hippopus, 
and the restricted-range species, Tridacna lorenzi, T. mbalavuana, T. squamosina, T. rosewateri 
and Hippopus porcellanus. The larger species, Tridacna gigas and T. derasa are the most endan-
gered, with >50% of wild populations either locally extinct or severely depleted. The smaller and 
boring species, such as T. maxima and T. crocea, remain relatively abundant despite ongoing fishing 
activities. Population density also varies across localities. Areas with the lowest densities gener-
ally correspond with evidence of high historical exploitation intensity, while areas with the highest 
densities tend to be within marine reserves, remote from human populations or have low historical 
fishing pressures. Exploitation continues to be the main threat and conservation challenge for giant 
clams. Harvesting for subsistence use or local sale remains an important artisanal fishery in many 
localities; however, increased commercial demand as well as advances in fishing, transport and stor-
age practices, are in large part responsible for the ongoing loss of wild populations. Habitat loss and 
a suite of other anthropogenic stressors, including climate change, are potentially accelerating stock 
depletions. Despite these challenges, global efforts to protect giant clams have gained momentum. 
CITES Appendix II listings and IUCN conservation categories have raised awareness of the threats 
to giant clams and have contributed to stemming their decline. The continued development of mari-
culture techniques may also help improve stock numbers and lend populations additional resilience. 
However, more effective implementation of conservation measures and enforcement of national and 
international regulations are needed. It is clear that active management is necessary to prevent the 
extinction of giant clam species as they continue to face threats associated with human behaviours.

Introduction

Giant clams (‘tridacnines’, of the subfamily Tridacninae) are the largest and most conspicuous 
sessile molluscs on coral reefs, where their presence can be traced back to possibly the Upper 
Cretaceous (Keen 1969), and from the late Eocene and Oligocene (Oppenheim 1901, Cox 1941, 
Harzhauser et al. 2008). These highly specialized bivalves have the ability to both filter feed and 
photosynthesize via symbionts (zooxanthellae, Symbiodinium spp.) living within their mantle tis-
sues (Yonge 1936, 1982, Fankboner 1971, Fitt 1988). All species of giant clams are considerably 
larger than most other bivalves, from the smallest species, Tridacna crocea, that measures up to 
15 cm, to the largest, T. gigas, that can grow to over 1 m long and weigh over 300 kg (Rosewater 
1965). Tridacnines are effective ecosystem engineers that play numerous ecological roles on coral 
reefs (Neo et al. 2015a). For example, the high tissue biomass of giant clams makes them attractive 
to a wide range of predators (Perron et al. 1985, Alcazar 1986, Cumming 1988, Heslinga et al. 1990, 
Govan 1992), while opportunistic feeders exploit their expelled zooxanthellae, gametes and faeces 
(Ricard & Salvat 1977, Maboloc & Mingoa-Licuanan 2011). Tridacnine shells provide extensive 
surfaces for epibiont colonization (Vicentuan-Cabaitan et al. 2014), and their large mantle cavities 
host a diversity of reef fish, as well as commensal and parasitic organisms (Rosewater 1965, Bruce 
2000). Collectively, giant clams can increase topographic relief of coral reefs (Cabaitan et al. 2008), 
act as reservoirs of zooxanthellae (DeBoer et al. 2012), and potentially counteract eutrophication via 
water filtering (Klumpp & Griffiths 1994). Finally, dense populations of tridacnines produce large 
quantities of calcium carbonate shell material that may eventually become incorporated into the 
reef framework (Gilbert et al. 2006a). Given the wide range of ecological contributions giant clams 
make to coral reefs, they are unique among reef organisms and their conservation yields benefits 
beyond the preservation of a single taxon.

Giant clams have been utilized by humans for millennia. Human artefacts (at least 2500 years 
old) made from their shells, such as adzes and engraved shell discs, have featured strongly in 
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numerous excavation finds in the Middle East, Italy and Japan (Reese 1988, Asato 1991, Reese & 
Sease 1993). In modern times, tridacnine shells have been used to make terrazzo/terasa tiles (Brown 
& Muskanofola 1985, Juinio et al. 1989), domestic tools (Hviding 1993, Richards & Roga 2004), 
beads and other craft ware (Lai 2015, Gomez 2015a). Tridacnines are also commercially valuable in 
the aquarium trade (Brown & Muskanofola 1985, Teitelbaum & Friedman 2008) and the flesh is a 
popular food (Hviding 1993). During the past few decades, the increase in demand for their adduc-
tor muscles as an ingredient in Asian gastronomy, and their shells for carving and for the prepara-
tion of seed used in the freshwater pearl-farming industry have made giant clams highly valuable 
(Dawson & Philipson 1989, Shang et al. 1991, Heslinga 1995, Kinch & Teitelbaum 2010, Hambrey 
Consulting 2013, Larson 2016). This has resulted in a period of intensive exploitation by locals and 
illegal harvesting by foreign fishers, and has been responsible for rapid stock reductions across 
the Indo-Pacific (Bryan & McConnell 1976, Pearson 1977, Gomez 2015a, Larson 2016). Increased 
fishing pressure can result in tridacnine densities below levels required for successful reproduction 
and recruitment (Lucas 1988, Munro 1992), thereby impeding natural recovery of stocks and the 
possible collapse of entire populations (Neo et al. 2013a).

Early concerns over the heavy exploitation of giant clams and their threatened status throughout 
the Indo-Pacific fuelled scientific interest, particularly in the development of mariculture techniques 
to assist in their conservation (Jameson 1976, Yamaguchi 1977, Beckvar 1981, Heslinga et al. 1984, 
1990, Crawford et al. 1987, Heslinga & Fitt 1987, Braley et al. 1988), symbiosis as a biological phe-
nomenon (Fitt & Trench 1981, Trench et al. 1981, Norton et al. 1992, Maruyama & Heslinga 1997), 
physiology (Yonge 1936, Morton 1978) and biochemistry (Baldo & Uhlenbruck 1975, Reid et al. 
1984). Yamaguchi (1977) was the first to mention the lack of conservation measures to curb exten-
sive exploitation of giant clams. The International Union for Conservation of Nature (IUCN) first 
engaged with this issue in ‘The IUCN Invertebrate Red Data Book’ (Wells et al. 1983), which high-
lighted the various human pressures on tridacnine populations, and how each species was threat-
ened worldwide. The IUCN Red List of Threatened Species then re-assessed nine species in 1996 
and listed them as either ‘Least Concern’ or ‘Vulnerable’. The IUCN status of tridacnine species, 
however, is in need of updating. The first giant clams to be listed in Appendix II of the Convention 
on International Trade in Endangered Species of Wild Fauna and Flora (CITES) were Tridacna 
derasa and T. gigas in 1983. The other species, Hippopus hippopus, H. porcellanus, Tridacna squa-
mosa, T. maxima and T. crocea, were listed in 1985—regulating international trade in any of their 
parts (shells, tissues, alive or dead). In 1988, CITES re-examined whether trade levels could pose 
problems for wild populations (Wells 1997). Key literature reviews on giant clams reiterated their 
threatened status, and highlighted the role that mariculture could play in sustainable exploitation 
and restocking (Munro & Heslinga 1983, Heslinga & Fitt 1987, Munro 1989, Lucas 1994, 1997, 
Braley 1996, Bell et al. 2005). Based on results from earlier hatchery programmes in the Pacific 
Islands (Heslinga et al. 1990), Australia (Braley 1992) and the Philippines (Calumpong & Solis-
Duran 1993), these studies emphasized domestication as an aid to giant clam conservation.

Despite the efforts to promote the sustainable exploitation and conservation of giant clams out-
lined above, Lucas (2014, p. R184) highlighted that “giant clams species are extinct or in danger 
of extinction in many parts of their distributions”. Othman et al. (2010) published the most recent 
review on the status of giant clams worldwide but, while cited widely, it requires significant updates. 
Moreover, there remains a paucity of published data on tridacnines from lesser-known regions such 
as East Asia, the Indian Ocean and East Africa. Here we synthesize the recent taxonomy of giant 
clams and their global distribution, collate the information available on their exploitation and the 
laws that protect them, review the impacts that harvesting rates may have on wild populations, and 
summarize the outcomes of past and ongoing mariculture programmes. We also re-examine the 
current conservation approaches for all tridacnine species and identify key knowledge gaps for 
future research.



90

MEI LIN NEO ET AL.

Taxonomy

Giant clams are morphologically derived cardiids (true cockles) which have evolved an obligate 
symbiotic association with photosynthetic dinoflagellate algae (Schneider 1998, Morton 2000). The 
current, and most widely accepted, scientific classification of giant clams is: Order Venerida Gray, 
1854, Family Cardiidae Lamarck, 1809, Subfamily Tridacninae Lamarck, 1819, and two genera: 
Hippopus Lamarck, 1799 and Tridacna Bruguière, 1797 (Rosewater 1965, 1982, Schneider 1998, 
Schneider & Ó Foighil 1999). Giant clams, however, were formerly regarded as a distinct family, 
Tridacnidae Lamarck, 1819, within the Order Venerida. Lamarck (1809) was the first to recognize a 
close relationship between cardiids and giant clams. Yonge (1936) and Stasek (1962), using anatomi-
cal characters, similarly proposed that the ancestry of Tridacna, was close to that of Cerastoderma 
Poli, 1795, which is the least derived of the Lymnocardiinae Stoliczka, 1870. The results of succes-
sive cladistic analyses of shell, anatomical, sperm ultrastructural, and molecular characters have 
revealed that giant clams indeed form a monophyletic group within the Cardiidae (Schneider 1992, 
1998, Braley & Healy 1998, Maruyama et al. 1998, Schneider & Ó Foighil 1999, Keys & Healy 
2000, Herrera et al. 2015). Tree topologies by Schneider (1992, 1998) also suggested sister taxa 
relationships between the azooxanthellate Lymnocardiinae (Cerastoderma) and the zooxanthellate 
Tridacninae (Hippopus and Tridacna) and Fragiinae Stewart, 1930 (Fragum Röding, 1798), although 
Herrera et al. (2015) cast some doubts over this possibility as only a single representative and a 
single genetic marker (18S rRNA) were used for the analysis. In general, evidence over the last two 
decades supports earlier proposals that giant clams should be considered a subfamily (Tridacninae) 
of the Cardiidae, but the sister taxa relationships within cardiids still need to be resolved. It must be 
noted that others have argued to maintain Tridacnidae as a full family, based mainly on its highly 
distinct morphology (Huber 2010, Huber & Eschner 2011, Penny & Willan 2014).

The number of described tridacnine species continues to expand with some new additions since 
Rosewater’s (1965) seminal paper listing Hippopus hippopus, Tridacna gigas, T. derasa, T. squa-
mosa, T. maxima and T. crocea. In 1982, a new Hippopus species, H. porcellanus, was described 
from the Sulu Archipelago, Philippines (Rosewater 1982) and in 1991, a new Tridacna species, 
T. rosewateri was described from the Saya de Malha Bank, Indian Ocean (Sirenko & Scarlato 1991). 
Lucas et al. (1990, 1991) also discovered and described a new species ‘Tridacna tevoroa’ in 1991, 
apparently unaware of an earlier description of the same species as Tridacna mbalavuana. T. mba-
lavuana was first described from fossils on Viti Levu, Fiji (Ladd 1934), and was already commonly 
known to the locals as ‘tevoro’, the devil clam. After closer examination of their morphological 
characters the two species are now considered synonymous, with T.  tevoroa the junior synonym 
of T. mbalavuana (Newman & Gomez 2000). In the late 2000s, Richter et al. (2008) discovered a 
new Red Sea species ‘Tridacna costata’. A subsequent morphological comparison of T. squamosina 
of Sturany (1899) and T. costata of Richter et al. (2008) suggest, however, that the two species are 
identical (Huber & Eschner 2011). Hence, T. squamosina is now recognized as the lectotype and 
T. costata as a junior synonym.

Finally, the recent use of molecular tools has led to the rediscovery of a cryptic species: Tridacna 
noae (Su et al. 2014, Borsa et al. 2015a). Tridacna noae was previously relegated as one of the many 
variants of T. maxima (McLean 1947, Rosewater 1965) owing to morphological similarity. However, 
McLean (1947) pointed out that T. noae had well-spaced scutes on the upper (i.e. ventral) shell com-
pared to the close-set scutes of T. maxima. Moreover, in living specimens T. noae can also generally 
be distinguished from T. maxima through the presence of discrete teardrop-shaped markings on 
the mantle, typically bounded by white margins (Wabnitz & Fauvelot 2014). Furthermore, genetic 
analyses showed that T. noae and T. maxima are distinct (Su et al. 2014). Another newly described 
species, ‘Tridacna ningaloo’ from Western Australia (Penny & Willan 2014), is similar in appear-
ance to T. maxima and T. noae, and Borsa et al. (2015a) established that T. noae and T. ningaloo 
have no apparent genetic or morphological differences (except, possibly, in mantle patterns). Hence, 
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T. ningaloo should be regarded as a junior synonym of T. noae. Lastly, the most recent species to be 
described, based purely on morphology, is T. lorenzi. Tridacna lorenzi is so far recorded only from 
the outlying territories of Mauritius (Monsecour 2016). It is morphologically similar to T. maxima 
and T. rosewateri, but can still be distinguished from both species by its triangular primary ribs and 
more globose shell (Monsecour 2016). However, considering the high variation typically observed 
in tridacnine shell morphology, future studies should include genetic comparisons when delimiting 
Tridacninae species.

Both genera, Hippopus and Tridacna, were thought to have evolved independently from a now-
extinct Byssocardium-like ancestor in the early Miocene. Hippopus is considered more primitive as 
it has retained more Byssocardium-like ancestral characters than Tridacna (Stasek 1962, Schneider 
1998). Hippopus and Tridacna are reciprocally monophyletic sister taxa (Benzie & Williams 1998, 
Herrera et al. 2015). Tridacna is subdivided into three subgenera: Tridacna (comprising T. gigas), 
Persikima Iredale, 1937 (comprising Tridacna derasa and T.  mbalavuana), and Chametrachea 
Herrmannsen, 1846 (comprising Tridacna squamosa, T.  maxima, T.  crocea, T.  squamosina and 
T. noae) (Rosewater 1965, 1982, Lucas et al. 1991, Benzie & Williams 1998, Schneider & Ó Foighil 
1999, Nuryanto et al. 2007, Richter et al. 2008, Lizano & Santos 2014, Su et al. 2014, Borsa et al. 
2015b). While the phylogenetic relationships among the subgenera remain equivocal, most tree 
topologies suggest that T. gigas is an intermediate between Chametrachea and Persikima on the 
basis of morphological characters and genetic markers (Benzie & Williams 1998, Herrera et al. 
2015). In addition, the relationship within Chametrachea for Tridacna squamosa, T. maxima and 
T. crocea has been inconsistent across studies using different genetic markers (Benzie & Williams 
1998, Maruyama et al. 1998, Schneider & Ó Foighil 1999, Nuryanto et al. 2007, Herrera et al. 2015, 
see Table 1 for details). However, the latest molecular analysis (using 16S gene sequences), including 
all five known species from the subgenus Chametrachea, place Tridacna squamosa and T. crocea 
as sister taxa with a high degree of statistical confidence (Huelsken et al. 2013, DeBoer et al. 2014, 
Lizano & Santos 2014, Su et al. 2014, Borsa et al. 2015b). These ongoing updates and debates illus-
trate the need for more robust datasets and analyses (Herrera et al. 2015).

Table 1 Chronology of giant clam taxonomic changes

Year Description Character traits
Taxonomic 

level Reference

1809 Recognized a close relationship between cardiids and 
giant clams

Morphology Familial Lamarck (1809)

1921 Classified giant clams as family Tridacnidae Morphology Familial Hedley (1921)

1936 Proposed that the ancestry of Tridacna was close to 
that of Cerastoderma (family Cardiidae)

Morphology Familial Yonge (1936)

1947 Classified giant clams as family Tridacnidae Morphology Familial McLean (1947)

1962 Proposed that the ancestry of Tridacna was close to 
that of Cerastoderma (family Cardiidae)

Morphology Familial Stasek (1962)

1965 Classified giant clams as family Tridacnidae Morphology Familial Rosewater (1965)

1969 Proposed superfamily Tridacnoidea Morphology Familial Keen (1969)

1982 New species described, Hippopus porcellanus Morphology Species Rosewater (1982)

1991 New species described, Tridacna tevoroa Morphology Species Lucas et al. (1991)

1991 New species described, Tridacna rosewateri Morphology Species Sirenko & 
Scarlato (1991)

1992 Giant clams formed a monophyletic group within 
family Cardiidae

Morphology Familial Schneider (1992)

Continued



92

MEI LIN NEO ET AL.

Table 1 (Continued) Chronology of giant clam taxonomic changes

Year Description Character traits
Taxonomic 

level Reference

1998 Giant clams formed a monophyletic group within 
family Cardiidae

Morphology Familial Schneider (1998)

1998 Proposed relationship within subgenus 
Chametrachea: (Tridacna squamosa (T. crocea + 
T. maxima)), (T. maxima (T. crocea + 
T. squamosa)), (T. crocea (T. squamosa + 
T. maxima))

Genetic markers 
(18S)

Genus Maruyama et al. 
(1998)

1998 Proposed relationship within subgenus 
Chametrachea: (Tridacna squamosa (T. crocea + 
T. maxima))

Allozyme 
variations

Genus Benzie & 
Williams (1998)

1999 Proposed relationship within subgenus 
Chametrachea: (Tridacna maxima (T. crocea + 
T. squamosa))

Genetic markers 
(partial 16S)

Genus Schneider & 
Ó Foighil (1999)

2000 Giant clams formed a monophyletic group within 
family Cardiidae

Sperm 
ultrastructure

Familial Keys & Healy 
(2000)

2000 Proposed that Tridacna rosewateri belong to 
subgenus Chametrachea

Morphology Genus Newman & 
Gomez (2000)

Tridacna tevoroa a junior synonym of T. mbalavuana Morphology Species

2007 Discovered a ‘Tridacna maxima’ lookalike in Japan 
waters but did not identify species

Morphology Species Kubo & Iwai 
(2007)

2007 Proposed relationship within subgenus 
Chametrachea: (Tridacna maxima (T. crocea + 
T. squamosa))

Genetic markers 
(CO1)

Genus Nuryanto et al. 
(2007)

2008 New species described, Tridacna costata Morphology, 
Genetic markers 
(16S)

Species Richter et al. 
(2008)

2011 Tridacna costata a junior synonym of T. squamosina Morphology Species Huber & Eschner 
(2011)

2014 Rediscovered species, Tridacna noae Morphology, 
Genetic markers 
(CO1, 16S, 18S)

Species Su et al. (2014)

2014 Proposed that Tridacna noae and T. squamosina 
belong to subgenus Chametrachea

Genetic markers 
(CO1, 16S)

Species Lizano & Santos 
(2014)

2014 New species described, Tridacna ningaloo Morphology, 
Genetic markers 
(CO1, 16S)

Species Penny & Willan 
(2014)

2015 Tridacna ningaloo a junior synonym of T. noae Genetic markers 
(CO1)

Species Borsa et al. 
(2015a)

2015 Giant clams formed a monophyletic group within 
family Cardiidae

Genetic markers 
(H3, 16S, 28S)

Familial Herrera et al. 
(2015)

Proposed relationship within subgenus 
Chametrachea: (Tridacna maxima (T. crocea + 
T. squamosa))

Genus

2016 New species described, Tridacna lorenzi Morphology Species Monsecour (2016)



93

GIANT CLAMS (BIVALVIA: CARDIIDAE: TRIDACNINAE)

Distribution of giant clam species

Since Rosewater’s (1965) paper, only a few publications have attempted to consolidate global dis-
tribution data for giant clams. Early surveys by Dawson (1986) and Munro (1989) list the presence 
or absence of tridacnine species in 18 and 32 countries, respectively (Table 2), while others provide 
broad geographic descriptions for individual species (e.g. Wells 1996, Lucas 1997). Othman et al. 
(2010) compiled the geographic ranges and densities for ten species in 15 countries, but did not 
discuss the status of tridacnines in certain ranges (i.e. Red Sea, East Africa and the Indian Ocean). 
Van Wynsberge et al. (2016) extensively reviewed the status of Tridacna maxima using 59 studies 
that reported density estimates for 172 sites across 26 countries in the Indo-Pacific and Red Sea. The 
present study has identified 66 localities (defined as either countries or regions) globally where giant 
clams are present or have been present (Table 2, see Supplementary Tables A1 & A2). Tridacnines 
generally inhabit shallow coastal waters and coral reefs from South Africa to the Pitcairn Islands 
(32°E to 128°W), and from southern Japan to Western Australia (24°N to 15°S). The extent of the 
geographic range differs among the 12 known species, with the highest diversity (nine species) 
within the Coral Triangle (Figure 1). The most widespread species, T. maxima and T. squamosa, 
can be found in almost all of the 66 localities reviewed. These are followed by the species with an 
intermediate geographic range: T. gigas, T. derasa, T. noae, T. crocea and Hippopus hippopus, while 
the rare species Tridacna lorenzi, T. mbalavuana, T. squamosina, T. rosewateri and Hippopus por-
cellanus are each recorded from only one or a few locations.

In most surveyed areas, the density of tridacnine species typically ranges from 10−4 to 10−5 
individuals per metre squared (m–2), equivalent to 1–10 ha−1, with occasional exceptions of >10 m−2 
(see Supplementary Table A3). Such exceptions include atolls of the Eastern Tuamotu in French 
Polynesia that are characterized by natural densities of Tridacna maxima of up to 500 m−2 in the 
early 2000s (Andréfouët et al. 2005, Gilbert et al. 2006b). Reef Check surveys often report densities 
of 10−3 m−2 to 1 m−2 (10–10,000 ha−1) (Reef Check Foundation 2016, see Supplementary Table A4), 
but these surveys group all Tridacna species together. In general, areas with the lowest densities 
correspond with evidence of high historical exploitation intensity, whereas areas with the highest 
densities tend to correspond to marine reserves, remoteness from human populations, or low histori-
cal fishing pressures (Table 3, see Supplementary Tables A3 and A4).

The following sections examine the 12 known giant clam species and their characteristics, with 
a summary of their individual geographic distribution, exploitation and conservation status. Table 4 
presents species status, exploitation and conservation efforts (if any) by locality.

Table 2 A comparison of survey information on the global status of giant clam stocks 
provided by the current and past reviews that have considered all species

Study Species list
Number of localities 

examined
Density 
data?

Dawson (1986) Hh, Hp, Tg, Td, Ts, Tm (6) 18 ⨯

Munro (1989) Hh, Hp, Tg, Td, Ts, Tm (6) 32 ⨯

Wells (1996)—IUCN Hh, Hp, Tg, Td, Tmb, Ts, Tr, Tm, Tc (9) 46 ⨯

Othman et al. (2010) Hh, Hp, Tg, Td, Tmb, Ts, Tsi, Tr, Tm, Tc (10) 15 ✓

Present study Hh, Hp, Tg, Td, Tmb, Ts, Tsi, Tm, Tno, Tr, Tlz, Tc (12) 66 ✓

Note: Abbreviations for species: Tg—Tridacna gigas, Td—T. derasa, Tmb—T. mbalavuana (previously T. tevoroa), 
Ts—T.  squamosa, Tsi—T.  squamosina (previously T.  costata), Tr—T.  rosewateri, Tlz—T.  lorenzi, 
Tm—T. maxima, Tno—T. noae, Tc—T. crocea, Hh—Hippopus hippopus, Hp—H. porcellanus. A specific 
review on Tridacna maxima is provided by Van Wynsberge et al. (2016).
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Table 3 An overview of global records of population density, presenting the highest and lowest 
densities recorded for all 12 tridacnine species

Species Record Locality Year Density (ha−1) Reference

Hippopus 

hippopus

Lowest Tarawa Atoll, Central Gilbert 
Islands Group, Republic of 
Kiribati

1985 0.2 Munro (1988)

Highest Helen Reef, Western Caroline 
Islands, Palau

1976 40.7 Hirschberger (1980)

Hippopus 

porcellanus

Lowest Engineer and Conflict Group 
Islands, Papua New Guinea

1996 0.3 Kinch (2001)

Highest Tubbataha Reefs, Cagayancillo, 
Philippines

2008 97.6 Dolorosa & Jontila 
(2012)

Tridacna 

gigas

Lowest Tarawa Atoll, Central Gilbert 
Islands Group, Republic of 
Kiribati

1985 0.2 Munro (1988)

Highest Michaelmas Reef, Great Barrier 
Reef, Australia

1978 431.9 Pearson & Munro 
(1991)

Tridacna 

derasa

Lowest Milne Bay Province, Papua New 
Guinea

2001 0.3 Kinch (2002)

North Eastern Lagoon (Poeubo 
to Hienghène), New Caledonia

2004 0.3 McKenna et al. (2008)

Highest Meara Island, Palawan, 
Philippines

2004 250 Gonzales et al. (2014)

Tridacna 

mbalavuana

Data Deficient

Tridacna 

squamosa

Lowest Helen Reef, Western Caroline 
Islands, Palau

1972 0.2 Hester & Jones (1974)

Highest Chiriyatapu, Andaman and 
Nicobar Island (S), India

? 10,000 Ramadoss (1983)

Tridacna 

squamosina

Lowest Fayrouza, Nuweiba, Egypt ? 2.9 Richter et al. (2008)

Highest Marsa Abu Kalawa, Egypt ? 62.2 Richter et al. (2008)

Tridacna 

rosewateri

Data Deficient

Tridacna 

maxima

Lowest Pari Island, Indonesia 2003 0.3 Eliata et al. (2003)

Highest Tatakoto Atoll, Eastern Tuamotu 
Archipelago, French Polynesia

2004 5.44 × 106 Gilbert et al. (2005)

Tridacna 

noae

Lowest Kavieng lagoonal system, New 
Ireland Province, Papua New 
Guinea

2015 27.3 Militz et al. (2015)

Highest Mandu Mandu, Ningaloo 
Marine Park, WA

2014 2,800 Johnson et al. (2016)

Tridacna 

lorenzi

Data Deficient

Tridacna 

crocea

Lowest Mare, New Caledonia 2010 0.2 Dumas et al. (2011)

Highest Cau Island, Con Dao 
Archipelago, Viet Nam

2011 250,000 Selin & Latypov (2011)

Note: Densities originally published as number of individuals per metre squared have been converted into number of indi-
viduals per hectare (ha−1). For more information, please see Supplementary Table A3.
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Species characteristics, distribution, and status

Hippopus hippopus (Linnaeus, 1758)

Hippopus hippopus (Figure 2A) has several common names, such as the horse’s hoof clam and 
strawberry clam. Individuals have been reported to grow up to 40 cm (Poutiers 1998), yet an indi-
vidual within a marine protected area of the north-eastern lagoon in New Caledonia measured 
47 cm (C. Fauvelot, pers. obs.) and another one at the Bolinao Marine Laboratory, Philippines, 
reached 50 cm (Mingoa-Licuanan & Gomez 2007). Unlike the Tridacna species, the Hippopus 
species lack hyaline organs (small pinhole eyes) in their mantles, which also do not extend over 
their shell margins, and they have a narrow byssal orifice with tight-fitting teeth (Rosewater 1965). 
The thick shells of H. hippopus have strong radial ribbing and display reddish blotches in irregular 
bands. Their mantles usually exhibit green, yellow-brown or grey mottled patterns, and their incur-
rent siphon bears no guard tentacles. Byssal attachment is present in young individuals, but older 
ones mostly lie unattached on the substratum (Rosewater 1965). Hippopus hippopus often inhabits 
shallow, nearshore patches of reef, sandy areas and seagrass beds that can be exposed during low 
tides. It is occasionally found as deep as 10 m (S. Andréfouët, pers. obs.). This species is common 
throughout the Indo-Pacific, except for the Red Sea and Western Indian Ocean (Figure 1). It has 
been recorded in at least 25 localities, but at ten of these H. hippopus has been reported to be locally 
extinct (Table 4). Hippopus hippopus is a popular species for local harvesting and consumption 
(Hviding 1993), as it is traditionally favoured as a delicacy, considered as ‘high status food’ for use 
on special occasions, or as a reserve food when times are difficult. The nearshore habitats where H. 
hippopus is found are accessible and the species is free-living (i.e. unattached to the substratum), 
making it an easy target for reef gleaners (Hviding 1993). Consequently, populations are widely 
depleted. It is currently listed as a species of ‘Lower Risk/Conservation Dependent’ under the IUCN 
Red List of threatened species. Hippopus hippopus has been cultured in Palau, Australia (Orpheus 
Island Research Station, north Queensland), Malaysia and the Philippines for purposes of transloca-
tion to other areas (e.g. from Palau to American Samoa, Yap, the Cook Islands, Samoa and Tonga) 
or restocking (Table 4). Maricultured H. hippopus specimens in Palau exhibited exceptional hardi-
ness and a short generation time (three years), earning this species the distinction of being the most 
‘farmer-friendly’ of the giant clams (Heslinga 2012, 2013).

Hippopus porcellanus Rosewater, 1982

Before its formal description, Hippopus porcellanus (Figure  2B), also referred to as the China 
clam, was already common in the shell trade (Rosewater 1982). Maximum shell length is typically 
~40 cm, with the largest specimen recorded at 41.1 cm (Hutsell et al. 1997). Unlike the elaborate 
shells of H. hippopus, H. porcellanus has a smoother and thinner shell (Rosewater 1982). This spe-
cies may be easily mistaken for Tridacna derasa due to its similar shell shape and texture, but the 
mantles of Hippopus porcellanus are generally grey or brown, lack hyaline organs, and the incur-
rent siphon has prominent guard tentacles (Rosewater 1982). As with H. hippopus, the mantle does 
not extend beyond the shell margins, and there is a narrow byssal orifice. Hippopus porcellanus 
is usually found free-living on intertidal reef flats (Pasaribu 1988), and on the shallow reefs along 
the edges of lagoons (Dolorosa et al. 2014). This species has only been recorded from the Sulu 
Archipelago and Palawan (Philippines), Sabah (Malaysia), Sulawesi and Raja Ampat (Indonesia), 
Palau, and Milne Bay Province (Papua New Guinea) (Table 4, Figure 1). Heavy exploitation, from 
both subsistence and commercial fishing, has decimated populations of H. porcellanus, leading to 
extirpations (Calumpong & Cadiz 1993, Dolorosa et al. 2014). Like H. hippopus, it is classified by 
IUCN as of ‘Lower Risk/Conservation Dependent’. The few surveys conducted to date suggest that 
H. porcellanus is rare. Some of the healthiest populations are located within southeast Sulawesi 
(Indonesia) and the Tubbataha Reef Natural Park (Philippines). At the latter site, 100 individuals of 
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Figure 2 Giant clam species: (A) Hippopus hippopus, (B) H. porcellanus, (C) Tridacna gigas, (D) T. derasa, 
(E) T. mbalavuana, (F) T. squamosa, (G) T. squamosina, (H) T. maxima, (I) T. noae, (J) T. crocea.
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various sizes (shell length = 8.2–31.3 cm) were found tagged and being monitored (Dolorosa et al. 
2014). There are few published data on the reproduction of H. porcellanus (Alcazar et al. 1987, 
Calumpong et al. 1993), but ~2000 maricultured F1 H. porcellanus individuals were successfully 
raised to sexual maturity at Palau’s Micronesian Mariculture Demonstration Center (MMDC) facil-
ity in the mid-1990s (G.A. Heslinga & T.C. Watson, pers. comm.). At present, the Marine Ecology 
Research Centre in Malaysia produces H. porcellanus in limited numbers (E.D. Gomez, pers. obs.).

Tridacna gigas (Linnaeus, 1758)

Tridacna gigas (Figure  2C) is the only truly gigantic giant clam species: the largest individual 
reported was 137 cm long (Rosewater 1965), while the heaviest known specimen (106 cm shell 
length) weighed approximately 500 kg (Lucas 1994). The species is easily identified by its size and 
distinctive elongate and triangular projections on the upper shell margins. Mantle colours are mostly 
dull brown and olive green, and the mantle edge bears numerous iridescent blue-green circles. 
Unlike the other Tridacna species, the incurrent siphon of T. gigas bears no tentacles. Tridacna gigas 
typically lives in coral reefs with good light penetration, and is usually free-living on either sand or 
hard reef substrata (Rosewater 1965). It occurs naturally from Myanmar (Burma) to the Republic 
of Kiribati (but not the Cook Islands), and the Ryukyus (southern Japan) to Queensland (Australia) 
(Figure 1). Anecdotal accounts suggest that the historical species range possibly extended to south-
east Africa (Kenya: Accordi et al. 2010), Madagascar (Hopkins 2009) and Mauritius (Michel et al. 
1985). A living T. gigas individual was observed on the fringing reefs of Tonumea Island, an unin-
habited island in the southern Haápai group of Tonga in December 1973 (R.D. Braley, pers. obs.). 
Records have recently been discovered for Singapore, although no living individuals have been 
encountered in recent memory (Neo & Todd 2012a, 2013). Currently, there are at least 31 localities 
with natural wild populations of T. gigas, but at 26 of them this species is severely depleted, locally 
extinct or data deficient (Table 4). Globally, the IUCN classifies the conservation status of T. gigas 
as ‘Vulnerable’. The Great Barrier Reef (GBR) in Australia is the most extensive area within the 
natural distribution of T. gigas that still supports relatively undisturbed populations (Braley 1984, 
1986, 1987a,b, Table 5) and exhibits evidence of natural recruitment (Braley 1988, Braley & Muir 

Table 5 A 25-year population data set for pristine populations 
of Tridacna gigas and T. derasa from five sites in the far northern Great 
Barrier Reef, Australia

Species
Site 

number
Survey area 
(hectares)

Clam abundance Percentage 
change1982–1985 2007–2009

Tridacna gigas 1 0.550 136 158 +16.0%

2 0.730  79  61 –22.7%

3 0.561  61  28 –54.0%

4 0.022   9   5 –44.0%

5 0.120  89  71 –15.7%

Tridacna derasa 1 0.550  29  26 –10.0%

2 0.730  22  26 +18.8%

3 0.561  30  17 –43.3%

4 0.022   6   1 –83.0%

5 0.120   8   2 –62.5%

Note: Survey sites: 1—Watson’s Bay, Lizard Island, 2—Palfrey-South Channel, Lizard 
Island, 3—West bommie of Rachel Carson Reef (formerly Northern Escape Reef), 
4—Small east bommie of Rachel Carson Reef, 5—Southern end of Michaelmas 
Cay. (R.D. Braley, unpublished data)
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1995). Samples of these populations have been monitored over a 25-year period and continue to be 
monitored today (Table 5). Generally, however, populations of T. gigas are dwindling. Extensive 
surveys in the Pacific Islands indicate that sometimes the presence of this species is limited to 
one individual (C.C.C. Wabnitz, pers. obs.). Populations typically face high levels of exploitation 
pressure and habitat deterioration (Gomez 2015a, Larson 2016). Tridacna gigas remains a valuable 
coastal resource for both domestic and commercial markets, as it is highly favoured for its meat as 
food and large shells for the ornament trade. To assist its conservation, T. gigas has been extensively 
cultivated and reintroduced (albeit in some areas, sometimes limited to a couple of individuals) to 
Peninsular Malaysia, Sabah, Philippines, Fiji, Northern Mariana Islands, Vanuatu and Tonga, as 
well as introduced to American Samoa, the Cook Islands, Hawaii (USA) and Samoa (Table 4). The 
oldest known maricultured T. gigas individual is 34 years old and was produced at Palau’s MMDC 
in 1982. It is now on display at the Waikiki Aquarium in Honolulu (Carlson 2012, Heslinga 2013). 
Unfortunately, there is little information available regarding the outcomes of restocking in these 
areas (with a notable exception of the Philippines; Gomez & Mingoa-Licuanan 2006, Cabaitan & 
Conaco 2017).

Tridacna derasa (Röding, 1798)

The second largest species, Tridacna derasa (Figure 2D), grows up to 60 cm in shell length. It is 
known as the smooth giant clam because its valves have almost no ribbing (Lucas 1988). Tridacna 
derasa has brilliant mantle colours, displaying shades of blue and green with striped patterns. Its 
incurrent siphon bears relatively inconspicuous guard tentacles (Lucas et al. 1991). Mostly free-
living as adults, this species can be found on reef flats, fore reefs, barrier reefs and in atoll lagoons 
(S. Andréfouët, pers. obs.) down to depths of 20 m. Tridacna derasa occurs from the Cocos 
(Keeling) Islands to Tonga, and from China to Queensland (Australia) (Figure 1). Of the 16 locali-
ties in which the presence of T. derasa has been recorded, in 12 of them wild populations are either 
severely exploited or locally extinct (Table 4). As with T. gigas, populations of T. derasa on the GBR 
are virtually undisturbed, and surveys of 57 reefs determined an average density of 4.4 ha−1, with the 
highest density being 30 ha−1 (Braley 1986, Table 5). Similar to T. gigas, large T. derasa individuals 
are also highly valued for their meat and shells as food and curios, respectively. Tridacna derasa 
is classified as ‘Vulnerable’ by the IUCN. Tridacna derasa was one of the first giant clam species 
to be commercially bred, partly owing to its fast growth and durability (Hart et al. 1998) making it 
better suited for meat production (Heslinga et al. 1984, Leung et al. 1994). Mariculture of this spe-
cies has been highly successful (e.g. Palau, Marshall Islands, Federated States of Micronesia, the 
Cook Islands and Solomon Islands). Spats tend to be produced for local enhancement, occasionally 
for translocation programmes to other countries, for sale ‘live’ in the aquarium trade and, in Palau, 
sometimes either as food for local restaurants or export to Japan for sale as sashimi (Table 4). For 
subsistence and conservation purposes, T. derasa has been introduced to island states in Micronesia 
and Polynesia, and reintroduced to Palau, Indonesia, Malaysia and the Philippines.

Tridacna mbalavuana Ladd, 1934

Previously described as Tridacna tevoroa, the devil clam has been hypothesized to be a transitional 
species between Hippopus and Tridacna due to overlapping characters (Schneider & Ó Foighil 
1999). The species has Hippopus-like features, such as the absence of a byssal gape, no extension of 
the mantle over the shells, and the absence of hyaline organs (Lucas et al. 1991). Tridacna mbala-
vuana (Figure 2E) also resembles T. derasa in appearance, but is distinguished by its rugose man-
tle surface, prominent guard tentacles on the incurrent siphon, thinner shell valves, and coloured 
patches on the shell ribbing. Individuals can normally grow up to ~50 cm, with the largest specimen 
recorded at 56 cm long (Lucas et al. 1991). Tridacna mbalavuana inhabits relatively deep waters 
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(>20 m) compared to other tridacnines, and is apparently intolerant of conditions in shallow water 
(Lucas et al. 1991). Previously restricted to Fiji and Tonga, this species has been sighted in the 
Loyalty Islands, New Caledonia (Bouchet et al. 2001), the main island of New Caledonia (Tiavouane 
& Fauvelot 2016), and Australia (A.M. Ayling, pers. comm., Newman & Gomez 2000) (Figure 1). 
Tridacna mbalavuana is generally rare throughout its known range: Ledua et al. (1993) reported 
few live specimens (abundance, N = 20, 1989 to 1991) in the eastern Lau group of Fiji, and a slightly 
higher abundance in Tonga (N = 50, 1989 to 1992) (see Supplementary Table A3). In Haápai, Tonga, 
individuals were seen on live coral habitat at >30 m depth in clear water, whilst in the eastern Lau 
group of Fiji, individuals were never found on live coral habitat, but instead next to rocks on steep 
slopes (Ledua et al. 1993). Recently, only two living individuals have been reported from New 
Caledonia, despite exhaustive searches (Tiavouane & Fauvelot 2016). In Fiji, some T. mbalavuana 
have been ‘accidentally’ collected along with T. derasa for commercial exports of its meat (Lewis & 
Ledua 1988, Lewis et al. 1988). In Tonga, T. mbalavuana has been harvested for domestic markets 
either using SCUBA or traditional Pacific Islands fishing methods (Ledua et al. 1993). Even though 
their preference for deeper water habitats may have offered some protection from harvesting (Lewis 
& Ledua 1988, Lucas et al. 1991), the development of SCUBA and hookah gear has facilitated 
access to previously inaccessible T. mbalavuana stocks. The species is classified as ‘Vulnerable’ by 
the IUCN. There is little information regarding the mariculture of T. mbalavuana, but there was a 
successful spawning in December 1991 at the Tonga Fisheries Hatchery (Ledua et al. 1993).

Tridacna squamosa Lamarck, 1819

Tridacna squamosa (Figure  2F) is commonly known as the fluted giant clam. The valves have 
well-defined ribs and folds (the ribs also possess distinct protrusions called scutes). This species 
typically attains shell lengths of ~40 cm, but Hutsell et al. (1997) recorded an individual with a 
shell length of 42.9 cm. The mantle of T. squamosa usually exhibits mottled patterns in combina-
tions of yellow, orange, blue, green and brown, and the incurrent siphon bears distinct tentacles. The 
valves are often coloured (yellow and orange-pink), which makes the species highly valued in the 
shell trade (Lucas 1988). Juvenile T. squamosa are typically byssally attached to coral rubble, while 
adults may be byssally attached or free-living. Tridacna squamosa inhabits a wide depth range, 
from reef flats to reef slopes down to 42 m (Jantzen et al. 2008), and is usually found in sheltered 
sites (e.g. wedged between corals) (Rosewater 1965). Globally, T. squamosa is the second most com-
mon tridacnine species, present from the Red Sea and eastern Africa in the west to the Pitcairn 
Islands, southern Japan and Queensland (Australia) in the east (Figure 1). New records for the central 
Pacific (Australes, Tuamotu and Gambier Archipelagos) have been added recently, although some 
gaps persist (such as Society Islands, French Polynesia) (Gilbert et al. 2007, Andréfouët et al. 2014). 
Despite ongoing exploitation, population numbers remain relatively stable across its range, with the 
exception of Cocos (Keeling) Islands and the Northern Mariana Islands where the species is locally 
extinct. Tridacna squamosa is classified by the IUCN as of ‘Lower Risk/Conservation Dependent’. 
It is mainly harvested for subsistence use in local island communities and has been reported to 
be preferred in the shell trade due to its attractive colours, appearance and size. This species has 
been successfully cultured, mainly for restocking purposes in Indonesia, Malaysia, Philippines, 
Singapore, Thailand, Fiji, Palau, Federated States of Micronesia, Marshall Islands, Tonga, Vanuatu 
and Solomon Islands (Table 4), but there have been no reports of the outcomes of these endeavours. 
Individuals were also translocated from Palau to Guam and Tokelau, and Fiji to Samoa to help with 
local restocking initiatives (Kinch & Teitelbaum 2010). Juveniles from culture efforts in Australia, 
Palau, Federated States of Micronesia, Marshall Islands, Tonga, Vanuatu and Solomon Islands are 
(or have been) exported for the aquarium trade. As part of its larger research programme, the Darwin 
Aquaculture Centre (Northern Territory, Australia) also cultures T. squamosa to encourage farming 
as an economic opportunity for indigenous communities (Darwin Aquaculture Centre, pers. comm.).
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Tridacna squamosina Sturany, 1899

Tridacna squamosina (Figure 2G) was originally collected during the ‘Pola’ expedition to the Red 
Sea in the 1890s (Huber & Eschner 2011). Sturany (1899) first published the results of this expe-
dition, which noted the presence of three Tridacna species in the Red Sea: T. maxima, T. squa-
mosa and a new species: T. elongata var. squamosina. The species was later rediscovered when 
living individuals were found in the Red Sea in the late 2000s (Richter et al. 2008), the largest 
recorded being 32 cm long. The species bears a strong resemblance to T. squamosa, but can be 
distinguished by its asymmetrical shells, crowded scutes, wider byssal orifice, and deep triangular 
radial folds (Roa-Quiaoit 2005). Tridacna squamosina strictly inhabits shallow reef areas and sea-
grass beds (~5 m depth), and is usually weakly byssally attached to the substratum (Roa-Quiaoit 
2005). Presently only known from the Red Sea (i.e. Egypt, Israel, Jordan, Saudi Arabia and Yemen), 
recent anecdotal sightings of T. squamosina in Mozambique suggest that the species may also occur 
in the Indian Ocean (Table 4, Figure 1). Survey data suggest that live T. squamosina are generally 
rare. For example, only 13 individuals were identified during extensive surveys along the Jordanian 
Red Sea coastline (Richter et al. 2008). The current low numbers are postulated to be a result of 
overharvesting in the Red Sea, where it formed an important diet component of early coastal gath-
erers (>125,000 years ago) (Richter et al. 2008). As Tridacna exploitation remains prevalent in the 
Red Sea, T. squamosina is highly vulnerable to extinction. Mariculture of this species may have 
been carried out in Jordan (Roa-Quiaoit 2005), but the small number of individuals available for 
broodstock would make any mariculture effort a significant challenge.

Tridacna maxima (Röding, 1798)

The small giant clam, Tridacna maxima (Figure 2H), usually grows up to ~35 cm, with the largest 
individual collected (from Fanning Island, Republic of Kiribati) measuring 41.7 cm (Stasek 1965). 
Tridacna maxima is one of the three boring (sometimes referred to as ‘burrowing’) Tridacna spe-
cies; juveniles are usually fully embedded in the reef substratum, but older individuals eventually 
outgrow the bored concavity and become partially embedded only. In areas characterized by high 
densities, such as the enclosed lagoons of French Polynesia, some individuals can be found on 
sand (Van Wynsberge et al. 2016). A persistent characteristic among the boring tridacnines is the 
tendency to byssally attach to the inside of the borehole. Tridacna maxima is also identified by its 
close-set scutes on the upper valves, the neat rows of tightly spaced hyaline organs along its mantle 
margin, and its brilliantly coloured and mottled mantle (usually blue, green and brown). It typically 
dwells in shallow areas of reefs and lagoons, rarely beyond a depth of 10 m (the deepest record is 
21.2 m at the Dongsha atoll, South China Sea; M.L. Neo, pers. obs.). With a similar geographic 
range to T. squamosa, T. maxima is also a cosmopolitan species, but with more variable popula-
tion densities across its range compared to T. squamosa (Van Wynsberge et al. 2016). Although 
T. maxima is harvested frequently for either subsistence or commercial purposes, it is still relatively 
common and hence classified by the IUCN as of ‘Lower Risk/Conservation Dependent’. With rapid 
declines in the populations of larger tridacnine species, T. maxima is increasingly being extracted 
for local consumption and is likely to become more of a target for fisheries in the future (Van 
Wynsberge et al. 2016). Due to its attractively coloured mantle patterns it is, together with T. crocea, 
the most sought-after species for the aquarium trade. With a current ban on exports of wild-caught 
individuals for most countries within its range, the majority of individuals that enter the aquarium 
trade are cultured. While the species has been bred mainly for the aquarium trade (Wabnitz et al. 
2003), wherever aquaculture and mariculture efforts exist (or were active), e.g. the Cook Islands 
(Waters et al. 2013), French Polynesia, Federated States of Micronesia, Samoa, Republic of Kiribati, 
Marshall Islands, Solomon Islands, Fiji, Vanuatu, Tonga, Palau and Taiwan (L.-L. Liu, pers. comm.), 
they have also contributed to reef restocking efforts (Table 4).
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Tridacna noae (Röding, 1798)

The largest individual of Tridacna noae (Figure 2I) reported to date, from Kosrae, Micronesia, was 28 
cm long (Borsa et al. 2015b). Tridacna noae cannot be readily identified by its shell traits, but it exhib-
its a highly distinctive mantle ornamentation including discrete teardrop patches typically bounded 
by white margins, sparsely distributed hyaline organs along the mantle margin, and the presence of 
papillae (Penny & Willan 2014, Su et al. 2014, Borsa et al. 2015a). Nevertheless, the mantle patterns 
of T. noae vary greatly in appearance among individuals (Borsa et al. 2015b). Because of its gener-
ally highly distinct and beautiful mantle, T. noae, long identified by aquarists as ‘teardrop maxima’, 
is highly desired for the aquarium trade (Wabnitz & Fauvelot 2014). The habitats of T. noae are gen-
erally similar to those of T. maxima, occupying depths of 1–15 m (Borsa et al. 2015b, Militz et al. 
2015). Also a boring species, individuals are often found partially embedded within reef substrata. 
The known geographic distribution of T. noae extends from the Ryukyus (southern Japan), Taiwan, 
Southeast Asia, Western Australia and the Pacific Islands as far east as Christmas Island (Borsa et al. 
2015b, Neo & Low 2017, Figure 1). As a newly resurrected species, data on the habitat and distribu-
tion of T. noae are scarce, but inferred to be similar to T. maxima due to morphological similarities 
and habitat preferences. A survey by Militz et al. (2015) determined that almost 42% of the specimens 
recorded as T. maxima within the Kavieng Lagoon system, Papua New Guinea, could now be classi-
fied as T. noae. Also, re-surveys of the Ningaloo Reef Marine Park revealed the presence of T. noae 
only, with no signs of T. maxima (Johnson et al. 2016); findings that challenge an earlier survey report-
ing the presence of (only) T. maxima (Black et al. 2011). Snorkel surveys on the reefs in Yap (Federated 
States of Micronesia), also identified high abundances of T. noae, which would have previously been 
recorded as T. maxima (C.C.C. Wabnitz, pers. obs.). Moreover, in Nauru, the only species found on the 
reefs during dedicated reef invertebrate surveys was recently re-identified as T. noae and not T. max-
ima (D. Thoma, pers. comm.). This inadvertent confusion of the two species highlights two problems: 
1) the historical and current densities of T. maxima are likely to be overestimates in several locations, 
and 2) commercial exploitation that does not differentiate between the two species could interfere with 
local extinction risk calculations (Borsa et al. 2015b, Militz et al. 2015, Johnson et al. 2016). There 
have been a number of ex situ attempts to breed T. noae in Taiwan for restocking purposes (Su 2013) 
and some culture trials for mariculture grow-out and subsequent sale for the aquarium trade in the 
Federated States of Micronesia (C.C.C. Wabnitz, pers. obs.). Embryology, larval development and 
feeding ecology of T. noae in Papua New Guinea have recently been described (Southgate et al. 2016, 
2017), while successful hatchery production has been reported in Fiji (P. Southgate, pers. comm.).

Tridacna rosewateri Sirenko & Scarlato, 1991

The first and only specimens of Tridacna rosewateri were collected from the Saya de Malha Bank 
(currently administered by Mauritius), Indian Ocean, during a 1984 expedition (Sirenko & Scarlato 
1991). Nine individuals were collected measuring 6.7–19.1 cm shell length. The shell morphology 
of T.  rosewateri shares features with both T. maxima (i.e. large byssal orifice) and T. squamosa 
(i.e. large scutes), but differs from those species in having thinner shell walls, deep triangular valve 
margin folds, and larger dense scutes on primary radial folds (Sirenko & Scarlato 1991, Monsecour 
2016). Little is known about its habitat, but the T. rosewateri individuals were found among corals 
(Madrepora sp.) and dense beds of the seagrass Thalassodendron ciliatum (Sirenko & Scarlato 
1991). Tridacna rosewateri is currently classified as ‘Vulnerable’ by the IUCN. The absence of 
living individuals makes the validity of T. rosewateri as a tridacnine species ambiguous. Benzie 
& Williams (1998) criticized the poor description of the species and proposed that it is a junior 
synonym of T. squamosa, while Newman & Gomez (2000) and Monsecour (2016) have argued that 
they could readily distinguish its shells from T. squamosa and concluded that it might be a distinct 
species endemic to Saya de Malha Banks.
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Tridacna lorenzi Monsecour, 2016

Tridacna lorenzi is the newest species added to the list of Tridacninae. The species was described 
from the Cargados Carajos Archipelago (St. Brandon), Mascarene Plateau in the outlying territo-
ries of Mauritius (Monsecour 2016). A medium-sized species, ten of the largest type specimens 
measured between 11.3 and 26.0 cm shell length. Monsecour (2016) notes that both T. maxima and 
T. rosewateri are likely the closest congeners to T. lorenzi on the basis of some overlapping mor-
phological characters. Similar to T. maxima, T. lorenzi has asymmetric shells, a large byssal orifice, 
and close-set scutes, but differs in the narrow interstices between primary ribs, its triangular valve 
margins, and the dull-coloured mantle that does not extend beyond the shell margins (Monsecour 
2016). Commercially, this species has previously been misidentified as T.  rosewateri, since the 
valve margins of both primary ribs and rib interstices are triangular in both species (Monsecour 
2016). Tridacna lorenzi can, however, be distinguished from T. rosewateri by its more asymmetric, 
more globose, heavier shell valves, and closer-set scutes. The T.  lorenzi individuals described by 
Monsecour (2016) were mostly collected from shallow waters in turbid lagoons of no more than 
1 m depth, free-living on sand and among loose rubble. Distribution data are limited, although 
Monsecour (2016) suggested that T. lorenzi was locally common and encountered more often than 
the rarer T. squamosa and uncommon T. maxima. Local fishermen reportedly eat the species, and 
use their shells as saucers or ashtrays. A molecular analysis of T. lorenzi to determine its relationship 
with congeners has yet to be conducted.

Tridacna crocea Lamarck, 1819

Of all the tridacnine species, Tridacna crocea (Figure 2J) is the smallest with a maximum size of 
~15 cm (Rosewater 1965). Commonly known as the ‘burrowing’ or ‘boring’ giant clam, T. crocea 
is a rock borer that embeds its entire body into the substratum, leaving only the mantle exposed 
(Yonge 1936). It appears to be well adapted to low salinity levels, often found in areas that expe-
rience freshwater runoff (Hart et al. 1998). As with T. maxima and T. noae, this species byssally 
attaches to its bored concavity. Tridacna crocea is usually identified by its boring habit, but it also 
develops well-spaced scutes that become eroded over time within the borehole. The mantles are 
brightly coloured, exhibiting various shades of blue, green, purple, white and brown (Todd et al. 
2009). Tridacna crocea mostly inhabits reef flats in shallow waters of depths no more than 10 m 
(Hamner & Jones 1976, Hamner 1978). The species has a wide distribution (24 localities), ranging 
from Australia to Japan, east to Palau, and from Vanuatu to the Andaman Islands (Figure 1). It is 
possibly extinct in Guam and the Northern Mariana Islands (Wells 1997). In most areas, T. crocea 
is still considered reasonably abundant, probably due to its small size and the difficulty of extract-
ing it from reef substrata. Even though T. crocea is one of the most easily accessible tridacnine 
species, exploitation is limited to domestic consumption. It is a popular delicacy in Okinawa, Japan 
(Okada 1997). The species was considered widespread in the Solomon Islands (Wells 1997) and was 
preferentially harvested as a source of food (Hviding 1993). More recent surveys indicate that it is 
much less common than it used to be in the Solomon Islands (Ramohia 2006). It is classified as of 
‘Lower Risk/Least Concern’ by the IUCN. Mariculture of T. crocea is well established in Okinawa, 
Japan, where the spats are distributed to local fishermen for culture and release (Okada 1997). There 
have also been ex situ attempts to culture T. crocea in Brazil (Mies et al. 2012). Due to its bright 
colours, it is highly prized in the aquarium trade (Wabnitz et al. 2003), and mariculture efforts in 
Palau, the Marshall Islands and the Federated States of Micronesia, for example, have had some 
success breeding it (Heslinga 1995, 2013). However, because of its comparatively slow growth and 
poor early survival rates, it is often regarded as less suitable (not cost-effective) for aquaculture or 
mariculture operations, in spite of its desirability within the aquarium trade.



131

GIANT CLAMS (BIVALVIA: CARDIIDAE: TRIDACNINAE)

Contemporary threats and challenges

Throughout their geographic range, representatives of the Tridacninae remain an important and valu-
able coastal resource to both local fishing communities and commercial markets. The relative abun-
dance, shallow distribution, conspicuous appearance, and sessile nature of giant clams make them easy 
to harvest with simple fishing gear. During reef gleaning and free-diving (Hviding 1993, Sant 1995), 
individuals are usually collected opportunistically in areas of low densities, but they can be the main 
target of fishing trips in areas where densities are high. Their flesh is excised from the shells with knives, 
wooden sticks or metal stakes (Kinch & Teitelbaum 2010). SCUBA and improvised diving apparatus 
such as hookah gear (a simple surface air-feed) are used to reach individuals in deeper waters (Hviding 
1993, Ledua et al. 1993, Kinch & Teitelbaum 2010). Almost all species of the Tridacninae have been 
exploited for meat as food, fish bait or animal feed, their shells sold to the curio trade, and exported live 
for the aquarium trade (Heslinga 1995, Sant 1995, Kinch & Teitelbaum 2010, Neo & Loh 2014).

Prior to the 1980s, commercial exports of tridacnine adductor muscles to Asian markets and 
illegal poaching by long-range foreign vessels were responsible for the severe stock reductions 
occurring in the Indo-Pacific (Pearson 1977, Dawson & Philipson 1989, Shang et al. 1991, Sant 
1995). Even though commercial exploitation of wild stocks is now banned in most countries, either 
poorly regulated or unregulated subsistence harvesting can still threaten remaining stocks (Tan 
& Zulfigar 2003). Large-scale poaching also poses a major and persistent threat for wild popula-
tions. Coastal resource authorities from various countries (Australia, Cambodia, Malaysia and the 
Philippines) have reported an increase in the number of fishing boats harvesting giant clams ille-
gally within the last five years (Krell et al. 2011, Lee 2014, Colbeck 2015, Gomez 2015b). The scale 
of this harvest is substantial, with almost 20 tonnes of shells reportedly removed from protected 
areas (Lee 2014). One of the largest Tridacna shell markets today is China. Many of the local fisher-
men from Tanmen, Hainan, have converted from traditional fishing to the more lucrative tridacnine 
fishing as their main livelihood (Zhang 2014). Shells of giant clams may have become a substitute 
for ivory, the import of which is now regulated strictly (Gomez 2015a,b, Cavell 2016, Larson 2016). 
As the shell craft industry flourishes in Tanmen, large quantities of fossilized giant clam shells have 
been extracted from the sea beds of Scarborough Shoal, the Spratlys and Paracel Islands (South 
China Sea) to support the handicraft industry (Zhang 2014, Gomez 2015a,b, Larson 2016). Large 
shells are carved into sculptures, with medium-sized shells processed into beads for jewellery. It is 
also thought that giant clam shells are increasingly being used to manufacture nuclei for the Chinese 
freshwater pearl industry (X. Fan, pers. comm.). Even though recent sources suggest that the local 
Chinese government has banned the harvesting of dead shells (Master 2016), the intense extraction 
has devastated large tracts of coral reefs within the South China Sea.

The habitats of tridacnines are also threatened as corals reefs throughout the Indo-Pacific 
become degraded (Huang 2012, Neo & Todd 2012b). The pressure of anthropogenic activities 
threatens the health of reef environments and hence the survival and growth of the tridacnines that 
live in them. In a global meta-analysis for Tridacna maxima, Van Wynsberge et al. (2016) high-
lighted that, except for areas with very low human population density (<20 inhabitants ha−1 of reef), 
giant clam densities tended to decrease as human presence increased. Giant clam densities were also 
strongly dependent on the type of reef (atoll, island, continent)—which is an important natural co-
factor. In the northern Red Sea (Egypt), Mekawy & Madkour (2012) showed that the abundance of 
T. maxima was higher at sites further away from anthropogenic sources and proposed that the main 
stressors were tourism, SCUBA diving, water pollution and contaminants, and the drilling for and 
production of oil. The survival, growth and photosynthetic performance of giant clams is signifi-
cantly reduced when exposed to high copper concentration (tested at 50 µg L−1) (Elfwing et al. 2001) 
and reduced salinities (Eckman et al. 2014). Coastal urbanization also has negative effects on giant 
clam populations. For example, in Singapore, many of the reefs where giant clams were previously 
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found have been buried as a result of large-scale land reclamation projects (Guest et al. 2008, Neo 
& Todd 2012a,b). The impacts of sedimentation on tridacnines are not yet well understood, but, in 
addition to affecting photosynthetic performance, sediment stress has been hypothesized to divert 
energy away from maximizing photosynthesis (e.g. by transporting inorganic ions to the zooxan-
thellae) to supporting behavioural responses and increased respiratory demands (Elfwing et al. 
2001). A preliminary study by Ang (2014) revealed that juvenile T. squamosa was more susceptible 
to chronic sedimentation than to acute deposition events.

Climate warming may lead to undesirable effects on giant clams, where extremes in either 
temperature or ultraviolet irradiation can lead to poor growth, bleaching (the expulsion of photosyn-
thetic symbionts), and increased mortality (Buck et al. 2002, Andréfouët et al. 2013, Junchompoo 
et al. 2013), particularly near the equator (Chaudhary et al. 2016). The few studies relevant to the 
impacts of climate change on tridacnines have focused on the effects of thermal stress and bleach-
ing responses (Norton et al. 1995, Blidberg et al. 2000, Buck et al. 2002, Leggat et al. 2003), which 
have been shown to affect their growth negatively. Warming oceans can also lead to bleaching of 
both juveniles and broodstock individuals, resulting in the loss of productivity or lower survival of 
‘grow-out’ stocks (Wilkinson & Buddemeier 1994, Gomez & Mingoa-Licuanan 1998). In the 2016 
global mass coral bleaching event, bleaching incidences among giant clams varied across geo-
graphic sites: Tridacna maxima did not bleach in Mauritius (R. Bhagooli, pers. comm.), but those in 
Singapore (M.L. Neo, pers. obs.), Guam (A. Miller, pers. comm.) and East Tuamotu (S. Andréfouët, 
pers. obs.) were bleached severely. Interestingly, surveys of giant clam populations at Lizard Island, 
Australia, showed that the 2016 mass coral bleaching event and cyclones during the previous three 
years resulted in a much lower mortality rate for T. gigas compared to either T. derasa or T. squa-
mosa, suggesting that T. gigas may be best able to survive after major perturbations in the GBR 
(A.D. Lewis, pers. comm.).

The detrimental effects of ocean acidification have also been demonstrated in juvenile giant clams, 
with experimental evidence showing that they exhibit negative shell growth (dissolution) (Waters 
2008) and lower survival rates (Watson et al. 2012) in acidic conditions (~600–1000 µatm [60.8–101.3 
Pa] pCO2). Studies testing the combined effects of increasing temperature and pCO2 (based on climate 
projections for the end of this century) for 60 days showed that the shells of juvenile Tridacna squa-
mosa were significantly altered with a decrease in calcium and magnesium ions (Armstrong et al. 
2014), and lower survival rates (Watson et al. 2012, Watson 2015). Less is known about the effects 
of climate change stressors on early life-history stages, with only one study conducted to date. Neo 
et al. (2013b) tested the combined effects of temperature and salinity on T. squamosa fertilization and 
embryo development, and showed that salinity (27 psu and 32 psu) had no significant effect on survival 
but mortality increased at the higher of the two temperatures tested (22.5°C and 29.5°C). Climate 
change could also place additional economic and developmental pressures on giant clam mariculture 
operations. Increased temperatures in hatcheries can cause problems of algal overgrowth (M.L. Neo, 
pers. obs.), poor shell precipitation (Schwartzmann et al. 2011), and possibly premature spawning pat-
terns, which are all undesired outcomes for spawning and rearing of juveniles.

Impacts due to the threats outlined above lead to the lowering of tridacnine population densi-
ties across their ranges in the wild, which has serious repercussions for their ability to reproduce 
successfully (Munro 1992). Fertilization success depends on the synchronized spawning of con-
specifics (Lucas 1988, Gilbert et al. 2006a), as the trigger for sperm release is dependent on the 
chemical cues found on the eggs (Munro et al. 1983). Upon detection of the inducer, other neigh-
bouring clams may also release eggs, thus encouraging progressive downstream fertilization. The 
tendency for tridacnines to aggregate has been attributed to their need to be close to each other to 
reproduce (Braley 1984, Huang et al. 2007, Soo & Todd 2012, 2014). Giant clam populations are 
therefore highly sensitive to stock depletion, where sparse spawning adult populations can lead to 
lowered (or zero) fertilization rates and consequently reduced or absent recruitment rates (Munro 
1992, Tan & Zulfigar 1999, Neo et al. 2013a). To compound matters, as stocks become more scarce, 
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harvesting size tends to decrease, meaning that individuals may be harvested even before reaching 
reproductive viability, thereby further affecting the availability of mates and limiting fertilization 
rates (i.e. component Allee effects) (Stephens et al. 1999). This could lead to the functional extinc-
tion and eventual collapse of the entire population (Frank & Brickman 2000, Petersen & Levitan 
2001). Wild stocks may recover via the dispersal of planktonic larvae from other reefs brought in 
by prevailing currents (Benzie & Williams 1992a,b, Tan & Zulfigar 1999, 2001, Neo et al. 2013a). 
Such recovery, however, may take decades if coral reefs are isolated (due to the short [9-day] pelagic 
larval duration of giant clams), and/or currents are unfavourable (Yamaguchi 1977). Even in closed 
lagoons (with high retention rate) and with large stocks the recovery to initial population levels may 
still take decades. This is the case for Tatakoto Atoll, renowned for supporting the highest clam den-
sities on record (Supplementary Table A3), but now depleted severely after a mass mortality event 
(Andréfouët et al. 2013). It may be many decades before densities such as those observed in 2004 
(Gilbert et al. 2006a, Van Wynsberge 2016) will be witnessed again.

Cryptic species also present another challenge for the management and conservation of remain-
ing tridacnine populations. When cryptic species become confused with contemporary com-
mon species, there are implications for commercial giant clam fisheries and their regulation due 
to the potential for misidentification (e.g. Rosewater 1982, Borsa et al. 2015b, Militz et al. 2015, 
Monsecour 2016). Additionally, the lack of knowledge regarding these species makes it difficult to 
implement appropriate conservation measures (Militz et al. 2015, Johnson et al. 2016). Previous sys-
tematic research on tridacnines relied heavily on morphological and behavioural characterization 
(e.g. Rosewater 1982, Lucas et al. 1991). These diagnostic characters can, however, be misleading in 
that giant clams generally are morphologically plastic and functionally similar (Benzie & Williams 
1998, Neo & Todd 2011). During the last decade, the global use of genetic tools and breakthroughs 
in sequencing have led to the discovery of an increasing number of cryptic lineages (Pfenninger & 
Schwenk 2007) hidden behind one species name (morphologically close, but genetically divergent). 
Yet, the conversion of genetically unique lineages into robust and formally named taxonomic enti-
ties remains challenging. Considering the recognized variability in tridacnine morphology, they are 
good candidates for crypticity. In 2008, phylogenetics helped to identify a cryptic Red Sea species: 
first described as a new species, Tridacna costata (Richter et al. 2008) and later synonymized as 
T. squamosina (Huber & Eschner 2011). Subsequently, there has been the rediscovery of T. noae 
using various genetic markers (Su et al. 2014), and T. noae has turned out to be a widespread cryptic 
species in the Indo-Pacific (Borsa et al. 2015a,b, Militz et al. 2015, Johnson et al. 2016). Given the 
ambiguity of morphological characters among cryptic individuals, the growing body of molecular 
evidence can help reveal deep lineages across taxa and lead to the (re)discovery of species (Wilson 
& Kirkendale 2016).

Conservation and management

Legislation and regulations

Convention on International Trade in Endangered Species 
of Wild Fauna and Flora (CITES)

The Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) 
is recognized internationally as the governing body that oversees the trade exports and imports 
of selected endangered species. Giant clams are currently listed on Appendix II of CITES, which 
comprises species that are not necessarily now threatened with extinction, but that may become 
so unless trade is closely monitored. Tridacna gigas and T. derasa were first listed in 1983, and 
the other members of the family Tridacnidae (now subfamily Tridacninae) were listed in 1985 on 
the basis of so-called ‘look alike species’, i.e. species whose specimens in trade look like those 
of species listed for conservation reasons (Wells 1997). CITES states that the international trade 
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in giant clams (whole or any part of the animal) is permitted only if the relevant export/import 
certifications are issued. The effectiveness of enforcing CITES is, however, largely dependent on 
whether the countries involved in the trade are signatories to the Treaty, or if a non-signatory is 
trading with the signatories (Wells 1997). In the past, countries such as Taiwan and the Maldives 
were involved heavily in the giant clam trade but were not CITES Parties, which impeded the 
implementation of CITES legislation (Wells 1997). Even in instances where exporting countries are 
CITES Parties, the trade data provided may be unreliable. In a number of examples capacity within 
relevant offices has been reduced, at times resulting in omissions, erroneous data entry (e.g. wrong 
source code, and submission of number of permits issued instead of actual numbers traded), and 
failure to submit or significant delays in providing trade statistics to the Secretariat (UNEP-WCMC 
2011, C.C.C. Wabnitz, pers. obs.). Various workshops and other initiatives have been conducted 
to strengthen CITES capacity for countries in Oceania, including non-parties to the Convention 
(Table 4). Another concern, however, is that the scope of the CITES Treaty does not include local-
ized collection and trade of giant clams within countries (which can be substantial), regardless 
of their status as a party to the convention. Relatedly, these countries may allow a quota of wild 
tridacnines to be collected and sold for the aquarium trade, but suppliers will usually collect only 
specimens with the highest value colours. This can result in genes for colour being reduced or lost 
from wild populations. Although not well understood, it is likely that mantle colours and their vari-
eties (colour polymorphism) are ecologically important in natural reef settings (Todd et al. 2009).

International Union for Conservation of Nature (IUCN) 
Red List categories of threat

Nine of the 12 species of Tridacninae are on the IUCN Red List of Threatened Species (Neo & 
Todd 2013). Tridacna gigas, T. derasa and T. rosewateri are listed as ‘Vulnerable’, due to the rate of 
decline of remaining wild stocks. Tridacna mbalavuana is also listed as ‘Vulnerable’ on the basis 
of its small and declining area of occupancy, although it has been suggested that it should be cat-
egorized as ‘Endangered’ (Wells 1997). Hippopus hippopus, H. porcellanus, Tridacna maxima and 
T. squamosa are listed as ‘Lower Risk/Conservation Dependent’ due to the decline and disappear-
ance of many populations. Tridacna crocea was initially excluded in the earlier Red Lists due to 
insufficient data (Wells 1997), but was reinstated in 1996 and listed as ‘Lower Risk/Least Concern’ 
(Molluscs Specialist Group 1996). The IUCN Red List of Threatened Species draws attention to 
species at risk of extinction and promotes their conservation (Collar 1996), and is frequently used 
to guide the management of resources (Rodrigues et al. 2006). It is, however, important to point 
out that 1) the global IUCN classifications for tridacnines are outdated as they were last reviewed 
by Wells (1996); 2) the reported status may not accurately reflect the situation within individual 
countries, e.g. Neo & Todd (2013) for Singapore; and 3) recent species, i.e. T. lorenzi, T. noae and 
T. squamosina, are not yet on the IUCN Red List as their ecology, habitat occupancy and density 
have not been assessed. Given the decline in tridacnine stocks and their habitat, it is important 
to produce a definitive update of IUCN classifications for all 12 species, including promoting the 
use of localized or regional classifications to better represent situations ‘on the ground’ that are of 
greater value when planning conservation strategies (Neo & Todd 2013).

Local mitigation measures

Regional efforts to initiate cooperation and collaboration among nations towards the management 
of sustainable giant clam fisheries have been few (e.g. Kinch & Teitelbaum 2010), but much has been 
done locally to reduce exploitation. The conservation efforts implemented throughout the Indo-
Pacific are listed in Table 4. The localities of Red Sea, Southeast Africa and the Indian Ocean 
generally lack specific laws to regulate recreational fishing of giant clams. In East Asia, restoration 
of impacted populations has begun, but mariculture there (except in Japan) is still in its infancy. 
In the South China Sea, tridacnines are, unfortunately, within disputed territorial waters, which 
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makes agreeing and coordinating ocean governance among the numerous neighbours a substantial 
challenge. There have been a number of restocking efforts using mariculture in Southeast Asia, but 
the success of programmes has been variable at each locality (Indonesia, Malaysia, the Philippines, 
Singapore and Thailand). The management of tridacnine populations is most advanced in Australia 
and the Pacific Island nations. For example, some coastal communities in the South Pacific have 
put in place stricter measures to alleviate tridacnine fishing pressures (Table  4), including ban-
ning commercial fishing (Fiji, Papua New Guinea, Solomon Islands, Vanuatu, Federated States 
of Micronesia, Guam, Republic of Kiribati and Palau), setting minimum size limits for subsis-
tence harvesting (French Polynesia, Niue, Samoa and Tonga), imposing harvesting quotas or bag 
limits (New Caledonia, American Samoa and the Cook Islands), restricting fishing to free diving 
only and banning the use of mechanical fishing equipment (Chambers 2008, Kinch & Teitelbaum 
2010, Andréfouët et al. 2013). Outcomes of these measures vary among the South Pacific nations 
as they depend on the degree of exploitation (i.e. a highly exploited population will take a longer 
recovery time), local enforcement measures and capacity, as well as community willingness to 
adopt these practices (Munro 1989, Lucas 1997). For instance, some Tongan communities set up 
giant clam ‘circles’ (i.e. aggregating adult clams into rings) to facilitate reproduction among indi-
viduals, and were able to repopulate nearby reefs with juveniles within ten months (Chesher 1993). 
Unfortunately, efforts do not appear to have been maintained and stocks in Tonga are severely 
depleted (C.C.C. Wabnitz, pers. obs.)—it is hoped that the regulation of selling giant clams in their 
shells to enforce size limits, which is widely respected, will help resolve this issue. In general, sur-
veys throughout the region continue to indicate that populations are under severe stress (K. Pakoa, 
pers. comm.). Australia, India, China, Mauritius, Taiwan, and Japan have their own national protec-
tion acts that include giant clams (Table 4). Within Southeast Asia, it is generally recognized that 
tridacnines need protection, but only the Philippines, Malaysia and Thailand have national legisla-
tion regulating their exploitation (Knight et al. 2010, Gomez 2015a). Illegal fishing by coastal com-
munities, however, remains prevalent in many of these countries, probably because of the traditional 
importance of giant clams as a coastal resource coupled with the lack of manpower and funding to 
support long-term monitoring, surveillance and law enforcement.

Mariculture for restocking

Giant clam breeding was pioneered in the 1970s at the University of Guam Marine Laboratory 
and the Micronesian Mariculture Demonstration Centre (MMDC) in Palau. It was further comple-
mented by the work of John Lucas in Australia supported by the Australian Centre for International 
Agricultural Research in the 1980s, and consolidated by the work of ICLARM (now WorldFish) 
in the Solomon Islands in the late 1980s and early 1990s and, subsequently, supported the exten-
sive research and technical training throughout the Pacific and Southeast Asia (e.g. Heslinga et al. 
1984, Heslinga & Fitt 1987, Heslinga 1991, Copland & Lucas 1988, Braley 1992, Calumpong 1992, 
Norton & Jones 1992, Tisdell 1992, Fitt 1993). Mariculture is being adopted increasingly for mass 
production of individuals for the aquarium trade (Heslinga et al. 1990, O’Callaghan 1995, Bell et al. 
1997, Heslinga 2013) as well as the restocking of rare species (Neo et al. 2009, 2011, Neo & Todd 
2012a, Heslinga 2013) or extirpated populations (Braley & Muir 1995, Gomez & Mingoa-Licuanan 
2006). Tridacnine mariculture has no apparent deleterious environmental effects (Lucas 1997), but 
there remains the possibility of inadvertently introducing exotic parasites, diseases and other biota 
(Newman & Gomez 2000), especially if broodstocks are imported without appropriate quarantines. 
Combined with local community farm grow-out operations, such mariculture activities can provide 
sustainable livelihood opportunities in localities where there are few alternatives (e.g. remote atolls 
in French Polynesia, remote locations in the Solomon Islands, and outlying islands in the Marshall 
Islands), as long as projects are conceived and run as sustainable and cost-effective enterprises or 
projects. In many cases, however, poor survival, limited production, and hatchery expenses result 
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in cost-ineffective production and eventual termination of activities. Nevertheless, as of 2016, there 
were at least 34 functioning giant clam hatcheries in 25 countries, and hundreds of ocean nurseries 
and reserves (G.A. Heslinga, pers. obs.).

While most giant clam hatcheries operate on some commercial (or semi-commercial) basis, 
some, generally with the support of foreign aid or other forms of subsidies, also function as a 
means to support conservation and facilitate sustainable harvesting (Lucas 1997, Heslinga 2012, 
see Table 4). In general, the success of these initiatives is neither well studied nor well documented 
(Teitelbaum & Friedman 2008). Restocking programmes often do not have a set of protocols for 
fisheries officers and managers to follow, nor do they tend to be accompanied by regular monitoring 
to ascertain the success of such efforts over time (C.C.C. Wabnitz, pers. obs.). The survivorship of 
restocked clams varies widely within and among localities, with the main causes of mortality being 
predators, storms, poaching, and the lack of continuous husbandry (Lucas 1997, Southward et al. 
2005, Heslinga 2013). In addition, hatchery-produced juveniles may be less genetically variable, 
which could increase vulnerability to parasites and diseases (Benzie & Williams 1996). High mor-
tality rates, coupled with the high costs and intensive labour of rearing giant clams to reach ‘escape 
size’ (typically ~25 mm long, at which point they are less vulnerable to predators), may explain the 
waning enthusiasm and funding for restocking in some areas, notably Queensland (Australia) and 
the Solomon Islands, since the late 1980s (Bell 1999, Southward et al. 2005).

Restocking giant clams requires long-term commitment and monitoring, with examples of 
this mainly occurring in Palau, the Philippines and Japan, where mariculture, domestication and 
restocking have maintained momentum for over 20 years (Murakoshi 1986, Bell 1999, Gomez & 
Mingoa-Licuanan 2006, Heslinga 2013). There are also many examples of maricultured giant clams 
being shipped around the Indo-Pacific region as juveniles in the 1980s and 1990s, matured in ocean 
nurseries in the destination countries, and then used as breeding stock in local hatcheries. Firm 
evidence that restocked clams have produced local juvenile recruitment is either absent of or poorly 
documented, probably owing in part to the remoteness of the areas under study, and the difficulty 
and expense of conducting authoritative surveys. Exceptions to this may be found in Yap (Federated 
States of Micronesia) and the Philippines, where Tridacna derasa and T. gigas, respectively, were 
restocked (Table 6) and where new recruits have been reported (Cabitan & Conaco 2017). This is 
encouraging, as restocking without the creation of new generations will provide few long-term con-
servation benefits. How to ensure that restocked populations successfully reproduce and recruit is a 
major challenge for giant clam restoration efforts globally.

Recent conservation approaches

Biophysical modelling for conservation

At national and local (archipelago, island, reef) scales, giant clam conservation management has 
focused on fishing regulations and restocking (see previous sections). Assessing the effectiveness of 
such conservation efforts for a particular location requires an understanding, and ideally modelling, 
of processes and factors that influence their distribution and abundance. These include aspects of 
the species’ biology, population dynamics (e.g. size-structure, density, recruitment, mortality), life- 
history traits (e.g. growth-fertility, reproduction and spawning occurrences) (Apte & Dutta 2010, 
Black et al. 2011, Yau et al. 2014, Dolorosa et al. 2014, Neo et al. 2013b, 2015b, Menoud et al. 2016, 
Van Wynsberge et al. 2017), and larval flux (Neo et al. 2013a). Human uses and impacts are also 
important factors to consider (Van Wynsberge et al. 2015, 2016). Recently, mass mortality in semi-
enclosed atolls due to unusual physical oceanographic conditions has been identified as a key driver 
of population dynamics (Andréfouët et al. 2013) and climate change is likely to make these events 
more frequent (Andréfouët et al. 2015). These examples highlight the importance of monitoring 
physical conditions and their integration into models (Neo et al. 2015b, Van Wynsberge et al. 2017). 
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Finally, but this has never been attempted, an ecosystem-based characterization including spatio-
temporal variation in predation, competition, and food availability, is also likely to influence the 
accuracy of models simulating the effectiveness of conservation measures.

A pilot fishery-oriented modelling study on what could be the effects of management measures 
such as no-take areas, rotational closures, fishing quotas, and maximum or minimum catch sizes, 

Table 6 An overview of reports of local recruitment after restocking efforts

Locality
Restocked 

species
Restocking 

period

Number of 
restocked 

individuals (life 
stage; size range)

Recruitment 
monitoring 

period Remarks

Yap, Federated 
States of 
Micronesia

Tridacna 

derasa

1984–1991 1984–1989: 
8000 (8–11 cm)

1988–1989: 
3500 (6–8 cm)

April 1991: 
2000 (5–6 cm)

Nov. 1991: 
2000 (10 cm)

1991–2014 
(ongoing)

Tridacna derasa juveniles were 
found by local fishermen and 
international experts from the 
Secretariat of the Pacific 
Community (SPC) in the early 
1990s (J.O. Fagolimul & P. Dor, 
pers. comm.) after an extensive 
reintroduction program initiated in 
the mid-1980s undertaken with 
clams cultured at Palau’s MMDC 
(Price & Fagolimul 1988, Heslinga 
1991, 1993a,b, 2013, Lindsay 1995, 
Teitelbaum & Friedman 2008). In 
2013–2014, some of these Yapese 
T. derasa recruits reached full 
maturity and were used with 
replicated success as breeding stock 
in a local hatchery managed by Mr. 
Philip Dor (P. Dor, pers. comm.). 
Mr. Dor has successfully produced 
commercial numbers (hundreds of 
thousands) of macroscopic 
T. derasa juveniles in the Yap 
hatchery, as verified by international 
experts.

Philippines Tridacna 

gigas

1990s to 
present-
day

~45,000 
(Sub-adults; 
>20 cm)

2007–2015 
(ongoing)

For >20 years, the Marine Science 
Institute, University of the 
Philippines, has been culturing giant 
clam species for restoration of 
depleted populations in the 
Philippines. Several species were 
initially restocked, but later efforts 
focused on Tridacna gigas (Gomez 
& Mingoa-Licuanan 2006). Recruits 
of T. gigas were first observed in 
the vicinity of Bolinao, Pangasinan, 
where the broodstock are placed 
(Cabitan & Conaco 2017). 
Subsequently, occasional reports 
have been received from at least two 
other localities where restocking 
was carried out.
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on giant clam populations was undertaken by Van Wynsberge et al. (2013) for two islands of the 
Austral Archipelago in French Polynesia (Tubuai and Raivavae). This was the first spatially explicit 
model of giant clam population dynamics, based on maps of densities and habitat-specific age struc-
ture of populations. It was calibrated according to stock data quantified a few years apart, and 
parameterized and validated using limited local life- history traits and population dynamics data. 
More recently, the initial model was improved by including spatial patterns of fishing, mass mortal-
ity occurrences, size-structure per habitats, and refined population dynamics parameters following 
two years of surveys during which physical conditions were monitored (Van Wynsberge 2016). This 
more realistic model has been used to test the effects of conservation measures on Tridacna maxima 
populations. While such modelling opens new pathways for conservation and research, it requires 
intensive fieldwork for calibration/validation and substantial computing resources.

The models described above cannot be implemented easily and duplication at new sites needs 
caution, but staged efforts and priorities can be recommended. An important aspect is spatial vari-
ability. Different locations along either a reef or lagoon, for example, can display different tridac-
nine densities as a result of the combination of a number of biophysical processes, such as those 
associated with coastal hydrodynamics, climate change and pollution (Zuschin & Piller 1997, Green 
& Craig 1999, Andréfouët et al. 2005, Neo & Todd 2012b, Ullmann 2013). It is, therefore, desirable 
to first map the continuum of giant clam density across a reef system together with the clam size-
structure (Andréfouët et al. 2005, 2009, Gilbert et al. 2006b). Ideally, the spatial characterization of 
density and size-structure should be used to determine where to monitor population dynamics and 
life traits and, if there is ongoing human exploitation, focal sites should be selected to represent both 
exploited and refuge areas.

Information about larval dispersal is another critical input for conservation modelling. The 
priority level for such work is dependent on the degree of closure and isolation of the studied reef, 
or sets of reefs. In Singapore, for instance, there is a continuum of reefs along the continent and 
island shores organized in a dense matrix, and understanding larval dispersal of Tridacna squa-
mosa among reefs and (meta-)populations is necessary for the sound management of this species 
(Neo et al. 2013a). Conversely, the populations of T. maxima in the east Tuamotu archipelago of 
French Polynesia presents an opposing scenario, where remote and hydrodynamically closed atoll 
lagoons are more self-recruiting with limited flux from outside compared to open lagoons. While 
fluxes between atolls may be important for genetics, they are negligible in term of demography and 
fishery management (Van Wynsberge et al. 2016).

Biophysical modelling for conservation of giant clams is a new, complex and exciting task; 
however, it requires diverse spatial and temporal information that is difficult and costly to acquire. 
Nevertheless, population dynamics modelling and connectivity modelling are needed to create a 
holistic dynamic framework that can be applied to multiple locations, as well as to foster ambitious 
informative multidisciplinary studies to enhance knowledge for giant clam conservation.

Genetic information and evolutionary relationships for conservation planning

As molecular genetics techniques become more efficient and cost-effective, it is increasingly com-
mon for conservation managers to use genetic data in prioritizing species conservation (e.g. Huang 
2012, Neo & Todd 2012b, Beger et al. 2014, von der Heyden et al. 2014). Fundamentally, genetic 
data offer insights into genetic diversity, population connectivity, and the evolutionary history 
of species (Beger et al. 2014). Such information provides the opportunity to investigate cryptic 
species diversity (discussed earlier in ‘Contemporary threats and challenges’), spatial ecological 
interactions (Selkoe et al. 2008), as well as the evolutionary potential of species (Peijnenburg & 
Goetze 2013). The genetic structure of giant clam populations has been of interest since the 1990s, 
mainly to differentiate populations (e.g. Benzie & Williams 1992a,b, 1995, Macaranas et al. 1992), 
although none of these previous studies mentioned the incorporation of genetic information for 
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spatial conservation prioritization. Subsequent giant clam population genetic studies have provided 
opportunities to develop phylogenetically-informed management strategies (e.g. DeBoer et al. 2008, 
Kochzius & Nuryanto 2008, Neo & Todd 2012b).

Another genetic-based conservation approach is the consideration of evolutionary relationships 
within a clade of target species (Faith 1992, 2007), especially for species that may be at risk of 
extinction and thus lead to loss of phylogenetic diversity (Huang & Roy 2013, Curnick et al. 2015). 
One such platform is the EDGE (Evolutionarily Distinct and Globally Endangered) of Existence 
programme that converts IUCN threat categories to probabilities of extinction for phylogenetic 
conservation prioritization (Redding & Mooers 2006, Mooers et al. 2008). The current programme 
has applied these metrics to major taxonomic groups such as mammals (Isaac et al. 2007, Safi et al. 
2013) and amphibians (Isaac et al. 2012, Safi et al. 2013), but not to invertebrate taxa, with the 
exception of the Scleractinia (Huang 2012, Huang & Roy 2013). Given that wild tridacnines today 
are facing an array of threats, the use of phylogenetic diversity and evolutionary distinctiveness 
could help to hasten the evaluation of species’ extinction risk.

Beyond phylogeny, in principle, larval dispersal and population genetic information can contrib-
ute to the design of more effective reserve networks by ensuring that all identified (meta-)populations 
are represented within them and by protecting source areas (Fogarty & Botsford 2007). All pub-
lished studies thus far have used water circulation models and simulation of passive drifters to pre-
dict and explain (or not) the spatial patterns in genetic or demographic observations. In Indonesia, 
DeBoer et al. (2008) found poor agreement between larval dispersal distances of Tridacna crocea 
inferred from passive larval dispersal modelling and from genetic data. Van Wynsberge (2016) 
showed that biophysical models are in better agreement with T. maxima genetic observations in 
New Caledonia if habitat distribution and population densities are taken into account. Reaching an 
agreement between models and empirical in situ data is also likely largely dependent on enhanced 
realistic biophysical model forcing, with the necessary future inclusion of larval behaviour, settle-
ment processes, fine-scale coastal hydrodynamics, habitat distribution, and so on (Dumas et al. 
2014, Neo et al. 2013a, 2015b, Soo & Todd 2014, Van Wynsberge 2016). All these represent signifi-
cant long-term challenges.

The future of giant clams?

This review synthesizes the current state of knowledge on giant clam taxonomy, distribution and 
abundance, exploitation and other threats, and conservation issues. In general, there exists a global 
consensus that tridacnines in many localities are endangered, especially the larger species, Tridacna 
gigas and T. derasa, where >50% of naturally occurring populations are severely depleted, locally 
extinct, or data deficient. The combination of increased commercial demand (including large-scale 
illegal fisheries) coupled with advances in fishing techniques, transport and storage have had sig-
nificant negative impacts. Overharvesting for human use (consumption and materials) is probably 
the greatest driver of decline. Climate change, pollution, habitat loss and coastal development are 
additional factors that can deleteriously influence the survival of remaining stocks. As a result of 
lowered densities, populations are potentially experiencing component Allee effects (i.e. low-den-
sity constraints on fertilization efficacy), thus impairing their capacity to reproduce successfully in 
the wild (Neo et al. 2013a). Furthermore, the genetic diversity of populations may already have been 
reduced irretrievably in many areas. CITES listings and the IUCN Red List of Threatened catego-
ries have helped to raise awareness of the threats giant clams face, regulate trade and mitigate the 
decline of remnant populations. Local measures such as the enforcement of laws to regulate (or ban) 
both subsistence and commercial fishing (i.e. South Pacific), as well as mariculture and restocking 
to help maintain population numbers (i.e. Southeast Asia, Australia and the Pacific) have had some 
success. There is, however, a lack of standard protocols and regular monitoring to ascertain success 
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of these mitigation measures on a local scale. Decades of giant clam research have also contributed 
to our understanding of their systematics, biology, physiology and ecological significance, which 
has helped to reinforce the case for protecting these charismatic molluscs (Neo et al. 2015a).

Even though substantial effort and resources have been injected into giant clam conservation 
since the 1970s, positive results are limited. Successes are generally due to the availability of large 
sums of financial aid to support the continuity of programmes, strong governance to implement 
fishery policies, as well as the involvement of local communities to take ownership of their coastal 
resources and help manage them. Updated data and new conservation approaches such as biophysi-
cal modelling and molecular genetic tools will be needed to help resolve fundamental issues such 
as larval dispersal and connectivity, fishery projections, cryptic species and population genetics. 
Mariculture also has a complementary role in the conservation of giant clams, as it is capable of 
producing large numbers of individuals to assist the restoration of depleted populations, and it may 
relieve some fishing pressures. Collectively, these approaches should help to prevent local extinc-
tions of larger species (e.g. Tridacna gigas and T.  derasa) and avoid the population collapse of 
smaller ones (e.g. T. maxima). Towards these important goals, the following fundamental ecological 
questions need to be resolved:

• What is the minimum number and density of giant clams (i.e. minimum viable popula-
tion) needed to ensure that a population remains reproductive and yield genetically diverse 
progeny in the wild? Sexually mature individuals are becoming rare, and are therefore a 
limiting factor in reproductive success. These data are also key for restocking endeavours.

• Where and how should aggregations of restocked individuals be spatially arranged on reefs 
to optimize both fertilization success, survival and dispersal of larvae? Giant clams are 
broadcast spawners and aggregation is necessary to promote both spawning and fertiliza-
tion success. However, data such as the minimum distances required between spawning 
individuals remain limited.

• What is the genetic connectivity, and larval dispersal extent, of wild giant clam popula-
tions locally, regionally and globally? An understanding of how populations are related 
promotes appropriate boundary management among populations. Such data can also con-
tribute towards the maintenance of genetic diversity within regions, and will be especially 
useful for informing translocation and restocking endeavours.

• What are the phylogenetic relationships among giant clam species? This information is 
fundamental to the correct identification of species and subsequent planning of species-
specific policies.

• How might giant clams (both in the wild and mariculture) acclimatize/adapt to anthro-
pogenic threats, such as warming oceans and ocean acidification? There has been some 
progress on this front, mostly via manipulative experiments, but impacts on wild stocks 
and mariculture production are poorly understood.

These questions highlight the paucity of essential ecological data available to resource man-
agers trying to improve the success of restocking giant clams, as well as conservation planners 
designing legislation to ensure sustainable exploitation. In addition to science-based conservation 
and management, it is critical to engage all stakeholders and increase conservation literacy through 
education, outreach and capacity building. Emphasizing the ecological benefits of giant clams and 
the consequences of overexploitation can help bring about changes in attitude and lead to improved 
fishing practices. Enforcement of existing regulations and the implementation of locally-appropriate 
new legislation is also crucial if populations are to be protected.
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Appendix A: Supplementary materials

Table A1 List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

American Samoa Rose Atoll Radtke (1985) Y (survey data) Y (Table A3)

— Bell (1993) Y

— Nagaoka (1993) Y

Rose Atoll Green & Craig (1999) Y (survey data) Y (Table A3)

— Green (2002) Y

— Kelty & Kuartei (2004) Y

— Craig (2009) Y

— Reef Check (1997, 2003) Y (survey data) Y (Table A4)

Australia One Tree Island, Capricorn 
Group, QL

McMichael (1974) Y (survey data) Y (Table A3)

Orpheus Island, Palm Island 
Group, QL

Hamner & Jones (1976) Y (survey data) Y (Table A3)

Great Barrier Reef (North & 
South)

Braley (1987a, b) Y (survey data) Y (Table A3)

Lizard Island, Great Barrier 
Reef

Alder & Braley (1989) Y

Michaelmas Reef, Great 
Barrier Reef

Pearson & Munro (1991) Y (survey data) Y (Table A3)

Lizard Island, Great Barrier 
Reef

Braley & Muir (1995) Y (insufficient 
data)

Montebello Islands, 
Western Australia

Wells et al. (2000) Y

Mermaid Reef, Cartier 
Reef, and Ashmore Reef

Rees et al. (2003) Y (survey data) Y (Table A3)

Heron Island, southern 
Great Barrier Reef

Strotz et al. (2010) Y

Ningaloo Marine Park, WA Black et al. (2011) Y (survey data) Y (Table A3)

Solitary Islands Marine 
Park, NSW

Smith (2011) Y

Ningaloo Marine Park, WA Penny & Willan (2014) Y

Western Australia Borsa et al. (2015) Y (DNA)

Ningaloo Marine Park, WA Johnson et al. (2016) Y (survey data) Y (Table A3)

— Reef Check (1997–2014) Y (survey data) Y (Table A4)

British Indian Ocean 
Territory

Chagos Archipelago Sheppard (1984) Y

Chagos Archipelago 
(Salomon and Peros 
Banhos atolls)

Chagos Conservation 
Trust (FaceBook) (2014)

Y

Brunei — Reef Check

Cambodia — Vibol (N.D.) Y (survey data) Y (Table A3)

Koh Rong Chou (2000) Y (exploitation)

— Chou et al. (2002) Y (survey data) Y (Table A3)

— Kim et al. (2004) Y (survey data) Y (Table A3)

— Van Bochove et al. (2011) Y (survey data) Y (Table A3)

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Cambodia 
(Continued)

Song Saa Private Island, 
Koh Rong Archipelago

Savage et al. (2013) Y (survey data) Y (Table A3)

Koh Rong and Koh Koun, 
Koh Rong Archipelago

Thorne et al. (2015) Y (survey data) Y (Table A3)

— Reef Check (1998, 2001, 
2003, 2009–2010)

Y (survey data) Y (Table A4)

Cargados Carajos 
Archipelago

— Monsecour (2016) Y (exploitation) Y

China Hainan Islands Hutchings & Wu (1987) Y

Hainan Islands Fiege et al. (1994) Y

— Qi (2004) Y

Sanya waters Tadashi et al. (2008) Y

— Liu (2013) Y

— Reef Check (2000, 2002) Y (survey data) Y (Table A4)

Christmas Island Flying Fish Cove Andrews et al. (1900) Y

— Tomlin (1934) Y

— Wells & Slack-Smith 
(2000)

Y

— Gilligan et al. (2008) Y (survey data) Y (Table A3)

— Hourston (2010) Y (survey data) Y (Table A3)

— Huber (2010) Y

— Tan & Low (2014) Y

— Reef Check (2003–2007) Y (survey data) Y (Table A4)

Cocos (Keeling) 
Islands

— Gibson-Hill (1946) Y

— Abbott (1950) Y

— Maes (1967) Y

— Wells (1994) Y

— Hender et al. (2001) Y (survey data) Y (Table A3)

— Australian Government 
(2005)

Y (survey data) Y (Table A3)

— Hourston (2010) Y (survey data) Y (Table A3)

— Huber (2010) Y

— Bellchambers & Evans 
(2013)

Y (survey data) Y (Table A3)

— Tan & Low (2014) Y

— Evans et al. (2016) Y (survey data) Y (Table A3)

— Reef Check (1997–1999, 
2001–2005, 2007–2008)

Y (survey data) Y (Table A4)

Comoros Nioumachouoi site; 
Ouenefou reef

Bigot et al. (2000) Y

Cook Islands — Paulay (1987) Y

Aitutaki Lagoon, Manihiki 
Lagoon, Suwarrow Lagoon, 
and Penrhyn Lagoon 

Sims & Howard (1988) Y (survey data) Y (Table A3)

— Tisdell & Wittenberg 
(1992)

Y

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Cook Islands 
(Continued)

Tongareva Lagoon Chambers (2007) Y (survey data) Y (Table A3)

Tongareva Lagoon Chambers (2008) Y (insufficient 
data)

— Reef Check (2005) Y Y (Table A4)

Djibouti — Pilcher & Djama (2000) Y (survey data) Y (Table A3)

— PERSGA (2010) Y (survey data) Y (Table A3)

East Timor Dili Flickr Y

— Reef Check (2004, 2008) Y (survey data) Y (Table A4)

Egypt Northern Bay of Safaga, 
Red Sea

Zuschin & Pillar (1997) Y (survey data) Y (Table A3)

Northern Red Sea Kilada et al. (1998) Y (survey data) Y (Table A3)

Northern Red Sea Ullmann (2013) Y (survey data) Y (Table A3)

Egyptian Red Sea Mekawy (2014) Y

Red Sea area Richter et al. (2008) Y (survey data) Y (Table A3)

Red Sea area Huber & Eschner (2011) Y

Northern Red Sea Mekawy & Madkour 
(2012)

Y

— Reef Check (1997, 
2000–2015)

Y (survey data) Y (Table A4)

Eritrea — Reef Check (2000) Y (survey data) Y (Table A4)

Federated States of 
Micronesia

Yap State Price & Fagolimul (1988) Y

— Smith (1992) Y

Kosrae, part of the Caroline 
Islands

Borsa et al. (2015) Y

— Reef Check (2000–2008) Y (survey data) Y (Table A4)

Fiji — Lewis et al. (1988) Y

Eastern islands (Lau) Lewis & Ledua (1988) Y

Eastern islands (Lau) Lucas et al. (1991) Y

Eastern islands (Lau) Vuki et al. (1992) Y

— Tacconi & Tisdell (1992) 
Chapter 13

Y

— Tisdell & Wittenberg 
(1992)

Y

Eastern islands (Lau) Ledua et al. (1993) Y (survey data) Y (Table A3)

Southwest Viti Levu Island Seeto et al. (2012) Y (exploitation)

Viti-Levu Borsa et al. (2015) Y

— Reef Check (1997, 
1999–2011)

Y (survey data) Y (Table A4)

French Polynesia Takapoto Atoll Jaubert (1977) Y

Takapoto Atoll Richard (1977) Y (survey data) Y (Table A3)

Bora Bora Lagoon Planes et al. (1993) Y

Moorea, Takapoto, and 
Anaa

Laurent (2001) Y (survey data) Y (Table A3)

Tatakoto Atoll, Eastern 
Tuamotu

Gilbert et al. (2005) Y (survey data) Y (Table A3)

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

French Polynesia 
(Continued)

Fangatau Atoll, Eastern 
Tuamotu

Andréfouët et al. (2005) Y (survey data) Y (Table A3)

Tubuai, Austral Islands Larrue (2006) Y

Reao, Pukarua, and 
Raivavae

Gilbert et al. (2006a) Y (survey data) Y (Table A3)

Fangatau Atoll, Tatakoto 
Atoll, and Tubuai

Gilbert et al. (2006b) Y (survey data) Y (Table A3)

Tubuai, Austral Islands Newman & Gomez (2007) Y

— Gilbert et al. (2007) Y

Raivavae Island Andréfouët et al. (2009) Y (survey data) Y (Table A3)

Tatakoto Atoll Andréfouët et al. (2013) Y (survey data) Y (Table A3)

— Van Wynsberge et al. 
(2013)

Y (survey data) Y (Table A3)

Tuamotu and Gambier 
Archipelago

Andréfouët et al. (2014) Y

— Reef Check (1999–2014) Y (survey data) Y (Table A4)

Guam — Stojkovich (1977) Y

— Munro (1989) Y

— Hensley & Sherwood 
(1993)

Y

— Anonymous (1994) Y

— Paulay (2003) Y

— Reef Check (1998–1999, 
2001, 2004)

Y (survey data) Y (Table A4)

Hong Kong Mirs Bay Morton & Morton (1983) Y

— Reef Check (2003, 2006, 
2011)

Y (survey data) Y (Table A4)

India Andaman and Nicobar 
Islands

Rosewater (1965) Y

Kavaratti Atoll Namboodiri & Sivadas 
(1979)

Y

Andaman and Nicobar 
Islands

Ramadoss (1983) Y (survey data) Y (Table A3)

Lakshadweep George et al. (1986) Y

Lakshadweep Apte & Dutta (2010) Y

Lakshadweep Apte et al. (2010) Y (survey data) Y (Table A3)

Lakshadweep Bijukumar et al. (2015) Y (legislation)

— Reef Check (1998) Y (survey data) Y (Table A4)

Indonesia Karimun Java Brown & Muskanofola 
(1985)

Y (survey data) Y (Table A3)

— Pasaribu (1988) Y

Karimunjawa Islands Pringgenies et al. (1995) Y

Gulf of Tomini, Sulawesi Wells (2001) Y

Rajah Ampat Islands, Papua 
Province

Wells (2002) Y

Pari Island Eliata et al. (2003) Y (survey data) Y (Table A3)

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Indonesia 
(Continued)

Anambas and Natuna 
Islands

Tan & Kastoro (2004) Y

Pari Island Panggabean (2007) Y

Seribu Islands and Manado 
waters

Yusuf et al. (2009) Y (survey data) Y (Table A3)

Kei Kecil, Southeast 
Maluku

Kusnadi et al. (2008) Y

Kei Kecil, Southeast 
Maluku

Hernawan (2010) Y (survey data) Y (Table A3)

Savu Sea, East Nusa 
Tenggara Province

Naguit et al. (2012) Y (survey data) Y (Table A3)

Bunaken, Manado and Alor 
Archipelago, Savu Sea and 
Doi Island

Borsa et al. (2015) Y

— Reef Check (1997–2014) Y (survey data) Y (Table A4)

Israel Eilat (southernmost Israel) Flickr Y

— Reef Check (1997–1998, 
2001)

Y (survey data) Y (Table A4)

Japan — Hirase (1954) Y

Okinawa Kanno et al. (1976) Y

Okinawa Okada (1997) Y

Ogasawara National Park Fujiwara et al. (2000) Y

Okinawa and Ishigaki 
Islands

Kubo & Iwai (2007) Y

— Reef Check (1997–2012, 
2014)

Y (survey data) Y (Table A4)

Jordan Northern Gulf of Aqaba Roa-Quaoit (2005) Y (survey data) Y (Table A3)

Jordanian coast of Gulf of 
Aqaba

Al-Horani et al. (2006) Y (survey data) Cannot be easily 
retrieved

Red Sea area Richter et al. (2008) Y (survey data) Y (Table A3)

Red Sea area Huber & Eschner (2011) Y

— Reef Check (2007) Y (survey data) Y (Table A4)

Kenya — Evans et al. (1977) Y (exploitation)

Kenyan coastline Accordi et al. (2010) Y

— Anam & Mostarda (2012) Y

— Reef Check (2003–2004) Y (survey data) Y (Table A4)

La Réunion — Flickr Y

— Reef Check (2003–2013) Y (survey data) Y (Table A4)

Madagascar Northwest Madagascar Wells (2003) Y

Andavadoaka region Harding et al. (2006) Y (survey data) Y (Table A3)

Andavadoaka region Nadon et al. (2007) Y (survey data) Y (Table A3)

Northern Madagascar Harding & 
Randriamanantsoa 
(2008)

Y (survey data) Y (Table A3)

Southwest Madagascar Barnes & Rawlinson 
(2009)

Y

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Madagascar 
(Continued)

Andavadoaka region Hopkins (2009) Y (survey data) Y (Table A3)

— Reef Check (2001, 
2003–2005, 2007, 
2009–2011)

Y (survey data) Y (Table A4)

Malaysia Pulau Redang Mohamed-Pauzi et al. 
(1994)

Y

Pulau Tioman Tan et al. (1998) Y (survey data) Y (Table A3)

Johore Islands Zulfigar & Tan (2000) Y

Johore Islands Tan & Zulfigar (2001) Y

— Tan & Zulfigar (2003) Y

Tun Sakaran Marine Park, 
East Sabah

Montagne et al. (2013) Y (survey data) Y (Table A3)

— Reef Check (1997–2000, 
2003–2012, 2014)

Y (survey data) Y (Table A4)

Maldives — Basker (1991) Y (survey data) Y

Baa Atoll Andréfouët et al. (2012) Y

— Reef Check (1997, 2001, 
2005–2014)

Y (survey data) Y (Table A4)

Marshall Islands Rongelap Island Pinca & Beger (2002) Y (survey data) Y (Table A3)

Mili Atoll, Rongelap Atoll Beger & Pinca (2003) Y (survey data) Cannot be easily 
retrieved

— Beger et al. (2008) [http://
www.nras-conservation.
org/publications.html]

Y

— Reef Check (2002) Y (survey data) Y (Table A4)

Mauritius — Michel et al. (1985) Y

Rodrigues Island Oliver et al. (2004) Y

— Reef Check (1999–2003) Y (survey data) Y (Table A4)

Mayotte Mayotte Jana Around the World 
(2010)

Y

— Reef Check (2003–2007, 
2009–2010, 2014)

Y (survey data) Y (Table A4)

Mozambique Quirimba Archipelago Barnes et al. (1998) Y

— ReefBuilders.com (2015) Y

— Reef Check (1997, 
2000–2002)

Y (survey data) Y (Table A4)

Myanmar — Wells (1997) Y

— Reef Check (2001, 
2003–2005, 2013)

Y (survey data) Y (Table A4)

Nauru — Jacob (2000) Y

— South & Skelton (2000) Y

— Chin et al. (2011) Y

New Caledonia North Province (Kone, 
Koumac, Touho, 
Hienghène)

Virly (2004) Y (survey data) Y (Table A3)

North Eastern Lagoon 
(Poeubo to Hienghène)

McKenna et al. (2006) Y (survey data) Y (Table A3)

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

New Caledonia 
(Continued)

Poum Vieux (2009) Y (survey data) Y (Table A3)

Corne Sud Wantiez et al. (2007a) Y (survey data) Y (Table A3)

Ile des Pins Wantiez et al. (2007b) Y (survey data) Y (Table A3)

Bourail Wantiez et al. (2007c) Y (survey data) Y (Table A3)

Grand Lagon Nord Wantiez et al. (2008a) Y (survey data) Y (Table A3)

Merlet Wantiez et al. (2008b) Y (survey data) Y (Table A3)

Ducos Island, Bay of Saint 
Vincent

Aubert et al. (2009) Y

New Caledonia (50 sites) Purcell et al. (2009) Y (survey data) Y (Table A3)

Noumea Chin et al. (2011) Y

New Caledonia Dumas et al. (2011) Y (survey data) Y (Table A3)

Ioro reef Schwartzmann et al. (2011) Y

— Dumas et al. (2013) Y (survey data) Y (Table A3)

and Loyalty Islands Borsa et al. (2015) Y

Northeastern coast of New 
Caledonia

Tiavouane & Fauvelot 
(2016)

Y (DNA)

— Reef Check (1997–1998, 
2001, 2003–2011)

Y (survey data) Y (Table A4)

Niue — Dalzell et al. (1993) Y (survey data) Y (Table A3)

— Vieux et al. (2004) Y

— Kronen et al. (2008) Y (survey data) Y (Table A3)

Northern Mariana 
Islands

Saipan Island Flickr Y

Maug Island Flickr Y

Palau South of Kokor, Western 
Caroline Islands

Hardy & Hardy (1969) Y (survey data) Y (Table A3)

Helen Reef, Western 
Caroline Islands

Hester & Jones (1974) Y (survey data) Y (Table A3)

Helen Reef, Western 
Caroline Islands

Bryan & McConnell 
(1976)

Y (survey data) Y (Table A3)

Helen Reef, Western 
Caroline Islands

Hirshberger (1980) Y (survey data) Y (Table A3)

— Isamu (2008) Y (insufficient 
data)

— Reef Check (1997, 
2000–2003, 2006)

Y (survey data) Y (Table A4)

Papua New Guinea Milne Bay Province Kinch (2001) Y (survey data) Y (Table A3)

Milne Bay Province Kinch (2002) Y (survey data) Y (Table A3)

Milne Bay Province Wells & Kinch (2003) Y

Milne Bay Province Miller & Sweatman 
(2004)

Y

— Berzunza-Sanchez et al. 
(2013)

Y (history)

Madang and Kavieng Borsa et al. (2015) Y

Kavieng, New Ireland Militz et al. (2015) Y (survey data) Y (Table A3)

— Reef Check (1998–2000, 
2002, 2004, 2008–2009)

Y (survey data) Y (Table A4)

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Philippines Sulu Archipelago Rosewater (1982) Y

South-Central Philippines Alcala (1986) Y (survey data) Y (Table A3)

— Alcala & Alcazar (1987) Y (insufficient 
data)

Sulu Archipelago and 
Southern Palawan

Villanoy et al. (1988) Y

— Gomez & Alcala (1988) Y (survey data) see Juinio et al. 
(1989)

— Juinio et al. (1989) Y (survey data) Y (Table A3)

— Calumpong & Cadiz 
(1993)

Y (survey data) Y (Table A3)

— Gomez et al. (2000) Y (insufficient 
data)

— Calumpong et al. (2002) Y

Tubbataha Reefs Natural 
Park

Dolorosa & Schoppe 
(2005)

Y (survey data) Y (Table A3)

— Gomez & Mingoa-
Licuanan (2006)

Y (insufficient 
data)

Caniogan Marine Sanctuary, 
NW Philippines

Cabaitan et al. (2008) Y (insufficient 
data)

Bolinao Reef System Dizon et al. (2008) Y (insufficient 
data)

Tubbataha Reefs Natural 
Park

Dolorosa (2010) Y (survey data) Y (Table A3)

Tubbataha Reefs Natural 
Park

Dolorosa & Jontila (2012) Y (survey data) Y

Island of Hadji Panglima 
Tahil, Sulu

Tabugo et al. (2013) Y

Tubbataha Reefs Natural 
Park

Dolorosa et al. (2014) Y

Sibulan, Negos, Philippines Borsa et al. (2015) Y (DNA)

Sabang Reef Fish 
Sanctuary, Honda Bay

Gonzales et al. (2014a) Y (survey data) Y (Table A3)

Apulit Island, West Sulu 
Sea, Palawan

Gonzales et al. (2014a) Y (survey data) Y (Table A3)

Apulit Island, Taytay Bay, 
Palawan

Gonzales et al. (2014b) Y (survey data) Y (Table A3)

Tubbataha Reefs Natural 
Park

Dolorosa et al. (2015) Y

Tubbataha Reefs Natural 
Park

Conales et al. (2015) Y (survey data) Y (Table A3)

— Reef Check (1997–2008, 
2010–2014)

Y (survey data) Y (Table A4)

Pitcairn Islands — Paulay (1989) Y

Oeno Atoll Irving & Dawson (2013) Y (survey data) Y (Table A3)

Republic of Kiribati Fanning Atoll Kay (1970) Y

— Taniera (1988) Y

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Republic of Kiribati 
(Continued)

Central Gilbert Islands Munro (1988) Y (survey data) Y (Table A3)

Caroline Atoll (formerly 
Gilbert Islands)

Kepler & Kepler (1994) Y (survey data) Y (Table A3)

Gilbert Islands Thomas (2001) Y

Northern Line Islands Sandin et al. (2008) Y (survey data) Y (Table A3)

Millenium Atoll Barott et al. (2010) Y (survey data) Y (Table A3)

Northern Line Islands Williams et al. (2013) Y

Kiritimati, Northern Line 
Islands

Borsa et al. (2015) Y

— Thomas (2014) Y (history)

Samoa — Zann (1989) Y

Upolu, Western Samoa Zann (1991) Y

Western Samoa Tacconi & Tisdell (1992) 
Chapter 13

Y

— Tisdell & Wittenberg 
(1992)

Y

— South & Skelton (2000) Y

— Tiitii et al. (2014) Y

— Flickr Y

Saudi Arabia Jeddah Hughes (1977) Y

Jeddah Bodoy (1984) Y (survey data) Y (Table A3)

— PERSGA (2010) Y (survey data) Y (Table A3)

— Reef Check 
(1999,2008–2009)

Y (survey data) Y (Table A4)

Saya de Malha 
Banks (currently 
administered by 
Mauritius)

— Sirenko & Scarlato (1991) Y

Seychelles Mahe Taylor (1968) Y

Seychelle Islands Selin et al. (1992) Y (survey data) Y (Table A3)

Aride Island Beach Agombar et al. (2003) Y (survey data) Y (Table A3)

Silhouette Island Gerlach & Gerlach (2004) Y

— Reef Check (1997, 2001) Y (survey data) Y (Table A4)

Singapore Singapore Courtois de Vicose & 
Chou (1999)

Y (insufficient 
data)

Southern Islands Guest et al. (2008) Y (survey data) Y (Table A3)

— Todd & Guest (2008) Y (insufficient 
data)

— Soo et al. (2010) Y (insufficient 
data)

Southern Islands Neo & Todd (2012a,b) Y (survey data) Y (Table A3)

— Neo et al. (2013) Y (insufficient 
data)

— Neo & Todd (2013) Y (survey data) Y (Table A3)

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Solomon Islands — Govan et al. (1988) Y

— Skewes (1990) Y (insufficient 
data)

— Bell et al. (1997) Y (insufficient 
data)

— Bell (1999) Y (insufficient 
data)

Arnavon Marine 
Conservation Area

Lovell et al. (2004) Y

— Ramohia (2006) Y (survey data) Y (Table A3)

Bellona (Mungiki) Island Thaman et al. (2011) Y

— Borsa et al. (2015) Y (DNA)

— Reef Check (2005–2012) Y (survey data) Y (Table A4)

Somalia — Sommer et al. (1996) Y

— Pilcher & Alsuhaibany 
(2000)

Y

South Africa — Reef Check (2000–2002, 
2005)

Y (survey data) Y (Table A4)

South China Sea Xisha Islands (Paracel 
Islands)

Zhuang (1978) Y

Xisha (Paracel Islands) and 
Nansha Islands (Spratly 
Islands)

Bernard et al. (1993) Y

Xisha Islands (Paracel 
Islands)

Pan & Lan (1998) Y

Pulau Layang Layang 
(Swallow Reef) (Malaysia)

Sahari et al. (2002) Y (survey data) Y (Table A3)

North Spratly Islands Van Long et al. (2008) Y (survey data) Y (Table A3)

North Danger Reef and 
Jackson Atoll

Calumpong et al. (2008) Y

North Danger Reef and 
Trident Shoal

Lasola & Hoang (2008) Y (survey data) Y (Table A3)

North Danger Reef and 
Jackson Atoll

Calumpong & 
Macansantos (2008)

Y (survey data) Y (Table A3)

Dongsha Atoll (Pratas 
Islands) (Taiwan)

Borsa et al. (2015) Y

Taiping Island (Itu Aba 
Island, Spratly group)

A Frontier in the South 
China Sea: Biodiversity 
of Taiping Island, 
Nansha Islands (2014)

Y

Sri Lanka — Reef Check (2003) Y (survey data) Y (Table A4)

Sudan Harvey reef, Baraja reef, 
Lighthouse reef, Mersa 
Towartit

Taylor & Reid (1984) Y

Sanganeb Atoll CBD Report (N.D.) Y

— Reef Check (2004, 2009) Y (survey data) Y (Table A4)

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Taiwan — Wu (1999) Y

Northern and Southern 
Taiwan, Orchid Island, 
Green Island, 
Hsiaoliuchiu, Penghu

Tang (2005) Y

Gueishan Island Huang et al. (2013) Y

Northern and Southern 
Taiwan, Orchid Island, 
Green Island, 
Hsiaoliuchiu, Penghu

Su et al. (2014) Y

— Reef Check (1998, 
2008–2010)

Y (survey data) Y (Table A4)

Tanzania Zanzibar Gossling et al. (2004) Y

Chumbe Island Daniels (2004) Y (survey data) Y (Table A3)

Kilwa Island, southern 
Swahili coast

Nakamura (2013) Y

— Reef Check (1997–1998, 
2003–2008)

Y (survey data) Y (Table A4)

Thailand Lee-Pae Island, Andaman 
Seas

Chantrapornsyl et al. 
(1996)

Y (survey data) Y (Table A3)

Surin Islands Kittiwattanawong (1997) Y

Surin Islands, Andaman Sea 
and Racha Yai Island, 
Phuket

Kittiwattanawong (2001) Y

Andaman Seas, Gulf of 
Thailand

Kittiwattanawong et al. 
(2001)

Y

Surin Islands Koh et al. (2003) Y (survey data) Y (Table A3)

Surin Islands Loh et al. (2004) Y (survey data) Y (Table A3)

Mannai Island, Rayong 
province

Junchompoo et al. (2013) Y (survey data) Y (Table A3)

— Reef Check (1998–2001, 
2003–2015)

Y (survey data) Y (Table A4)

Tokelau — Braley (1989) Y (survey data) Y (Table A3)

— Tisdell & Wittenberg 
(1992)

Y

— Vieux et al. (2004) Y

Tonga — Langi & Hesitoni ‘Aloua 
(1988)

Y (survey data) Y (Table A3)

Ha’apai, Vava’u Islands Lucas et al. (1991) Y

— Tacconi & Tisdell (1992) 
Chapter 13

Y

— Tisdell & Wittenberg 
(1992)

Y

— Chesher (1993): p. 31 Y (survey data) Y (Table A3)

Ha’apai, Vava’u Islands Ledua et al. (1993) Y (survey data) Y (Table A3)

— Sone & Loto’ahea (1995) Y

Continued
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Table A1 (Continued) List of localities with giant clams (in alphabetical order)

Locality Locality Citations
Was data useful 

for review?
Was data 
extracted?

Tonga (Continued) Tongatapu Island Tu’avao et al. (1995) Y (survey data) Y (Table A3)

— Salvat (2000) Y

— Reef Check (2002, 2013) Y (survey data) Y (Table A4)

Tuvalu Nukufetau, Nukulaelae, 
Funafuti

Braley (1988) Y (survey data) Y (Table A3)

Nanumea, Nui Langi (1990) Y (survey data) Y (Table A3)

— Lovell et al. (2004) Y

— Sauni et al. (2008) Y (survey data) Y (Table A3)

— Job & Ceccarelli (2012) Y (survey data) Y (Table A3)

Funafuti Siaosi et al. (2012) Y (survey data) Y (Table A3)

United States Minor 
Outlying Islands

Palmyra Atoll Flickr Y

Kingman Reef National 
Wildlife Refuge

Flickr Y

Vanuatu — Zann & Ayling (1988) Y (survey data) Y (Table A3)

— Bell & Amos (1993) Y (survey data) Y [same as Zann 
& Ayling (1988)]

— Lovell et al. (2004) Y

— Nimoho et al. (2013) Y (survey data) Y (Table A3)

Efate Borsa et al. (2015) Y

— Reef Check (2004, 2008, 
2011–2012)

Y (survey data) Y (Table A4)

Viet Nam An Thoi Archipelago Latypov (2000) Y

Central Viet Nam Latypov (2001) Y

Mju and Moon Islands Latypov (2006) Y (survey data) Y (Table A3)

Con Dao Islands Selin & Latypov (2011) Y (survey data) Y (Table A3)

Gulf of Siam and South Viet 
Nam

Latypov & Selin (2011) Y (survey data) Y (Table A3)

Ku Lao Cham Islands Latypov & Selin (2012a) Y

Cam Ranh Bay Latypov & Selin (2012b) Y (survey data) Y (Table A3)

— Latypov (2013) Y (survey data) Y (Table A3)

Khanh Hoa Province Latypov & Selin (2013) Y (survey data) Y

— Long & Vo (2013) Y (survey data) Cannot be easily 
retrieved

— Reef Check (1998–2006) Y (survey data) Y (Table A4)

Wallis and Futuna 
Islands

Wallis Island Pollock (1992) Y

Wallis Island Borsa et al. (2015) Y

Yemen — PERSGA (2010) Y (survey data) Y (Table A3)

Kamaran Island Huber & Eschner (2011) Y

— Reef Check (1999, 2001, 
2008)

Y (survey data) Y (Table A4)

Note: Full reference list in Appendix B.
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Table A2 Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Red Sea

Djibouti TM Djibouti PERSGA (2010)

TS Djibouti PERSGA (2010)

Egypt TM Egypt Wells et al. (1983); PERSGA (2010); 
Mekawy & Madkour (2012); Mekawy 
(2014)

Coral carpets, Northern Bay of 
Safaga

Zuschin & Pillar (1997)

Gulf of Aqaba Kilada (1998); Zuschin & Stachowitsch 
(2007)

Abu Sauatir, Northern Red Sea Ullmann (2013)

TS Egypt Wells et al. (1983); PERSA (2010)

Gulf of Aqaba Kilada (1998)

TSI (previously 
TCO)

Sinai coast, western Gulf of 
Aqaba; Northern Red Sea, 
Egyptian mainland

Richter et al. (2008); Huber & Eschner 
(2011)

Eritrea Tridacna spp. No data Reef Check

Israel TM Eilat (southernmost of Israel, 
Red Sea)

Flickr Eduardo Pszczol (2006)

TS Eilat (southernmost of Israel, 
Red Sea)

Flickr Eduardo Pszczol (2005)

TSI (previously 
TCO)

Eilat (southernmost of Israel, 
Red Sea)

Flickr Eduardo Pszczol (2006)

Jordan TM Jordanian coast of Gulf of Aqaba Roa-Quiaoit (2005); PERSGA (2010)

TS Jordanian coast of Gulf of Aqaba Roa-Quiaoit (2005); PERSGA (2010)

TSI (previously 
TCO)

Jordanian Red Sea coast Richter et al. (2008); Huber & Eschner 
(2011)

Tridacna spp. Jordanian coast of Gulf of Aqaba Al-Horani et al. (2006)

Saudi Arabia TM Jeddah Hughes (1977); Bodoy (1984)

Saudi Arabia Wells et al. (1983); Munro (1989); 
PERSGA (2010)

TS Jeddah Hughes (1977)

Saudi Arabia Wells et al. (1983); PERSGA (2010)

TSI (previously 
TCO)

Aqaba, Tabouk Flickr Magnus Franklin (2010)

Sudan TM Harvey reef, Towartit Taylor & Reid (1984)

Baraja (patch reef) Taylor & Reid (1984)

Sudan PERSGA (2010)

TS Harvey reef, Towartit Taylor & Reid (1984)

Sudan PERSGA (2010)

Yemen TM Yemen PERSGA (2010)

TS Yemen PERSGA (2010)

TSI (previously 
TCO)

Kamaran Island Huber & Eschner (2011)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

South-East Africa

Comoros TM Itsandra Plongee Flickr Eric de Troyer

TS Itsandra Plongee Flickr Eric de Troyer

Tridacna spp. Nioumachouoi site and Ouenefou 
reef

Wilkinson (2000)

Kenya TG? Kenya Accordi et al. (2010)

TM Kenya Evans et al. (1977); Wells et al. (1983); 
Anam & Mostarda (2012)

TS Kenya Wells et al. (1983); Anam & Mostarda 
(2012)

Madagascar TG? Andavadoaka region Hopkins (2009)

TM Madagascar Wells et al. (1983); Wells (2003), 
C. Gough (BlueVentures), pers. comm.

TS Madagascar Wells et al. (1983); Wells (2003), 
C. Gough (BlueVentures), pers. comm.

Northern Madagascar Harding & Randriamanantsoa (2008)

Southwestern Madagascar Barnes & Rawlinson (2009)

Tridacna spp. Andavadoaka region Harding et al. (2006)

Giant clams Andavadoaka region Nadon et al. (2007)

Mauritius TG? Mauritius (Text: “specimen 92 cm 
long”)

Michel et al. (1985)

TM Mauritius Wells et al. (1983); Michel et al. (1985)

Rodrigues Island Oliver et al. (2004)

TS Mauritius Wells et al. (1983); Michel et al. (1985)

Mayotte TM Mayotte Blog: Jana around the world; 
S. Andréfouët, pers. obs.

TS Mayotte Blog: Jana around the world; 
S. Andréfouët, pers. obs.

Mozambique TM Mozambique Wells et al. (1983)

Azura Benguerra Island Unknown

TS Mozambique Wells et al. (1983)

Quirimba Archipelago Barnes et al. (1998)

Paindane Coral Garden P. Southwood, pers. comm. (2009)

TSI (previously 
TCO)

Bazurato Island Flickr Mark van Malsen (2008)

Creche, Southern Mozambique C. Lindeque, pers. comm. (2012)

Inhambane Province Flickr Vera & Gordon (2012)

Mozambique ReefBuilders.com (2015), N. Helgason, 
pers. comm. (2015)

La Réunion TS La Réunion Flickr Cedric Peneau (2014)

Seychelles TC Coetivy Island Selin et al. (1992)

TM Mahe Taylor (1968); Selin et al. (1992)

Seychelles Wells et al. (1983)

Aride Island Beach Agombar et al. (2003)

Silhouette Island Gerlach & Gerlach (2004)

TS Mahe Taylor (1968)

Seychelles Wells et al. (1983)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Seychelles 
(Continued)

Aride Island Beach Agombar et al. (2003)

Silhouette Island Gerlach & Gerlach (2004)

Somalia TM Somalia Sommer et al. (1996)

TS Somalia Sommer et al. (1996)

Tridacna spp. Somalia Pilcher & Alsuhaibany (2000)

South Africa TM South Africa Wells et al. (1983); Munro (1989)

TS South Africa Munro (1989)

Tanzania TM Kilwa Island Nakamura (2013)

Chumbe Island Daniels (2004)

TS Zanzibar Gossling et al. (2004)

Chumbe Island Daniels (2004)

Indian Ocean

Cargados Carajos 
Archipelago

TLZ Cargados Carajos Archipelago Monsecour (2016)

TM Cargados Carajos Archipelago Monsecour (2016)

TS Cargados Carajos Archipelago Monsecour (2016)

Christmas Island TC Christmas Island Sources found in Tan & Low (2014)

TD Christmas Island Sources found in Tan & Low (2014)

TG Christmas Island (EXTINCT) Andrews et al. (1900); Tomlin (1934); 
Wells & Slack-Smith (2000); Hourston 
(2010)

TM Christmas Island Tomlin (1934); Wells & Slack-Smith 
(2000); Hourston (2010)

TNO Christmas Island Neo & Low (2017)

TS Christmas Island Wells & Slack-Smith (2000); Hourston 
(2010)

Cocos (Keeling) 
Islands (Australia 
Territory)

TC Cocos (Keeling) Islands Abbott (1950)

TD Cocos (Keeling) Islands Maes (1967); Wells et al. (1983); Munro 
(1989); Wells (1994); Hourston (2010)

TG Cocos (Keeling) Islands 
(EXTINCT)

Wells (1994); Hender et al. (2001); 
Hourston (2010)

TM Cocos (Keeling) Islands Maes (1967); Wells (1994); Australian 
Government (2005); Hourston (2010); 
Bellchambers & Evans (2013); Evans 
et al. (2016)

TS Cocos (Keeling) Islands 
(EXTINCT)

Gibson-Hill (1946)

British Indian 
Ocean Territory

TM Chagos Archipelago Wells et al. (1983); Sheppard (1984); 
Chagos Conservation Trust (2014)

TS Chagos Archipelago Wells et al. (1983); Sheppard (1984); 
Chagos Conservation Trust (2014)

India HH Andaman Islands Rosewater (1965)

Nicobar Islands Rosewater (1965)

TC Kavaratti Namboodiri & Sivadas (1979)

Andaman Islands Ramadoss (1983)

Nicobar Islands Ramadoss (1983)

TG Andaman and Nicobar Islands Apte et al. (2010)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

India (Continued) TM Andaman Islands Ramadoss (1983); Wells et al. (1983); 
Munro (1989)

Nicobar Islands Ramadoss (1983); Munro (1989)

Laccadives Munro (1989)

Lakshadweep Archipelago George et al. (1986); Apte & Dutta 
(2010); Apte et al. (2010)

TS Andaman Islands Ramadoss (1983); Munro (1989)

Nicobar Islands Ramadoss (1983); Munro (1989)

Laccadives Munro (1989)

Maldives TM Maldives Wells et al. (1983)

Central and northern atolls Basker (1991)

Baa Atoll Andréfouët et al. (2012)

TS Maldives Wells et al. (1983)

Central and northern atolls Basker (1991)

Baa Atoll Andréfouët et al. (2012)

Saya de Malha 
Bank

TR Saya de Malha Bank Sirenko & Scarlato (1991)

Sri Lanka TM Sri Lanka Wells et al. (1983); Munro (1989)

TS Sri Lanka Munro (1989)

East Asia

China TC Sanya Qi (2004)

Xincun Qi (2004)

TM China Wells et al. (1983)

TS Hainan Island (Shalao, 
Xiaodonghai, Xizhou Islet, 
Dongzhou Islet, Yezhu Island)

Fiege et al. (1994)

Sanya Qi (2004)

Xincun Qi (2004)

Tridacna spp. Lunya Bay, Hainan Island Hutchings & Wu (1987)

Sanya waters Tadashi et al. (2008)

Hong Kong TM Mirs Bay Morton & Morton (1983)

Japan HH Ryukyu Hirase (1954); Wells et al. (1983)

Okinawa Bernard et al. (1993); Okada (1997)

TC Amami-oshima Hirase (1954); Miklos Kazmer, pers. 
comm. (2015)

Ishigaki Kanno et al. (1976)

Ryukyu Wells et al. (1983); Munro (1989)

Okinawa Bernard et al. (1993); Okada (1997)

Sesoko Island, Okinawa Flickr Jin-Yao Ong (2013)

TG Yaeyama, Ryukyu Hirase (1954); Wells et al. (1983)

TM Amami-oshima Hirase (1954)

Ishigaki Kanno et al. (1976)

Japan Wells et al. (1983)

Ryukyu (EXTINCT) Munro (1989)

Okinawa Bernard et al. (1993); Okada (1997)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Japan (Continued) Ogasawara National Park (Chichi 
and Haha Islands)

Fujiwara et al. (2000)

Tokashiki-son, Okinawa Flickr Nemo’s great uncle (2009)

Clothesline, Okinawa Flickr chino1138 (2012)

TNO Okinawa and Ishigaki Islands Kubo & Iwai (2007)

TS Ryukyu Hirase (1954); Munro (1989)

Ishigaki Kanno et al. (1976)

Japan Wells et al. (1983)

Okinawa Bernard et al. (1993); Okada (1997)

Taiwan HH EXTINCT Bernard et al. (1993); Munro (1989)

Hengchun, Lanyu Wu (1999)

TC Taiwan Bernard et al. (1993)

Hengchun, Lanyu Wu (1999)

Gueishan Island Huang et al. (2013)

TD EXTINCT Bernard et al. (1993)

Hengchun, Lanyu Wu (1999)

TG EXTINCT Bernard et al. (1993); Munro (1989)

Hengchun, Lanyu Wu (1999)

Gueishan Island Huang et al. (2013)

TM Taiwan Wells et al. (1983); Bernard et al. (1993)

Taipei, Suao, Daikanko, 
Kaohsiung, Shaoliuchiu, 
Penghu, Hengchun, Lanyu

Wu (1999)

Gueishan Island Huang et al. (2013)

Lamay Island Flickr Dennis Wong (2013)

Lanyu, Orchid Island Flickr Blowing Puffer Fish (2015)

TNO Northern and Southern Taiwan, 
Orchid Island, Green Island, 
Hsiaoliuchiu, Penghu

Tang (2005); Su et al. (2014)

TS Taiwan Bernard et al. (1993)

Hengchun, Lanyu Wu (1999)

Green Island Flickr Michael Huang (2007); Flickr 
rcmlee99 (2015)

South China Sea HH Xisha Islands (Paracel Islands) Zhuang (1978); Pan & Lan (1998); 
Qi (2004)

Xisha (Paracel Islands) and 
Nansha Islands (Spratly Islands)

Bernard et al. (1993); Liu (2013)

Pulau Layang Layang (Swallow 
Reef)

Sahari et al. (2002)

North Danger Reef (Spratly 
Islands)

Calumpong et al. (2008); Calumpong & 
Macansantos (2008)

Jackson Atoll (Spratly Islands) Calumpong et al. (2008)

Taiping Island (Itu Aba Island) A Frontier in the SCS (2014)

TC Xisha Islands (Paracel Islands) Zhuang (1978); Qi (2004)

Nansha Islands (Spratly Islands) Bernard et al. (1993); Liu (2013)

Pulau Layang Layang (Swallow 
Reef)

Sahari et al. (2002)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

South China Sea 
(Continued)

North Spratly Islands Van Long et al. (2008)

North Danger Reef (Spratly 
Islands)

Calumpong et al. (2008); Lasola & 
Hoang (2008); Calumpong & 
Macansantos (2008)

Jackson Atoll (Spratly Islands) Calumpong et al. (2008); Calumpong & 
Macansantos (2008)

Trident Shoal (Spratly Islands) Lasola & Hoang (2008)

Taiping Island (Itu Aba Island) A Frontier in the SCS (2014)

TD Xisha Islands (Paracel Islands) Zhuang (1978); Qi (2004)

Xisha (Paracel Islands) and 
Nansha Islands (Spratly Islands)

Bernard et al. (1993); Liu (2013)

TG Xisha Islands (Paracel Islands) Zhuang (1978); Qi (2004)

Xisha (Paracel Islands) and 
Nansha Islands (Spratly Islands)

Bernard et al. (1993); Liu (2013)

Pulau Layang Layang (Swallow 
Reef)

Sahari et al. (2002)

TM Xisha Islands (Paracel Islands) Zhuang (1978); Qi (2004)

Xisha (Paracel Islands) and 
Nansha Islands (Spratly Islands)

Bernard et al. (1993); Liu (2013)

Pulau Layang Layang (Swallow 
Reef)

Sahari et al. (2002)

North Danger Reef (Spratly 
Islands)

Calumpong et al. (2008); Calumpong & 
Macansantos (2008)

Jackson Atoll (Spratly Islands) Calumpong et al. (2008); Calumpong & 
Macansantos (2008)

Taiping Island (Itu Aba Island) A Frontier in the SCS (2014)

TNO Dongsha Atoll (Pratas Islands) Borsa et al. (2015)

TS Xisha Islands (Paracel Islands) Zhuang (1978); Qi (2004)

Xisha (Paracel Islands) and 
Nansha Islands (Spratly Islands)

Bernard et al. (1993); Liu (2013)

Pulau Layang Layang (Swallow 
Reef)

Sahari et al. (2002)

North Spratly Islands Van Long et al. (2008)

North Danger Reef (Spratly 
Islands)

Calumpong et al. (2008); Lasola & 
Hoang (2008); Calumpong & 
Macansantos (2008)

Jackson Atoll (Spratly Islands) Calumpong et al. (2008); Calumpong & 
Macansantos (2008)

Trident Shoal (Spratly Islands) Lasola & Hoang (2008)

Taiping Island (Itu Aba Island) A Frontier in the SCS (2014)

South-East Asia

Brunei Tridacna spp. No data Reef Check

Cambodia TG? Song Saa Private Island, Koh 
Rong Archipelago

Savage et al. (2013)

Koh Rong and Koh Koun, Koh 
Rong Archipelago

Thorne et al. (2015)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Cambodia 
(Continued)

TC Song Saa Private Island, Koh 
Rong Archipelago

J.M. Savage, pers. comm.

TS Song Saa Private Island, Koh 
Rong Archipelago

J. Wong, pers. comm.

Tridacna spp. Cambodia Chou et al. (2002)

Koh Kong Vibol (N.D.); Kim et al. (2004)

Koh Sdach Vibol (N.D.); Kim et al. (2004)

Koh Rong Vibol (N.D.); Kim et al. (2004); 
Van Bochove et al. (2011)

Koh Tang Vibol (N.D.); Kim et al. (2004)

East Timor TC Dili Rock Flickr Nick Hobgood (2006)

TG Dili Rock Flickr Nick Hobgood (2006)

TNO Dili Rock Flickr Nick Hobgood (2006)

Indonesia HH Indonesia Wells et al. (1983); Pasaribu (1988); 
Munro (1989)

Karimun Jawa, Central Indonesia Brown & Muskanofola (1985)

Genting Island Pringgenies et al. (1995)

Gulf of Tomini, Sulawesi Wells (2001)

Rajah Ampat Islands, Papua 
Province

Wells (2002); Flickr Raja Ampat 
Biodiversity (2013)

Pari Island Eliata et al. (2003); Panggabean (2007)

Kei Kecil waters, Southeast 
Maluku

Kusnadi et al. (2008); Hernawan (2010)

Savu Sea, East Nusa Tenggara 
Province

Naguit et al. (2012)

HP Northeastern Indonesia Wells et al. (1983); Pasaribu (1988); 
Munro (1989)

Seruni Island Pringgenies et al. (1995)

Gulf of Tomini, Sulawesi Wells (2001)

Rajah Ampat Islands, Papua 
Province

Wells (2002)

TC Indonesia Wells et al. (1983); Pasaribu (1988); 
Munro (1989)

Karimun Jawa, Central Indonesia Brown & Muskanofola (1985)

Genting Island Pringgenies et al. (1995)

Seruni Island Pringgenies et al. (1995)

Sambangan Island Pringgenies et al. (1995)

Gulf of Tomini, Sulawesi Wells (2001)

Rajah Ampat Islands, Papua 
Province

Wells (2002)

Pari Island Eliata et al. (2003)

Seribu Islands Yusuf et al. (2009)

Manado waters Yusuf et al. (2009)

Kei Kecil waters, Southeast 
Maluku

Kusnadi et al. (2008); Hernawan (2010)

Savu Sea, East Nusa Tenggara 
Province

Naguit et al. (2012)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Indonesia 
(Continued)

TD Irian Jaya Wells et al. (1983)

Indonesia Wells et al. (1983); Pasaribu (1988); 
Munro (1989)

Karimun Jawa, Central Indonesia Brown & Muskanofola (1985)

Rajah Ampat Islands, Papua 
Province

Wells (2002)

Kei Kecil waters, Southeast 
Maluku

Hernawan (2010)

Komodo Flickr yudas_net (2009)

TG Indonesia Wells et al. (1983); Pasaribu (1988); 
Munro (1989)

Karimun Jawa, Central Indonesia Brown & Muskanofola (1985)

Gulf of Tomini, Sulawesi Wells (2001)

Rajah Ampat Islands, Papua 
Province

Wells (2002)

Bunaken, Manado waters Yusuf et al. (2009); Flickr Matt Kieffer 
(2010)

Kei Kecil waters, Southeast 
Maluku

Kusnadi et al. (2008); Hernawan (2010)

Kri Island, Irian Jaya Flickr Eric Cheng (2004)

Current City, Komodo Flickr Maximilian Hand (2008)

West Papua Flickr Paul Cowell (2011)

TM Indonesia Wells et al. (1983); Pasaribu (1988); 
Munro (1989)

Karimun Jawa, Central Indonesia Brown & Muskanofola (1985)

Genting Island Pringgenies et al. (1995)

Seruni Island Pringgenies et al. (1995)

Sambangan Island Pringgenies et al. (1995)

Gulf of Tomini, Sulawesi Wells (2001)

Rajah Ampat Islands, Papua 
Province

Wells (2002)

Pari Island Eliata et al. (2003)

Anambas and Natuna Islands Tan & Kastoro (2004); Flickr Fauzan 
Rizki (2015)

Seribu Islands Yusuf et al. (2009)

Manado waters Yusuf et al. (2009)

Kei Kecil waters, Southeast 
Maluku

Hernawan (2010)

Savu Sea, East Nusa Tenggara 
Province

Naguit et al. (2012)

Komodo National Park, East 
Nusa Tenggara

Flickr Nick Hobgood (2006)

TNO Bunaken and Alor Archipelago Borsa et al. (2015)

Doi Island, Molucca Sea Borsa et al. (2015)

TS Indonesia Wells et al. (1983); Pasaribu (1988); 
Munro (1989)

Karimun Jawa, Central Indonesia Brown & Muskanofola (1985)

Gulf of Tomini, Sulawesi Wells (2001)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Indonesia 
(Continued)

Rajah Ampat Islands, Papua 
Province

Wells (2002)

Pari Island Eliata et al. (2003)

Seribu Islands Yusuf et al. (2009)

Manado waters Yusuf et al. (2009)

Kei Kecil waters, Southeast 
Maluku

Kusnadi et al. (2008); Hernawan (2010)

Savu Sea, East Nusa Tenggara 
Province

Naguit et al. (2012)

Wakatobi Flickr Richard Johnson (2007)

Aceh Flickr iderq_shai (2010)

Komodo Flickr Brandon (2011)

Cenderawasih Bay Flickr lcn2012a (2012)

West Papua Flickr Sailendivers (2012)

Malaysia HP Sabah, East Malaysia Tan & Zulfigar (2001, 2003)

HH North Borneo Wells et al. (1983)

Malaysia Munro (1989); Tan & Zulfigar (2001, 
2003)

Johore Islands Zulfigar & Tan (2000)

TC Western coast of the Malay 
Peninsula

Wells et al. (1983)

North Borneo Wells et al. (1983)

Malaysia Munro (1989); Tan & Zulfigar (2001, 
2003)

Pulau Redang (Terengganu) Mohamed-Pauzi et al. (1994)

Pulau Tioman (Pahang) Tan et al. (1998)

Johore Islands Zulfigar & Tan (2000)

TD Sabah, East Malaysia Tan & Zulfigar (2003)

TG Malaysia Munro (1989); Tan & Zulfigar (2001, 
2003)

Pulau Redang (Terengganu) Mohamed-Pauzi et al. (1994)

Pulau Tioman (Pahang) Tan et al. (1998)

TM Malaysia Wells et al. (1983); Munro (1989); 
Tan & Zulfigar (2001, 2003)

North Borneo Wells et al. (1983)

Pulau Redang (Terengganu) Mohamed-Pauzi et al. (1994)

Pulau Tioman (Pahang) Tan et al. (1998)

Johore Islands Zulfigar & Tan (2000)

TS Malaysia Wells et al. (1983); Munro (1989); 
Tan & Zulfigar (2001, 2003)

North Borneo Wells et al. (1983)

Pulau Redang (Terengganu) Mohamed-Pauzi et al. (1994)

Pulau Tioman (Pahang) Tan et al. (1998)

Johore Islands Zulfigar & Tan (2000)

Tridacna spp. Tun Sakaran Marine Park, East 
Sabah

Montagne et al. (2013)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Myanmar (Burma) HH Burma Munro (1989); Wells (1997)

TG Burma Munro (1989)

TM Burma Munro (1989)

TS Burma Munro (1989)

Philippines HH Philippines Wells et al. (1983); Gomez & Alcala 
(1988); Juinio et al. (1989); Munro 
(1989)

Central Visayas Alcala (1986)

Palawan Alcala (1986)

Cagayan Alcala (1986)

Sulu Archipelago and Southern 
Palawan

Villanoy et al. (1988)

Tubbataha Dolorosa & Schoppe (2005); Dolorosa 
(2010); Dolorosa et al. (2015)

Hadji Panglima Tahil, Sulu Tabugo et al. (2013)

HP Sulu Archipelago, Southern 
Philippines

Rosewater (1982); Wells et al. (1983); 
Gomez & Alcala (1988); Juinio et al. 
(1989); Munro (1989)

Cagayan Alcala (1986)

Tubbataha Calumpong & Cadiz (1993); Dolorosa 
(2010); Dolorosa & Jontila (2012); 
Dolorosa et al. (2014, 2015)

Sulu Archipelago and Southern 
Palawan

Villanoy et al. (1988)

TC Philippines Wells et al. (1983); Gomez & Alcala 
(1988); Juinio et al. (1989); Munro 
(1989)

Central Visayas Alcala (1986)

Western Visayas Alcala (1986)

Palawan Alcala (1986)

Cagayan Alcala (1986); Calumpong & Cadiz 
(1993)

Tubbataha Calumpong & Cadiz (1993); Dolorosa 
& Schoppe (2005); Dolorosa (2010); 
Dolorosa & Jontila (2012); Gonzales 
et al. (2014b); Dolorosa et al. (2015); 
Conales et al. (2015)

Sumilon Island Calumpong & Cadiz (1993)

Balicasag Island Calumpong & Cadiz (1993)

Pamilacan Island Calumpong & Cadiz (1993)

Bolisong, Negros Oriental Calumpong et al. (2002)

TD Philippines Wells et al. (1983); Gomez & Alcala 
(1988); Juinio et al. (1989); Munro 
(1989)

Palawan Alcala (1986)

Cagayan Alcala (1986)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Philippines 
(Continued)

Tubbataha Dolorosa et al. (2010, 2015)

Sabang Reef Fish Sanctuary, 
Honda Bay, Palawan

Gonzales et al. (2014a)

TG Philippines Wells et al. (1983); Gomez & Alcala 
(1988); Juinio et al. (1989); Munro 
(1989)

Palawan Alcala (1986)

Cagayan Alcala (1986)

Sulu Archipelago and Southern 
Palawan

Villanoy et al. (1988)

Sabang Reef Fish Sanctuary, 
Honda Bay, Palawan

Gonzales et al. (2014a)

Tubbataha Dolorosa et al. (2015)

TM Philippines Wells et al. (1983); Gomez & Alcala 
(1988); Junio et al. (1989); Munro 
(1989)

Central Visayas Alcala (1986)

Western Visayas Alcala (1986)

Palawan Alcala (1986)

Cagayan Alcala (1986); Calumpong & Cadiz 
(1993)

Tubbataha Calumpong & Cadiz (1993); Dolorosa 
& Schoppe (2005); Dolorosa (2010); 
Dolorosa & Jontila (2012); Dolorosa 
et al. (2015)

Sumilon Island Calumpong & Cadiz (1993)

Apo Island Calumpong et al. (2002)

TNO Sibulan, Negros (Lizano & 
Santos, 2014)

Borsa et al. (2015)

TS Philippines Wells et al. (1983); Gomez & Alcala 
(1988); Juinio et al. (1989); Munro 
(1989)

Central Visayas Alcala (1986)

Western Visayas Alcala (1986)

Palawan Alcala (1986)

Cagayan Alcala (1986)

Sulu Archipelago and Southern 
Palawan

Villanoy et al. (1988)

Tubbataha Calumpong & Cadiz (1993); Dolorosa 
& Schoppe (2005); Dolorosa (2010); 
Dolorosa & Jontila (2012); Dolorosa 
et al. (2015)

Bolisong, Negros Oriental Calumpong et al. (2002)

Apo Island Calumpong et al. (2002)

Hadji Panglima Tahil, Sulu Tabugo et al. (2013)

Sabang Reef Fish Sanctuary, 
Honda Bay, Palawan

Gonzales et al. (2014a)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Singapore HH Singapore Wells et al. (1983); Munro (1989); Neo 
& Todd (2012a,b, 2013)

TC Singapore Wells et al. (1983); Munro (1989); Guest 
et al. (2008); Neo & Todd (2012a,b, 
2013)

TG Singapore Neo & Todd (2012a,b, 2013)

TM Singapore Munro (1989); Guest et al. (2008); Neo 
& Todd (2012a,b, 2013)

TS Singapore Munro (1989); Guest et al. (2008); Neo 
& Todd (2012a,b, 2013)

Thailand TC Thailand Wells et al. (1983); Munro (1989)

Lee-Pae Island Chantrapornsyl et al. (1996)

Surin Islands Koh et al. (2003); Loh et al. (2004)

Mannai Island, Rayong Province Junchompoo et al. (2013)

TG Thailand Munro (1989)

EXTINCT Kittiwattanawong (2001)

TM Thailand Wells et al. (1983); Munro (1989)

Lee-Pae Island Chantrapornsyl et al. (1996)

Surin Islands Kittiwattanawong (1997); Koh et al. 
(2003)

Phuket Islands Kittiwattanawong (1997)

Adang Rawii Islands Kittiwattanawong (1997)

TS Thailand Wells et al. (1983); Munro (1989)

Lee-Pae Island Chantrapornsyl et al. (1996)

Surin Islands Kittiwattanawong et al. (2001); Koh 
et al. (2003)

Gulf of Thailand Kittiwattanawong et al. (2001)

Mannai Island, Rayong Province Junchompoo et al. (2013)

Viet Nam TC An Thoi Archipelago, South 
China Sea

Latypov (2000)

Mju Island Latypov (2006)

Hon Bay Canh Island and Hon 
Cau Island, Con Dao

Latypov & Selin (2011)

Con Dao Archipelago Selin & Latypov (2011)

Khanh Hoa Province Latypov & Selin (2013)

Giang Bo Reef Latypov (2013)

Re Island Latypov (2013)

Bath Long Vi Reef Latypov (2013)

TG Ha Long Bay (shells) M.L. Neo, pers. obs. (2014)

TM Cham Islands, Central Viet Nam Latypov (2001)

Tho Chau, Con Dao, Thu Islands Latypov & Selin (2011)

Ku Lao Cham Islands Latypov & Selin (2012a)

Hon Nai Island, Cam Ranh Bay Latypov & Selin (2012b)

TS An Thoi Archipelago, South 
China Sea

Latypov (2000)

Tho Chau, Con Dao, Thu Islands Latypov & Selin (2011)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Viet Nam 
(Continued)

Khanh Hoa Province Latypov & Selin (2013)

Giang Bo Reef Latypov (2013)

Re Island Latypov (2013)

Bath Long Vi Reef Latypov (2013)

Australia

Australia HH Western Australia Wells et al. (1983); Rees et al. (2003)

Queensland Wells et al. (1983)

Australia Munro (1989)

TC Orpheus Island, Palm Island 
Group, Queensland

Hamner & Jones (1976)

Great Barrier Reef, Queensland Wells et al. (1983)

Australia Munro (1989)

Western Australia Rees et al. (2003)

TD Australia Wells et al. (1983); Munro (1989)

Great Barrier Reef, Queensland Braley (1987a,b); Alder & Braley 
(1989); Pearson & Munro (1991)

Western Australia Rees et al. (2003)

TG Western Australia Wells et al. (1983); Rees et al. (2003)

Great Barrier Reef, Queensland Wells et al. (1983); Braley (1987a,b); 
Alder & Braley (1989); Pearson & 
Munro (1991)

Australia Munro (1989)

Heron Island, southern Great 
Barrier Reef

Strotz et al. (2010)

TM One Tree Island, Queensland McMichael (1974)

Australia Wells et al. (1983); Munro (1989)

Lord Howe Island, New South 
Wales

Wells et al. (1983)

Western Australia Rees et al. (2003)

Montebello Islands, Western 
Australia

Wells et al. (2000)

Solitary Islands Marine Park, 
northern New South Wales

Smith (2011)

TMB 
(previously TT)

No data Newman & Gomez (2000)

TNI (now TNO) Five Finger Reef, south of Coral 
Bay, WA

Penny & Willan (2014); Borsa et al. 
(2015)

TNO Western Australia (Huelsken 
et al., 2013)

Borsa et al. (2015)

Ningaloo Marine Park, WA Black et al. (2011); Johnson et al. (2016)

TS Australia Wells et al. (1983); Munro (1989)

Montebello Islands, Western 
Australia

Wells et al. (2000)

Western Australia Rees et al. (2003)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Pacific Ocean

Melanesia

Fiji HH EXTINCT Wells et al. (1983); Munro (1989); 
Tisdell & Wittenberg (1992); Seeto 
et al. (2012)

TC Lakeba Island Vuki et al. (1992)

Cicia Island Vuki et al. (1992)

TD Fiji Lewis et al. (1988); Munro (1989); 
Tacconi & Tisdell (1992b); Tisdell & 
Wittenberg (1992)

Lakeba Island Vuki et al. (1992)

Tuvuca Island Vuki et al. (1992)

Cicia Island Vuki et al. (1992)

Balavu Island Vuki et al. (1992)

Ono Island Flickr avipoodle (2010)

TG EXTINCT Lewis et al. (1988); Munro (1989); 
Tisdell & Wittenberg (1992)

Fiji Flickr Jex207 (2007)

TM Fiji Wells et al. (1983); Lewis et al. (1988); 
Munro (1989); Tacconi & Tisdell 
(1992b); Tisdell & Wittenberg (1992)

Lakeba Island Vuki et al. (1992)

Tuvuca Island Vuki et al. (1992)

Cicia Island Vuki et al. (1992)

Balavu Island Vuki et al. (1992)

TNO Moon Reef, Viti Levu Borsa et al. (2015)

Bega Lagoon Resort Flickr CrashDiver (2010); Flickr 
scuba_dot_com (2014)

TS Fiji Wells et al. (1983); Lewis et al. (1988); 
Munro (1989); Tacconi & Tisdell 
(1992b); Tisdell & Wittenberg (1992)

Lakeba Island Vuki et al. (1992)

Tuvuca Island Vuki et al. (1992)

Cicia Island Vuki et al. (1992)

Balavu Island Vuki et al. (1992)

Wakaya, Koro Sea Flickr Paul & Jill (2011)

TMB 
(previously TT)

Eastern Islands (Lau) Lewis & Ledua (1988); Lucas et al. 
(1991); Ledua et al. (1993)

Fiji Tacconi & Tisdell (1992b)

Matokana Ledua et al. (1993)

New Caledonia HH New Caledonia Wells et al. (1983); Munro (1989); 
Dumas et al. (2011, 2013)

North Eastern Lagoon (Poeubo to 
Hienghène)

McKenna et al. (2006)

Bourail Wantiez et al. (2007c)

Grand Lagon Nord Wantiez et al. (2008a)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

New Caledonia 
(Continued)

Ducos Island, Bay of Saint 
Vincent

Aubert et al. (2009)

Ioro Reef Schwartzmann et al. (2011)

TC North Eastern Lagoon (Poeubo to 
Hienghène)

McKenna et al. (2006)

Poum Vieux (2009)

Bourail Wantiez et al. (2007c)

Grand Lagon Nord Wantiez et al. (2008a)

Merlet Wantiez et al. (2008b)

New Caledonia Dumas et al. (2011)

TD New Caledonia Wells et al. (1983); Munro (1989); 
Purcell et al. (2009); Dumas et al. 
(2011)

North Eastern Lagoon (Poeubo to 
Hienghène)

McKenna et al. (2006)

Corne Sud Wantiez et al. (2007a)

Ile des Pins Wantiez et al. (2007b)

Bourail Wantiez et al. (2007c)

Grand Lagon Nord Wantiez et al. (2008a)

Merlet Wantiez et al. (2008b)

TG FOSSIL TG FOUND / EXTINCT Munro (1989)

TM New Caledonia Wells et al. (1983); Munro (1989); 
Purcell et al. (2009); Dumas et al. 
(2011, 2013)

North Eastern Lagoon (Poeubo to 
Hienghène)

McKenna et al. (2006)

Poum Vieux (2009)

Corne Sud Wantiez et al. (2007a)

Ile des Pins Wantiez et al. (2007b)

Bourail Wantiez et al. (2007c)

Grand Lagon Nord Wantiez et al. (2008a)

Merlet Wantiez et al. (2008b)

TMB 
(previously TT)

Loyalty Islands Bouchet et al. (2001); Tiavouane & 
Fauvelot (2016)

TNO Loyalty Islands Borsa et al. (2015)

Hienghene, northeastern coast Borsa et al. (2015)

TS New Caledonia Wells et al. (1983); Munro (1989); 
Purcell et al. (2009); Dumas et al. 
(2011, 2013)

North Eastern Lagoon (Poeubo to 
Hienghène)

McKenna et al. (2006)

Poum Vieux (2009)

Corne Sud Wantiez et al. (2007a)

Ile des Pins Wantiez et al. (2007b)

Bourail Wantiez et al. (2007c)

Grand Lagon Nord Wantiez et al. (2008a)

Merlet Wantiez et al. (2008b)

Continued
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Papua New Guinea HH PNG Wells et al. (1983); Munro (1989)

Milne Bay Province Kinch (2001, 2002); Wells & Kinch 
(2003)

HP Milne Bay Province Kinch (2001, 2002)

TC PNG Wells et al. (1983)

Milne Bay Province Kinch (2001, 2002); Wells & Kinch 
(2003)

TD PNG Wells et al. (1983); Munro (1989)

Milne Bay Province Kinch (2002); Wells & Kinch (2003)

TG PNG Wells et al. (1983); Munro (1989)

Milne Bay Province Kinch (2001, 2002); Wells & Kinch 
(2003)

TM PNG Wells et al. (1983); Munro (1989)

Milne Bay Province Kinch (2001, 2002); Wells & Kinch 
(2003)

TNO Madang Province, Kavieng Borsa et al. (2015)

TS PNG Wells et al. (1983); Munro (1989)

Milne Bay Province Kinch (2001, 2002); Wells & Kinch 
(2003)

Solomon Islands HH Solomon Islands Wells et al. (1983); Govan et al. (1988); 
Munro (1989); Ramohia (2006)

Bellona (Mungiki) Island Thaman et al. (2011)

TC Solomon Islands Wells et al. (1983); Govan et al. (1988); 
Munro (1989); Ramohia (2006)

Bellona (Mungiki) Island Thaman et al. (2011)

TD Solomon Islands Govan et al. (1988); Munro (1989); 
Ramohia (2006)

Bellona (Mungiki) Island Thaman et al. (2011)

TG Solomon Islands Wells et al. (1983); Govan et al. (1988); 
Munro (1989); Ramohia (2006); Flickr 
Artefacque (2014)

Bellona (Mungiki) Island Thaman et al. (2011)

Arnavon Island Flickr LMMA Network (2006)

TM Solomon Islands Wells et al. (1983); Govan et al. (1988); 
Munro (1989); Ramohia (2006)

Bellona (Mungiki) Island Thaman et al. (2011)

Gizo Flickr Shea Pletz (2011)

TNO Solomon Islands (Huelsken et al., 
2013)

Borsa et al. (2015)

TS Solomon Islands Govan et al. (1988); Munro (1989); 
Ramohia (2006)

Bellona (Mungiki) Island Thaman et al. (2011)

Bulo Island, off SE Gatokae 
Island, Mbatuna

Flickr Jose B (2015)

Vanuatu (and New 
Hebrides)

HH Vanuatu (and New Hebrides) Wells et al. (1983); Munro (1989); Zann 
& Ayling (1988); Bell & Amos (1993)

TC Vanuatu Zann & Ayling (1988); Bell & Amos 
(1993)

Continued
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Recorded localities Species Localities Reference(s)

Vanuatu (and New 
Hebrides) 
(Continued)

TD EXTINCT Munro (1989); Bell & Amos (1993)

TG EXTINCT Wells et al. (1983); Munro (1989); Bell 
& Amos (1993)

TM Vanuatu (and New Hebrides) Wells et al. (1983); Munro (1989); Zann 
& Ayling (1988); Bell & Amos (1993)

TNO Efate Borsa et al. (2015)

TS Vanuatu Munro (1989); Zann & Ayling (1988); 
Bell & Amos (1993)

Micronesia

Federated States of 
Micronesia (FSM)

HH LOW NUMBERS 
(REINTRODUCTION)

Munro (1989); Smith (1992)

TD NO WILD STOCKS 
(INTRODUCTION)

Munro (1989); Smith (1992)

TG Lamotrek and West Fayu Atolls 
(relict)

Price & Fagolimul (1988); Munro 
(1989)

FSM Smith (1992)

TM FSM Munro (1989); Smith (1992)

TNO Kosrae, part of the Caroline Islands Borsa et al. (2015)

TS FSM Munro (1989); Smith (1992)

Guam HH EXTINCT Munro (1989); Anonymous (1994); 
Paulay (2003)

TD INTRODUCED FROM PALAU Wells et al. (1983); Anonymous (1994); 
Paulay (2003)

TG EXTINCT Munro (1989); Anonymous (1994); 
Paulay (2003)

TM Guam Munro (1989); Stojkovich (1977); 
Anonymous (1994); Paulay (2003)

Mariana Islands Flickr NOAA Photo Library, David 
Burdick (2010)

TS Guam Anonymous (1994); Paulay (2003)

Cocos West Island Flickr GingrichCrew (2011)

Republic of Kiribati HH Gilbert Islands Wells et al. (1983); Munro (1988, 1989); 
Thomas (2001)

Kiribati Islands Taniera (1988); Thomas (2014)

TG Gilbert Islands Wells et al. (1983); Munro (1988, 1989); 
Thomas (2001)

Kiribati Islands Taniera (1988); Thomas (2014)

TM Fanning Island Kay (1970)

Gilbert Islands Wells et al. (1983); Munro (1988, 1989); 
Kepler & Kepler (1994); Thomas 
(2001)

Northern Line Islands Kay (1970); Wells et al. (1983); Munro 
(1989); Sandin et al. (2008); Williams 
et al. (2013)

Phoenix Islands Munro (1989)

Kiribati Islands Taniera (1988); Thomas (2014)

Millennium Atoll Lagoon Barott et al. (2010)

Continued
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Recorded localities Species Localities Reference(s)

Republic of Kiribati 
(Continued)

TNO Kiritimati, Northern Line Islands Borsa et al. (2015)

TS Gilbert Islands Wells et al. (1983); Munro (1988,t 
1989); Thomas (2001)

Kiribati Islands Taniera (1988)

Marshall Islands HH Marshall Islands Wells et al. (1983); Munro (1989); Pinca 
& Beger (2002)

Rongelap Atoll Pinca & Beger (2003)

Namu Atoll Beger et al. (2008)

TD INTRODUCED FROM PALAU Munro (1989); Pinca & Beger (2002)

Mili Atoll Pinca & Beger (2003)

Rongelap Atoll Pinca & Beger (2003)

Arno Atoll Beger et al. (2008)

TG Marshall Islands Wells et al. (1983); Munro (1989); Pinca 
& Beger (2002)

Mili Atoll Pinca & Beger (2003)

Rongelap Atoll Pinca & Beger (2003)

Namu Atoll Beger et al. (2008)

TM Marshall Islands Wells et al. (1983); Munro (1989); Pinca 
& Beger (2002)

Mili Atoll Pinca & Beger (2003)

Rongelap Atoll Pinca & Beger (2003)

Namu Atoll Beger et al. (2008)

Majuro Atoll Beger et al. (2008)

TS Marshall Islands Wells et al. (1983); Munro (1989); Pinca 
& Beger (2002)

Mili Atoll Pinca & Beger (2003)

Rongelap Atoll Pinca & Beger (2003)

Namu Atoll Beger et al. (2008)

Majuro Atoll Beger et al. (2008)

Nauru TM LOCALLY EXTINCT Jacob (2000); South & Skelton (2000)

Northern Mariana 
Islands

HH LOCALLY EXTINCT Munro (1989)

TC POSSIBLY EXTINCT IUCN Red List

TD POSSIBLY EXTINCT IUCN Red List

TG LOCALLY EXTINCT Munro (1989)

TM Mariana Islands Wells et al. (1983); Munro (1989)

Maug Island, Marianas Trench 
Marine National Monument

Flickr lucidlou (2007)

Saipan Island Flickr Chris (2008)

TS Mariana Islands Wells et al. (1983)

Palau HH Caroline Islands Hardy & Hardy (1969); Hester & Jones 
(1974); Bryan & McConnell (1976); 
Hirshberger (1980); Wells et al. (1983)

Palau Wells et al. (1983); Munro (1989)

HP Palau Munro (1989)

TC Caroline Islands Hardy & Hardy (1969); Hester & Jones 
(1974); Wells et al. (1983)

Palau Munro (1989)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Palau (Continued) TD Caroline Islands Hardy & Hardy (1969); Hester & Jones 
(1974); Bryan & McConnell (1976); 
Hirshberger (1980); Wells et al. (1983)

Palau Munro (1989)

TG Caroline Islands Hardy & Hardy (1969); Hester & Jones 
(1974); Bryan & McConnell (1976); 
Hirshberger (1980); Wells et al. (1983)

Palau Munro (1989)

TM Caroline Islands Hardy & Hardy (1969); Hester & Jones 
(1974); Bryan & McConnell (1976); 
Hirshberger (1980); Wells et al. (1983)

Palau Munro (1989)

TS Caroline Islands Hardy & Hardy (1969); Hester & Jones 
(1974); Bryan & McConnell (1976); 
Hirshberger (1980); Wells et al. (1983)

Palau Munro (1989)

United States Minor 
Outlying Islands

TM Wake Island Wells et al. (1983)

Polynesia

American Samoa HH LOCALLY EXTINCT and 
REINTRODUCED

Nagaoka (1993); Craig (2009)

TD INTRODUCED Bell (1993)

TG INTRODUCED Bell (1993)

TM Rose Atoll Radtke (1985); Munro (1989); Green & 
Craig (1999); Craig (2009)

TS American Samoa Munro (1989); Craig (2009)

Cook Islands TD INTRODUCED FROM PALAU Munro (1989); Tisdell & Wittenberg 
(1992)

TG INTRODUCED Flickr Richard Mayston (2008); Flickr 
RDPixelShop (2011)

TM Cook Islands Munro (1989); Tisdell & Wittenberg 
(1992)

Suwarrow Atoll Sims & Howard (1988)

Manihiki Atoll Sims & Howard (1988)

Penrhyn Atoll Sims & Howard (1988)

Aitutaki Paulay (1987); Sims & Howard (1988)

Tongareva Lagoon Chambers (2007)

TNO Rarotonga Flickr Richard Mayston (2008)

TS Cook Islands Paulay (1987); Tisdell & Wittenberg 
(1992)

Aitutaki (RARE) Sims & Howard (1988); Munro (1989)

French Polynesia TM Takapoto Atoll Jaubert (1977); Richard (1977); Laurent 
(2001)

Tuamotu Wells et al. (1983)

Polynesie Francaise Munro (1989)

Bora Bora Island Planes et al. (1993)

Moorea Laurent (2001)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

French Polynesia 
(Continued)

Anaa Laurent (2001)

Tatakoto Atoll Gilbert et al. (2005, 2006b); Andréfouët 
et al. (2013)

Fangatau Atoll Andréfouët et al. (2005); Gilbert et al. 
(2006b)

Reao Gilbert et al. (2006a)

Pukarua Gilbert et al. (2006a)

Raivavae Gilbert et al. (2006a); Andréfouët et al. 
(2009); Van Wynsberge et al. (2013)

Tubuai, Austral Islands Larrue (2006); Gilbert et al. (2006b); 
Van Wynsberge et al. (2013)

TS Tuamotu Wells et al. (1983); Andréfouët et al. (2014)

Tubuai, Austral Islands Gilbert et al. (2007); Newman & Gomez 
(2007)

Gambier Andréfouët et al. (2014)

Pitcairn Islands TM Henderson Island Wells et al. (1983); Paulay et al. (1989)

Oeno Lagoon Paulay et al. (1989); Irving & Dawson 
(2013)

Pitcairn Islands Palomares et al. (2011)

TS Ducie Atoll Paulay et al. (1989)

Henderson Island Paulay et al. (1989)

Pitcairn Islands Palomares et al. (2011)

Niue TM Niue Dalzell et al. (1993); Kronen et al. (2008)

TS LOCALLY EXTINCT Dalzell et al. (1993); absent in Kronen 
et al. (2008) surveys

Niue Flickr orbitonline (2009); Flickr Sam & 
Fanny (2012)

Samoa HH LOCALLY EXTINCT Munro (1989); Zann (1991); Tacconi & 
Tisdell (1992b); South & Skelton 
(2000)

REINTRODUCED Flickr Richard Mayston (2015)

TD INTRODUCED Fisheries Newsletter (2014)

TG INTRODUCED Fisheries Newsletter (2014)

TM Samoa Wells et al. (1983); Munro (1989); Zann 
(1989); Tisdell & Wittenberg (1992)

Upolu, Western Samoa Zann (1991); Tacconi & Tisdell (1992b)

TS Samoa Wells et al. (1983); Munro (1989); Zann 
(1989); Tisdell & Wittenberg (1992)

Upolu, Western Samoa Zann (1991); Tacconi & Tisdell (1992b)

Tokelau TM Tokelau Munro (1989); Tisdell & Wittenberg 
(1992)

Fakaofo Braley (1989)

Nukunonu Braley (1989)

Atafu Braley (1989)

TS Fakaofo Braley (1989)

Nukunonu Braley (1989)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Tonga HH LOCALLY EXTINCT Wells et al. (1983); Langi & Hesitoni 
‘Aloua (1988); Munro (1989); Tacconi 
& Tisdell (1992b); Loto’ahea & Sone 
(1995); Salvat (2000)

Vava’u (EXTINCT) Chesher (1993)

TG LOCALLY EXTINCT Salvat (2000)

TD Tonga Langi & Hesitoni ‘Aloua (1988); Munro 
(1989); Tacconi & Tisdell (1992b); 
Tisdell & Wittenberg (1992); Loto’ahea 
& Sone (1995)

Vava’u Chesher (1993)

Tongatapu Island Tu’avao et al. (1995)

TM Tonga Wells et al. (1983); Langi & Hesitoni 
‘Aloua (1988); Munro (1989); Tacconi 
& Tisdell (1992b); Tisdell & 
Wittenberg (1992); Loto’ahea & Sone 
(1995)

Vava’u Chesher (1993)

Tongatapu Island Tu’avao et al. (1995)

TS Tonga Wells et al. (1983); Langi & Hesitoni 
‘Aloua (1988); Munro (1989); Tacconi 
& Tisdell (1992b); Tisdell & 
Wittenberg (1992); Loto’ahea & Sone 
(1995)

Vava’u Chesher (1993)

Tongatapu Island Tu’avao et al. (1995)

TMB 
(previously TT)

Vava’u and Ha’apai Islands Lucas et al. (1991)

Main islands of Tonga Tacconi & Tisdell (1992b); Ledua et al. 
(1993)

Tuvalu HH Tuvalu Munro (1989)

TD INTRODUCED Job & Ceccarelli (2012)

TG Tuvalu Munro (1989); Tacconi & Tisdell 
(1992a); Sauni et al. (2008)

TM Ellice Islands Wells et al. (1983)

Nukufetau Braley (1988); Sauni et al. (2008)

Funafuti Braley (1988); Sauni et al. (2008); Job 
& Ceccarelli (2012); Siaosi et al. 
(2012)

Nukulaelae Braley (1988); Job & Ceccarelli (2012)

Tuvalu Munro (1989)

Nanumea Langi (1990)

Nui Langi (1990)

Niutao Sauni et al. (2008)

Vaitupu Sauni et al. (2008)

TS Ellice Islands Wells et al. (1983)

Nukufetau Braley (1988); Sauni et al. (2008)

Continued
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Table A2 (Continued) Checklist of giant clam species

Recorded localities Species Localities Reference(s)

Tuvalu (Continued) Funafuti Braley (1988); Sauni et al. (2008); Job 
& Ceccarelli (2012); Siaosi et al. 
(2012)

Tuvalu Munro (1989)

Wallis and Futuna 
Islands

TM Wallis and Futuna Pollock (1992)

TNO Wallis Island Borsa et al. (2015)

TS Wallis and Futuna Pollock (1992)

Note: Full reference list found in Appendix B. Tg—Tridacna gigas; Td—T.  derasa; Tmb—T.  mbalavuana (previously 
T.  tevoroa); Ts—T.  squamosa; Tsi—T.  squamosina (previously T.  costata); Tr—T.  rosewateri; Tm—T.  maxima; 
Tlz—T. lorenzi; Tno—T. noae; Tc—T. crocea; Hh—Hippopus hippopus; Hp—H. porcellanus.
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Appendix B: Full list of literature reviewed
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When humans transport a species to a location outside its native range, multiple biotic and abiotic 
factors influence its post-arrival establishment and spread. Abiotic factors such as disturbance and 
environmental conditions determine the suitability of the new environment for an invader, as well 
as influence resource availability and ecological succession. Biotic processes such as competition, 
facilitation, predation and disease can either limit or promote invasion, as can emergent community-
level traits such as species diversity. Synergies arise when the abiotic and biotic factors controlling 
invasion success are themselves influenced by anthropogenic activities, such as those associated 
with coastal urbanization and industrialization. Here we present a review of the major anthropo-
genic activities that affect the success of non-indigenous species (NIS) post-arrival. We prioritize 
the factors in terms of their ecological and evolutionary importance, and present potential manage-
ment actions to reduce NIS success post-arrival. Evidence-based management has the potential to 
mitigate anthropogenic activities that enhance invasion success. High priority management actions 
include: 1) the removal, or containment, of legacy contaminants and reduction of new inputs to 
reduce the competitive advantage that some invaders have in contaminated environments, 2) the 
redesign of artificial structures to reduce colonization by NIS through eco-engineering, selection 
of construction materials and the ‘seeding’ of structures with native species to provide a priority 
advantage, 3) the management of dominant regional transport pathways to ensure that the risk of 
transporting NIS via our increasingly complex transport networks is minimized and 4) the protec-
tion and maintenance of biotic resilience in the form of intact living habitats and endemic diversity. 
Further research is required to advance our understanding of the role of anthropogenic activities in 
driving post-arrival success of NIS. Such work is vital for developing responsive and mechanistic 
management plans and ultimately for reducing the impacts of marine invasive species.
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Introduction

The invasion of natural ecosystems by non-indigenous species (NIS) is one of the greatest threats 
to native biodiversity (Wilcove et al. 1998, Butchart et al. 2010). Although only a small proportion 
of NIS artificially transported to new regions establish, spread and cause impacts (Williamson 
et al. 1986, Suarez et al. 2005, Blackburn et al. 2011), successful invasions have had a wide range of 
effects on native biota. The post-arrival establishment of NIS is strongly influenced by a number of 
biotic and abiotic factors (Theoharides & Dukes 2007, Forrest et al. 2009). For example, ecologi-
cal interactions such as competition, facilitation, predation or disease and environmental factors 
such as temperature and salinity may produce synergies that allow ecological dominance of NIS 
(Castilla et al. 2004). Species traits, such as predatory avoidance or growth rate, can sometimes be 
linked to the success of NIS over natives (Van Kleunen et al. 2010, McKnight et al. 2016). Abiotic 
influences such as disturbance can regulate resource availability, which may in turn affect invasibil-
ity (Davis et al. 2000, Airoldi & Bulleri 2011). Therefore, understanding biotic and abiotic factors 
that govern the survival and success of NIS and their populations post-arrival is key. In addition, it 
is important to have a good understanding of major anthropogenic factors that interact with these 
factors and ultimately shape the success of NIS post-arrival. In particular, anthropogenic factors 
associated with urbanization and industrialization are key for improving our understanding of post-
arrival NIS success (Figure 1). Anthropogenic activities on land and in the ocean change physico- 
chemical parameters of marine habitats, such as water and sediment quality, directly influencing 
NIS. However, many NIS have wide tolerances to environmental conditions (Dukes & Mooney 
1999, Sorte et al. 2010, Zerebecki & Sorte 2011, Rius et al. 2014b) and to highly toxic chemicals 
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Figure 1 Chemical (orange) and physical (grey) disturbances from human activities that influence the post-
arrival success of invaders. Effects of disturbance on NIS can be direct (dark green) or indirect (blue), and 
can affect associated biotic processes (black). Direct interactions are illustrated by an unbroken line; indirect 
interactions are illustrated by a broken line.
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such as copper biocides (Prentis et al. 2008, Piola et al. 2009). Hence, anthropogenic activities that 
promote extreme environmental conditions might provide a post-arrival advantage for NIS.

The global increase in anthropogenic activities has resulted in previously-undisturbed marine 
and estuarine environments being transformed into habitats with artificial features such as pon-
toons, jetties, breakwaters, boating marinas and commercial ports (Dugan et al. 2011). The physical 
characteristics of artificial structures tend to differ markedly from that of natural systems (Airoldi 
et al. 2005, 2009, Airoldi & Beck 2007), creating environmental novelty and newly available arti-
ficial habitat (Glasby & Connell 1999). Urban sprawl into our waterways and the construction of 
vessel infrastructure also results in hydrological modifications that reduce flow and increase silt, 
nutrient and contaminant retention (Johnston et al. 2011, Rivero et al. 2013).

Human-assisted regional translocation of species can increase connectivity, overcoming barri-
ers to natural dispersal and facilitating the post-establishment spread of NIS, with patterns and rates 
of spread being very different from those achieved via natural dispersal (Buchan & Padilla 1999, 
Ruiz & Carlton 2003). Intraregional transport increases propagule pressure of NIS (Zabin et al. 
2014). Such transport patterns are likely to increase the frequency of propagule arrival, which is 
correlated with NIS success in both theoretical (Leung et al. 2004) and experimental studies (Clark 
& Johnston 2009, Hedge et al. 2012).

Vectors that initially transport a species beyond its native range have been the focus of NIS 
science and management for decades (Carlton 1985, Ruiz et al. 1997, Hewitt & Campbell 2008, 
Davidson et al. 2010). After a marine non-indigenous species has arrived, less attention and 
resources are allocated to its management as removal or control is automatically deemed too expen-
sive or logistically impossible. If we pay more attention to the factors affecting NIS success post-
arrival in a new region we can identify the biotic and abiotic conditions that will be important for 
the likelihood of a species’ establishment and spread. For example, more information is needed to 
understand how human activities influence species traits that promote biological invasions. Such 
factors may be more amenable to management and more effective than attempts at direct eradication 
via physical removal or chemical/biological control.

In this paper, we explore the anthropogenic factors that influence the successful establishment 
and spread of introduced species in the marine environment, post-arrival (Figure 1). We first pro-
vide an overview of the major anthropogenic influences to marine environments and describe how 
they may affect NIS. We separate these factors into four major categories of change: chemical and 
physical changes to environments, changes to connectivity and changes to the biological aspects of 
recipient environments. Finally, we highlight areas in which there is potential for effective manage-
ment of NIS post-arrival.

Chemical alteration of recipient environments

Contamination and changes to water quality

The intense and extensive development by humans across the planet has subjected much of the 
world’s biological diversity to frequent chemical changes, which are often concentrated in urban 
and industrial areas (Grimm et al. 2008). Human activity is reliant on access to freshwater and 
trade such that it becomes concentrated around waterways. These activities inevitably release con-
taminants into water bodies and result in other modifications to physico-chemical conditions. As 
a consequence, estuaries in particular have been highly impacted by chemical change related to 
agriculture, industrialization and urbanization, with almost all estuaries suffering some degree 
of impact (Lotze et al. 2006). An example is fertilizer runoff into waterways; fertilizer use is 
already responsible for the eutrophication and formation of ‘deadzones’ in many of the world’s 
coastal waterways (Rabalais et al. 2010); global nitrogen and phosphorous effluent is predicted to 
increase between 150–180% between the years 2000–2150 (Marchal et al. 2011, Alexandratos & 
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Bruinsma 2012). Important chemical stressors include toxic contaminants (e.g. metals) (Birch 2000, 
Rodríguez-Obeso et al. 2007, Burton & Johnston 2010) and enriching contaminants (e.g. nutrients) 
(Statham 2012) (Figure 2).

Chemical stressors that are released into waterways impact the ecological composition and func-
tion of important habitats (Johnston & Roberts 2009, Burton & Johnston 2010). Metals are known 
to have toxic effects on aquatic taxa, including increased mortality (Trannum et al. 2004, Martínez-
Lladó et al. 2007), reduced reproductive potential (Alquezar et al. 2006, Simpson & Spadaro 2011) 
and other sublethal effects (Fleeger et al. 2003). Nutrients such as dissolved nitrogen and phospho-
rus can also have community-wide effects, with high levels resulting in a community composed of 
very high densities of a few tolerant opportunistic species (Pearson & Rosenberg 1978). However, in 
contrast to toxic contaminants, such nutrients initially have an enriching effect, increasing the rich-
ness and abundance of primary producers with consequences at higher trophic levels (Tewfik et al. 
2005, Smith et al. 2006, Elser et al. 2007, McKinley & Johnston 2010, Clark et al. 2015).

Environmental suitability is now acknowledged as a strong predictor of invasion success, and 
consideration of the role of chemical parameters has generally emphasized natural environmental 
variables such as dissolved oxygen (DO), pH, salinity and temperature (Williamson et al. 1986, 
Blackburn & Duncan 2001). There has been less consideration of how anthropogenic modifications 
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Figure  2 Anthropogenic factors influencing the establishment and spread of NIS include chemical and 
physical alterations of habitat, which interact with ecological traits and processes, as well as coastal transport 
networks. The introduction of chemicals from industrial and urban runoff and vessel antifouling paint may 
facilitate metal-tolerant NIS and reduce native biodiversity. Increasing coastal development adds novel habitat 
such as recreational infrastructure (e.g. marinas and jetties) and coastal protection infrastructure (e.g. sea 
walls) for colonization by NIS, and creates stepping-stones for their spread. These structures are linked by 
busy coastal transport networks, such as commercial and recreational vessel movements or aquaculture opera-
tions, which can act as vectors for NIS for inter- and intraregional spread.
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to environmental conditions may influence the establishment and spread of NIS. Locations where 
NIS are often introduced are low flow, high retention sites (naturally or by construction) (Floerl & 
Inglis 2003, Rivero et al. 2013) and therefore also locations of high contaminant retention (Dafforn 
et al. 2008, Johnston et al. 2011). Where the transport process for NIS is environmentally stressful 
(e.g. copper-coated vessel hull), it is likely that selection for environmentally tolerant (particularly 
to copper) NIS will take place (McKenzie et al 2012). This will lead to greater success of NIS in 
anthropogenically-modified habitats.

Toxic and enriching contaminants aid post-arrival success of NIS

The addition of toxic contaminants is perhaps the least intuitive reason for increasing NIS success, 
but is the area in which we have the strongest experimental and mensurative data to support the 
hypothesis. The mechanism is relatively simple and relies on selection for toxicant tolerance in NIS 
(Piola & Johnston 2009, McKenzie et al. 2012). Elevated concentrations of metals, for example, are 
highly toxic to many marine organisms (Hall et al. 1998), but some organisms have evolved effec-
tive detoxification and avoidance mechanisms and are considered to be superior in their ability to 
withstand exposures to these toxicants (Johnston 2011).

The majority of marine NIS are transported in ballast water or as hull-fouling organisms (Ruiz 
et al. 1997, 2000, Hewitt 2002, Godwin 2003, Clarke Murray et al. 2011) and both of these transport 
mechanisms are highly contaminated with metals (Alzieu et al. 1986, Claisse & Alzieu 1993, Schiff 
et al. 2004, Warnken et al. 2004, Piola et al. 2009, Dafforn et al. 2011). Hulls are contaminated 
because they are often coated in toxic antifouling paints containing metal-based biocides, and bal-
last water tanks are sometimes antifouled and often corroding internally (Tamburri et al. 2005). The 
transport process may therefore select for metal tolerance, and the major contaminants in ports and 
harbours are metals (Piola et al. 2009). Metal tolerance has now been observed in a wide range of 
marine organisms including polychaetes, bryozoans, algae, amphipods and barnacles (reviewed by 
Johnston 2011, Pineda et al. 2012). Hence, shipping selects for metal-tolerant species, then delivers 
them to metal-contaminated locations (Piola & Johnston 2008a). This gives NIS arrivals a competi-
tive advantage over local native species that may not have developed tolerance. However, it should 
be noted that native species can also adapt or become tolerant and there is potential for toxicant 
tolerance to be a useful risk-identifier for predicting future NIS (Dafforn et al. 2009a). Some studies 
have observed that assemblages switch from native-dominated to NIS-dominated when exposed to 
a small strip of antifouling paint (Piola & Johnston 2008a) – an effect as relevant in small marinas 
as it is in large working ports (Dafforn et al. 2009a). Interestingly, large-scale surveys of selected 
NIS are now finding that these species possess higher tolerance to metals in more polluted environ-
ments than in pristine habitats (Clark et al., unpublished data), and it would appear that NIS have 
the ability to lose tolerance (which can be costly to fitness) when spreading from contaminated to 
clean systems (Piola & Johnston 2006).

The addition of nutrients to a system is an example of the addition of resources, and is therefore 
more readily understood as a mechanism for increasing the success of NIS (Davis et al. 2000). 
Many high-impact NIS are ‘weedy’ (reviewed by Sutherland 2004) with an ‘r-type’ life-history 
strategy (Ruiz & Hewitt 2002, Hänfling et al. 2011) so they are therefore capable of dominating 
in high-resource environments. This has been demonstrated for land-based weeds (Grime 1977, 
Dukes 2001) – more research is required for marine species, but disturbance that renews resources 
is certainly a facilitator (Clark & Johnston 2009, 2011, Airoldi & Bulleri 2011). Humans elevate 
nutrients in nearshore areas via run-off from agricultural and urbanized areas and through the 
release of sewage (Figure 2). Nutrients may be limiting in marine systems and hence anthropo-
genically-modified waterways may be more productive than natural systems (Nixon et al. 1986, 
2001). Productivity increases may result from large changes in community composition (Duarte 
1995). Productivity increases will occur up until thresholds are exceeded and excessive eutrophication 
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takes place, reducing water quality and causing oxygen depletion as has happened in much of the 
Baltic Sea (Carstensen et al. 2014). Thresholds and tipping points will differ for each habitat and 
each NIS and are therefore difficult to predict without extensive monitoring. Up until such tipping 
points are reached, the system is increasingly susceptible to fast-growing weedy species that are 
able to rapidly take advantage of excess primary and secondary food sources (Clark et al. 2015). 
Non-indigenous species are often considered ‘weedy’ species and examples of this are the fast-
growing invasive Caulerpa macroalgal species (Williams & Smith 2007) and harmful microalgae, 
which have a tendency to bloom in high-nutrient conditions (Hallegraeff & Gollasch 2006).

Changes in water quality and hydrological regimes

Due to a paucity of empirical studies, it is difficult to generalize the response of NIS to anthropo-
genic modifications of water quality per se. Where our activities push these parameters beyond 
natural realms of variability, we might expect that modifications will benefit species with wide 
environmental tolerances. Species that benefit are unlikely to be the resident native species that have 
evolved under historical conditions and will be disadvantaged by changed environmental or biologi-
cal regimes. Water quality modifications may also be of concern if they represent a change in natu-
ral habitat or a uniformity of conditions that, as a result, drives biotic homogenization (McKinney & 
Lockwood 1999). Anthropogenic modifications of hydrological regimes will likely increase in the 
future as inland waterway transport is predicted to rise and there will be a greater need for expan-
sion and new canal developments to support this trade (Galil et al. 2007, 2015). These modifications 
in hydrological regimes are likely to occur together with an increase in available suitable habitat 
for colonization by NIS. Increasing drought will drive water extractions from river sources, with 
associated impacts further downstream in estuaries. The interaction of water-usage practices and 
climate change anomalies has the potential to create invasion windows. For example, the co-occur-
rence of increased freshwater extraction and increased drought severity is thought to have created 
saline conditions in San Francisco estuary that benefitted a non-indigenous zooplankton species 
(Winder et al. 2011). Anthropogenic activities and associated stressors tend to be a common prob-
lem and may establish a particular set of conditions that are replicated in harbours around the globe 
(Halpern et al. 2008, Knights et al. 2013, Pearson et al. 2016). NIS are transported from multiple 
locations, but it is possible that these locations may have similar water quality conditions because 
they are busy ports or marinas, usually characterized by low flow, high turbidity, low DO and high 
nutrient conditions. These situations can create environments that suit a set of species representing 
‘harbour-tolerant’ conditions as described in Floerl et al. (2009a).

Regime shifts associated with climate change may lead to the exacerbation of hydrological 
regime change and impacts on water quality (Delpla et al. 2009, Whitehead et al. 2009). It is inher-
ently difficult to make predictions in complex ecological systems, but climate change will change 
the nature of basic chemical interactions. Increasing temperature and pH both have the potential 
to increase the availability of toxic contaminants (Schiedek et al. 2007, Sokolova & Lannig 2008, 
Nikinmaa 2013) as does increasing storm activity, which resuspends contaminated sediments 
(Eggleton & Thomas 2004). With temperature increases, we might also expect increases in primary 
productivity and an increased frequency of eutrophic events and hypoxia (Rabalais et al. 2009, 
Moss et al. 2011, O’Neil et al. 2012).

Physical alteration of recipient environments

Estuarine, coastal and offshore development

The estuarine environment faces increasing pressure from encroaching urban and industrial devel-
opments (Figure 2). Historically, the majority of human settlement has occurred within 100 km of 
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the coast (Bulleri 2006, Firth et al. 2016) and, despite these areas being at most risk from climate 
change events, this trend continues (McGranahan et al. 2007). World population growth is projected 
to increase from 7.2 to 9.6 billion in 2050 (Gerland et al. 2014) and resource demand will result in 
increased exploitation of the marine environment. For example, some areas of Europe have lost 
50–80% of coastal wetlands and seagrasses to development to support urban activities (reviewed 
by Airoldi & Beck 2007). Anthropogenic habitat modification also extends beyond the coastal zone 
as world population growth has driven the search for new energy sources off shore (Asif & Muneer 
2007). The discovery of new oil and gas reserves, such as those in the Arctic region, will result in the 
continued construction of near and offshore production platforms (Asif & Muneer 2007). Over 7500 
offshore oil and gas platforms had been constructed worldwide as of 2003 (Hamzah 2003, Parente 
et al. 2006). Similarly, renewable energy is moving off shore with the construction of marine wind 
farms (Kennedy 2005, Punt et al. 2009). To exploit renewable energy sources, several thousand tur-
bines will be constructed in wind farm clusters along the European Atlantic coast (Kennedy 2005) 
and, presumably, other global locations (Firth et al. 2016). Offshore energy platforms may appear 
relatively isolated, but they are linked to coastal areas by vessel movements (e.g. maintenance) and 
therefore can act as sinks or sources of NIS propagules (Yeo et al. 2009, Sammarco et al. 2010, 
Adams et al. 2014). Furthermore, the decommissioning of offshore installations may remove the 
structures that support NIS or leave behind permanent structures for NIS that are no longer main-
tained or monitored (Schroeder & Love 2004, Page et al. 2006, Macreadie et al. 2011). Underwater 
pipelines have received less attention in relation to their potential impacts, but they connect offshore 
energy infrastructure with coastal zones and introduce other novel structures to the marine environ-
ment that may be colonized by NIS or facilitate their spread (Feary et al. 2011).

Habitat modification often involves the addition of structures that may increase or replace exist-
ing natural habitat (Glasby & Connell 1999). Common structures added to coastal zones include 
sea walls, break walls and groynes constructed to protect urban coastal zones and maritime vessels 
(Mineur et al. 2012). Marinas and ports are often protected by break walls and infrastructure within 
these areas includes pilings and pontoons to support vessel berthing. Furthermore, vessel transport 
is supported by hydrological modifications including the construction of canals and other water-
ways. Similarly, offshore energy platforms, while built above the waterline, require extensive under-
water scaffolding (Wilson & Elliott 2009). Comparisons of artificial structures and natural habitats 
have revealed distinct differences in the assemblages able to colonize and persist on them (Connell 
& Glasby 1999, Glasby 1999a, Glasby & Connell 1999, Atilla et al. 2003, Chapman & Bulleri 2003, 
Bulleri & Chapman 2004, 2010, Firth et al. 2016). Differences between anthropogenic and natural 
hard-substratum habitats arise due to their physical characteristics, including substratum composi-
tion and microhabitats (Anderson & Underwood 1994, Glasby 2000, Chapman & Bulleri 2003, 
Chapman 2011, Firth et al. 2013, 2014, Browne & Chapman 2014), age (Perkol-Finkel et al. 2005, 
Pinn et al. 2005, Burt et al. 2011), orientation or incline (Connell 1999, Glasby & Connell 2001, 
Saunders & Connell 2001, Knott et al. 2004, Langhamer et al. 2009, Chapman & Underwood 2011, 
Firth et al. 2015), predation levels (Clynick et al. 2007, Nydam & Stachowicz 2007), illumination 
levels (Glasby 1999b, Shafer 1999, Marzinelli et al. 2011, Davies et al. 2014), disturbance levels 
(Airoldi & Bulleri 2011) and movement (Holloway & Connell 2002, Perkol-Finkel et al. 2008, 
Shenkar et al. 2008, Dafforn et al. 2009b). The increasing transformation of natural to urbanized 
coastlines has promoted the establishment and spread of NIS (Bulleri & Airoldi 2005, Bulleri et al. 
2006, Airoldi et al. 2015).

Artificial structures aid establishment and dispersal of NIS

The addition of artificial structures in close proximity may provide ‘stepping stones’ for NIS (Glasby 
& Connell 1999, Coutts & Forrest 2007) (Figure 2), providing ‘corridors’ for their spread and dis-
persal (Bulleri & Airoldi 2005, Airoldi et al. 2015). Propagules released from one structure have 
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a higher chance of making it to other structures where the presence of NIS is often higher than in 
surrounding natural habitats (often sedimentary, Airoldi et al. 2015). The large amount of artificial 
structures in ports and harbours provides suitable habitat in close proximity to key vectors, such 
as commercial and recreational vessels (Bulleri & Airoldi 2005) (Figure 2). Some invasive fouling 
NIS exhibit preferences for shallow floating artificial structures (Lambert & Lambert 1998, Glasby 
et al. 2007, Dafforn et al. 2009b), potentially because they present a similar surface to a vessel hull 
with respect to movement and depth (Neves et al. 2007). Such artificial habitats unprecedentedly 
provide downward-facing surfaces, which are uncommon in natural ecosystems (Miller & Etter 
2008). Thus, certain species that were present in low abundance in nature are now thriving in these 
new environments. Research on larval phototaxis and geotaxis of ascidians (arguably one of the 
most important marine groups in terms of NIS) (Zhan et al. 2015), found that some globally-distrib-
uted species show settlement preference for downward surfaces (Svane & Dolmer 1995, Rius et al. 
2010). In addition, studies have shown that recruitment of fouling species are enhanced within prox-
imity to a pier (Hedge & Johnston 2012) and shading (Miller & Etter 2008). Moreover, the design 
of ports and marinas can disrupt tidal flushing and result in vastly local increased recruitment rates 
(Floerl & Inglis 2003, Johnston et al. 2011, Toh et al. 2016), but also increase regional connectivity 
by creating a network of substrata away from initial invader entry points (Knights et al., 2016). As a 
result, the characteristics of marinas increase retention of NIS propagules and provide a substratum 
for their establishment (Vaselli et al. 2008). This effect has been so strong that association with 
artificial structures has been used as a criterion for classifying species as non-indigenous (Chapman 
& Carlton 1991). Even temporary or removable infrastructure, such as slow-moving barges and 
drilling rigs, can cause changes to the local habitat. During their period of operation, these floating 
structures provide a hard substratum for colonization of NIS, often surrounded by soft-sediment 
habitats (Sheehy & Vik 2010). Invasive corals of the genus Tubastraea have, in recent years, colo-
nized an ever-increasing proportion of oil-production infrastructure off the coasts of Brazil and 
southern USA (Sammarco et al. 2010, 2012, 2014, Costa et al. 2014). Hydrological modifications 
have also been implicated in the spread of NIS. For example, canals and waterways provide links 
between distant areas that would otherwise be isolated (Galil et al. 2007, Bishop et al. 2017). The 
increased addition of artificial structures into coastal areas and hydrological modifications that link 
isolated waterways provide NIS with ‘stepping stones’, networks and ‘dispersal corridors’, respec-
tively (Glasby & Connell 1999, Bulleri & Airoldi 2005, Coutts & Forrest 2007).

The increasing intensity of storms and rising sea levels associated with climate change are likely 
to increase the need for artificial coastal defences to be constructed on a global scale (Nicholls & 
Mimura 1998, Moschella et al. 2005, FitzGerald et al. 2008). At the same time, climate change has 
created environmental conditions that have facilitated significant range expansion of various species 
(Barry et al. 1995, Hawkins et al. 2009, Ling et al. 2009, Mieszkowska et al. 2014, Rius et al. 2014a). 
Therefore, increased connectivity from networks of hard structures, together with climate change, 
may additively enhance the spread of NIS by providing habitat for colonization in areas opened up 
by warming temperatures (Ware et al. 2014, Firth et al. 2016). In addition to warming, there is a 
growing number of studies reporting more frequent extreme weather conditions (e.g. significantly 
larger differences between minimum and maximum seawater conditions, Wernberg et al. 2011, 
2012, 2013), which facilitates the success of species with broader thermal ranges (Rius et al. 2014a).

In addition to increasing energy demands over the next decades, an increased demand for pro-
tein will result in a considerable expansion of the global aquaculture industry (FAO 2012). This 
will involve the construction of larger and denser aggregations of fin and shellfish farms in coastal 
regions that provide extensive artificial habitats to NIS (Fitridge et al. 2012). Another example is the 
Norwegian salmon farming industry that currently operates ~ 700 coastal farms, each comprising 
approximately 50,000 m2 of artificial habitat (Bloecher et al. 2015), and is predicted to grow five-
fold by 2050 (Olafsen 2012). Aquaculture facilities are a major vector of NIS (Voisin et al. 2005, 
Fitridge et al. 2012, Aldred & Clare 2014), not only because they intentionally introduce NIS to be 
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farmed, but because they unintentionally transport associated organisms that may establish and 
spread in the new range (Rosa et al. 2013, Woodin et al. 2014, Grosholz et al. 2015) (Figure 3). Once 
the farmed or associated species grow, they release propagules that will settle both in the aquacul-
ture facilities and elsewhere. After the initial introduction in the 1970s of the Mediterranean mus-
sel, Mytilus galloprovincialis, for farming in South Africa, this species spread more than 2000 km, 
where it now dominates extensive sections of the rocky intertidal zone (Rius et al. 2011). In addition, 
the presence of aquaculture facilities has provided new artificial substrata where other NIS that 
coexist with the farmed NIS can thrive (Rius et al. 2011). Research has shown that such coexistence 
can allow persistence over long periods, which means that aquaculture facilities act as incubators for 
multiple NIS. Another problem associated with aquaculture facilities is the accidental release of the 
non-indigenous farmed stock (Schröder & De Leaniz 2011), such as the case of fish farms in Chile 
(Soto et al. 2001, 2006, Soto & Norambuena 2004). Finally, the development of dense aquaculture 
farming regions can facilitate the human-assisted spread of NIS and disease pathogens via the 
provision of stepping-stone habitats for natural dispersal and a complex transport network (Murray 
et al. 2002, Morrisey et al. 2011) (Figure 4).

Connectivity: coastal transport networks

Commercial and recreational vectors

Once established, the spread of marine NIS is often facilitated through the presence of extensive 
transport networks associated with coastal shipping, boating and aquaculture. Urbanized coastlines 
are characterized by the presence of commercial ports, boating marinas, ferry terminals and other 
infrastructure that are associated with a wide range of vectors, including merchant ships, cruise 
liners, naval vessels, car and passenger ferries, water taxis, recreational yachts, dredges, barges 
and others (Figure 2). Movements of these vectors occur at local (e.g. car ferries, water taxis, ser-
vice vessels), regional or national scales (e.g. merchant or recreational vessels). Domestic trans-
port networks can be complex. For example, New Zealand’s recreational vessel network comprises 
> 500 distinct voyage routes among 36 of the country’s main marina facilities, and involves > 8000 
marina-to-marina voyages per year. In addition, there are ~ 7200 annual movements of large com-
mercial vessels between New Zealand’s commercial ports that occur via > 300 voyage routes (Floerl 

Figure 3 Extensive fouling of a salmon farm pontoon supports a diverse community of non-indigenous 
species, including the invasive ascidian, Didemnum vexillum. The development of dense aquaculture farming 
regions can facilitate the human-assisted spread of NIS and disease pathogens via the provision of stepping-
stone habitats and a complex transport network. (Photo: Javier Atalah, Cawthron Institute)
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et al. 2009a, Hayden et al. 2009). Many recreational, cruise, aquaculture and fishing vessels also 
regularly move between coastal centres and a wide range of relatively pristine natural coastal envi-
ronments (Wasson et al. 2001, Gust et al. 2008, Zabin et al. 2014). For example, in 2013, a subset 
of 90 commercial salmon farms along the coast of Trøndelag, Norway, was visited by a total of 204 
different vessels, including well-boats and feed, cleaning and service vessels (Figure 3). Individual 
farms received up to 400 visits from up to 57 different vessels, and farm-to-farm voyages of con-
tractor vessels connected individual farms with up to 20 other farms (Floerl 2014). Human-assisted 
translocation can overcome barriers to natural dispersal and result in patterns and rates of spread 
very different from those achieved via natural dispersal (Buchan & Padilla 1999, Ruiz & Carlton 
2003, Seebens et al. 2013) (Figure 4).

Coastal transport networks facilitate transport 
of NIS at local, regional and domestic scales

Transport of NIS via movements of vessels and other mobile submerged infrastructure predomi-
nantly occurs via biofouling on submerged surfaces or in internal ballast water (Drake & Lodge 2007, 
Hewitt & Campbell 2008). International conventions and guidelines to regulate shipping pathways 
are in development or already operational (IMO 2005, 2011b), but the domestic risk associated with 
both of these transportation modes remains largely unmanaged by most coastal nations. For example, 
Simkanin et al. (2009) established that approximately 27% (~ 6 million metric tons) of ballast water 
discharged at commercial ports on the west coast of the USA originates from other west coast ports, 
which can facilitate the translocation of organisms among regional ports. Similarly, domestic vessel 
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Figure 4 Annual ‘connectivity’ of a single Norwegian salmon farm in a network of 90 salmon farms on the 
coast of mid-Norway. The thickness of blue lines indicates the strength of connectivity. Vessel movements 
were tracked using automatic identification system (AIS) data (Floerl unpublished data).
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movements in the USA and New Zealand (to name two examples) are likely to transport biofouling 
species between ports or from ports to remote natural environments (Floerl et al. 2009b, Zabin et al. 
2014). Dispersal of biofouling species can be facilitated by all types of vessels and mobile infrastruc-
ture. The greatest risk is often attributed to vessels that spend extended periods (weeks to months) at 
their destinations, such as many recreational vessels, towed barges and inactive commercial vessels 
(Apte et al. 2000, Davidson et al. 2008, Floerl & Coutts 2009). However, Schimanski (2015) recently 
showed that the export of recruits from a local larval pool via vessel movements can occur following 
residency periods of a single day. Recreational vessels are implicated in the domestic spread of NIS 
in North America (Wasson et al. 2001, Davidson et al. 2008, Clarke Murray et al. 2011, Zabin et al. 
2014), Europe (Fletcher & Farrell 1999, Dupont et al. 2010) and New Zealand (Goldstien et al. 2010). 
There is also evidence of commercial vessels acting as domestic transport vectors. For example, the 
translocation of a dumb barge from New Zealand’s North Island to the South Island has facilitated 
the dispersal of the invasive ascidian, Didemnum vexillum, from its probable founder population 
into the heart of the country’s aquaculture growing region 500 km further south, where it estab-
lished highly prolific populations (Coutts & Forrest 2007, Forrest et al. 2013). Regional movements 
of leased marina pontoons and transfers of aquaculture stock between growing regions have also 
been identified as potential dispersal vectors of NIS (Forrest & Blakemore 2006, Gust et al. 2008).

The spread of NIS is determined by myriad factors that are not all well understood and that are 
likely to differ between species and environmental contexts. For example, there are known relation-
ships between propagule pressure and colonization success (Hedge & Johnston 2012) and between 
aspects (size, gene pool, etc.) of founder populations and longer-term persistence (Simberloff & 
Gibbons 2004). The modes of anthropogenic transport described above can enhance the post-
establishment success of marine NIS in several ways. First, they can facilitate the establishment of 
further regional satellite populations whose cumulative spread and impact can be greater and far 
more difficult to manage than that of a single invasive population (Moody & Mack 1988). Second, 
some elements of coastal transport networks, such as container vessel movements, involve repeat 
voyages or loops (Kaluza et al. 2010). These can facilitate recurring introductions of propagules to 
established NIS populations, which may enhance resilience and adaptive capacity of such popula-
tions to disturbance or environmental change (Carlton & Hodder 1995, Prentis et al. 2008, Hedge 
et al. 2012). Third, repeat introductions can also help small populations overcome Allee effects 
and become self-sustaining (Drake & Lodge 2006) thereby increasing invasion risk. Finally, the 
transport of biofouling species on vessels can select for individuals that are particularly robust 
(e.g. environmentally tolerant, Piola & Johnston 2008a). Vessels with particular voyage profiles, 
such as frequent short-distance voyages, may facilitate transport of recruits that are able to produce 
viable offspring for release in vessels’ future destinations (Schimanski 2015).

There is mounting evidence that both recreational vessels and commercial shipping allow the 
translocation of genotypes around the world. Many studies show little genetic differentiation among 
distant populations found within a species’ introduced range (Tepolt et al. 2009, Rius et al. 2012, 
Ordóñez et al. 2013), indicating the presence of population connectivity both at regional and global 
scales. Although genetic bottlenecks can have deleterious effects on recently-established introduced 
populations (Roman & Darling 2007), the majority of marine genetic studies support the idea that 
introduced populations have high levels of genetic diversity as a result of recurrent introductions 
from multiple and diverse sources (Rius et al. 2015). Human-assisted global reshuffling of geno-
types may have evolutionary consequences for species and assemblages in both introduced and 
native ranges (Olden et al. 2004, Hudson et al. 2016). Human activities fundamentally alter evolu-
tionary trajectories that have been shaped by millions of years. For example, both artificial transport 
of species and climate change facilitate contacts of previously isolated genotypes, which unprec-
edentedly increases hybridization rates (Rius & Darling 2014, Vallejo-Marin & Hiscock, 2016). 
However, more research is needed to understand how human activities are affecting species ranges 
of both native and NIS.
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Ecological, physiological and genetic 

alteration of recipient environments

When a NIS interacts with the receiving community, a gradient of possible outcomes can be 
expected. The first one is ecological dominance by the NIS, in which the absence of natural com-
petitors and predators (the so-called ‘enemy release hypothesis’, Keane & Crawley 2002) facilitates 
NIS success. Another possibility is that a NIS becomes established in the new area but that the 
receiving community limits its success (i.e. biotic containment, Stachowicz et al. 2002a, Levine 
et al. 2004, Simkanin et al. 2013). Finally, biotic resistance or the ability of resident species to resist 
newcomers may prevent the establishment of NIS. Human activities have the potential to modify 
each of these processes and thereby influence the success of NIS post-arrival.

Loss of species diversity and changes in community interactions

One of the most studied but debated forms of community-level biotic resistance is that attributable 
to species diversity (Elton 1958). Species diversity is thought to affect biotic resistance through two 
main mechanisms: the sampling effect and species complementarity. The sampling effect refers to 
the probability that a community will contain one or more dominant species (e.g. superior com-
petitors or predators) that are particularly effective in repelling invaders (Huston 1997). Dominant 
species may create habitat for many subordinate species, which increases species diversity and 
inhibits the establishment of new arrivals. Species complementarity, or resource partitioning, refers 
to differential resource use between species (Schoener 1974, Tilman 1997). A higher number of spe-
cies can often utilize a larger proportion of the resource base, which reduces invasibility by leaving 
fewer unused resources available to invaders (Davis et al. 2000).

Experimental studies have shown that diverse communities can ‘overyield’, where they are 
more productive and use more resources than would be expected by the sum of component species 
(Hector et al. 2002). Species complementarity can also occur temporally, when diversity buffers the 
effects of temporary species loss (Levine 2000). This was observed in a marine system where the 
primary space-occupiers (colonial ascidians) underwent boom-and-bust cycles at different times of 
the year, and diverse communities tended to contain species in each boom-phase (Stachowicz et al. 
1999). These experimental studies demonstrate effects of species diversity on invasibility at local 
scales, but there is debate over its importance at larger scales (Fridley et al. 2007, Clark & Johnston 
2011, Clark et al. 2013).

Competition between species within trophic levels is an important process in many marine com-
munities (Branch 1984), and represents a key form of biotic resistance. Classic ecological theory 
identifies three main types of competition (interference, exploitative and apparent), which include 
both direct and indirect mechanisms (Fellers 1987). Examples of these in hard-substratum marine 
systems are overgrowth interactions between neighbours (interference, Russ 1982) and competition 
for resources such as food and space (exploitative, Buss 1990), both of which can act to resist post-
establishment invasion (Kimbro et al. 2013). Apparent competition is that mediated by a predator 
or herbivore and is more difficult to study, but has been implicated as a mechanism influencing the 
invasion success of some terrestrial plants (Dangremond et al. 2010, Combs et al. 2011).

The importance of competition shaping community composition is context-dependent (Firth 
et al. 2009, Klein et al. 2011) and is regulated by resources and stress levels (McQuaid et al. 2015), 
so is variable across space and time. It is less important in early successional or highly disturbed 
communities where resources are abundant, but becomes increasingly important as communities 
develop and resources become scarce (Parrish & Bazzaz 1982, Dohn et al. 2013). The degree of niche 
partitioning also influences the importance of competition, since divergent resource use between 
species diminishes the frequency and/or intensity of competitive interactions. There is some evi-
dence for latitudinal trends in the intensity of competition (Barnes 2002), which may contribute 



401

ANTHROPOGENIC ACTIVITIES AFFECT POST-ARRIVAL SUCCESS OF NIS

to differences in the invasibility of latitudinal regions (Freestone & Osman 2011, Freestone et al. 
2011, 2013).

Increased disturbance, for example by human activities that chemically or physically alter the 
environment, typically increases species turnover and the amount of available resources (Davis 
et al. 2000, Clark & Johnston 2005) (Figure 1). This reduces the importance of competition in struc-
turing communities, and advantages species with r-selected traits and/or tolerance to disturbance. 
Many NIS are relatively successful in disturbed environments by their virtue of high dispersal (par-
ticularly in association with human transport vectors), rapid reproduction and wide environmental 
tolerance (Piola & Johnston 2008b) (Figure 1). Byers (2002) argued that anthropogenic disturbances 
create environmental conditions that favour NIS, removing the advantages of pre-adaptation that 
would normally be held by natives.

The loss of native species or a reduction in their abundance can compromise species interac-
tions that would otherwise provide biotic resistance. Fewer species reduces the scope for species 
complementarity and the probability that communities will contain dominant taxa (i.e. the sampling 
effect). Stress that reduces the fitness of native species may weaken biotic resistance by decreasing 
the intensity of competition, or by altering the outcome of competitive interactions (Liancourt et al. 
2005). Conversely, positive interactions (facilitation) between invaders can exacerbate their impacts, 
spread and subsequent invasions—a phenomenon known as ‘invasional meltdown’ (Simberloff & 
Von Holle 1999, Grosholz 2005) (Figure 1). An example in hard-substratum marine fauna is when 
habitat-forming invaders (e.g. the colonial bryozoan, Watersipora subtorquata) provide secondary 
substratum for other invaders (Floerl et al. 2004), sometimes on antifouling-painted surfaces that 
would otherwise be uninhabitable by non-tolerant invaders. Facilitative interactions can also occur 
between native and NIS. Most evidence of this comes from studies on terrestrial and freshwater 
ecosystems, but some marine examples exist (see review by Rodriguez 2006). Facilitative effects 
are often transitory (Holloway & Keough 2002) or dependent on environmental conditions (Maestre 
et al. 2009, Rius & McQuaid 2009, Holmgren & Scheffer 2010). Overall positive and negative 
ecological interactions affect levels of biodiversity, which ultimately influence the success of NIS.

Impacts of human activities on biotic resistance are spatially variable, as some habitats are 
dominated by taxa that are particularly susceptible to environmental change. For example, areas 
with more stable environments (e.g. subtidal reefs or deep-sea sediments) are more likely to contain 
species less able to adapt to or tolerate change, relative to areas with fluctuating conditions (e.g. tidal 
rock pools or shallow estuaries) (Levin & Lubchenco 2008). Change in biotic resistance may also 
be temporally variable, as species can approach their physiological limits during seasonal extremes 
(Durrant et al. 2013). These fluctuations in natural stress might interact with human stressors to cre-
ate periods of heightened vulnerability to invasion.

Loss of top-down control or ‘enemy release’

Predation or herbivory is a third type of ecological interaction that, in the context of biological inva-
sions, is referred to as top-down control (McEnvoy & Coombs 1999). Non-indigenous marine inver-
tebrates can be prey for some native fish or grazing invertebrates (e.g. echinoderms), and likewise 
non-indigenous fish can be prey for larger native fish or higher-order predators. The importance of 
this to marine bioinvasions is difficult to gauge since predation rates on many lower trophic levels 
are not often well understood. Some evidence exists from studies that describe predation of early 
life-history stages of marine epifaunal taxa (both native and/or NIS) as a key determinant of the 
development of benthic communities (Osman & Whitlatch 1995, 2004, Rius et al. 2014b). Soft-
bodied marine invertebrates (e.g. solitary and colonial ascidians) may be more prone to predation 
than those with hard outer shells, so the susceptibility of invertebrate invaders to top-down control 
can be influenced by their morphology (Lavender et al. 2014), the natural predators present (e.g. 
specialist versus generalist) and other competitors (Russ 1980, 1982, Osman & Whitlatch 2004). 
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Chemical defences can also inhibit predation upon fish (Snyder & Burgess 2007) and marine inver-
tebrates (Bakus 1981, Pawlik 1993, Teo & Ryland 1994), and herbivory upon algae (Steinberg 1986, 
Hay & Fenical 1988), providing some invaders with relative immunity to top-down control (Lagesa 
et al. 2006, Enge et al. Chapter 6 in this volume).

The ‘enemy release hypothesis’ refers to situations when the invader has partial or complete 
immunity from predation in its new range, and can lead to the proliferation and dominance of 
the invader (Keane & Crawley 2002) (Figure 1). Most examples of the enemy release hypothesis 
come from terrestrial studies (Colautti et al. 2004, Liu & Stiling 2006), but there is some evidence 
from the marine environment (Torchin et al. 2003, Blakeslee et al. 2009, 2012). A laboratory study 
compared the preference of a sea urchin for feeding upon native versus exotic ascidians, and found 
that the urchin preferred the native prey (Simoncini & Miller 2007). Another study found that even 
though Hawaiian herbivores grazed introduced algae in preference to native algae, the intensity 
of herbivory was lower there than in the invaders’ native range (Vermeij et al. 2009). Field studies 
have highlighted that besides a relative immunity to predation, invaded communities dominated by 
NIS may benefit native predators by providing previously unavailable resources (Branch & Steffani 
2004, Rius et al. 2009). Torchin et al. (2003) highlighted the importance of escape from parasites in 
the success of some exotic marine invertebrates, since parasites are known to reduce growth, sur-
vival and natality (Torchin et al. 2002). For example, infection of the native mussel, Perna perna, in 
South Africa by trematodes was found to reduce growth and adductor muscle strength, and increase 
water loss compared to the uninfected non-indigenous mussel, Mytilus galloprovincialis (Calvo-
Ugarteburu & McQuaid 1998). While not top-down control, this appears to be another important 
form of enemy release in marine systems. Enemy release can accelerate invasion events that were 
initiated or facilitated by the anthropogenic factors mentioned in other sections of this chapter.

Managing anthropogenic factors to reduce 

the establishment and spread of NIS

Our existing insights of how humans can influence the post-arrival success of NIS by altering physi-
cal, chemical and biological parameters of the environment, or by facilitating dispersal, provide us 
with a wide range of options for reducing invasion risk. These are briefly discussed here and sum-
marized in Table 1.

Ecological interactions, such as biotic resistance or containment, occur across and within tro-
phic groups, as well as at multiple levels of biological organization and life-history stages (Kimbro 
et al. 2013). Human activities can impair biotic resistance to post-establishment spread of NIS by 
reducing the types, extent or magnitude of species diversity, community interactions and top-down 
control (Figure 1). At local or regional scales, for example, diversity loss can result from anthropo-
genic stressors such as contamination providing an advantage to non-indigenous species (Piola & 
Johnston 2008b). Physical modifications of habitats due to increasing coastal development can result 
in species removal and the loss of native species that might otherwise provide a barrier to invasion 
(Dafforn et al. 2015). Fishing practices that remove apex predators can reduce top-down control on 
marine communities and might also facilitate invasion at lower trophic levels (Baum & Worm 2009, 
reviewed by Johnson et al. 2011). At larger scales, human-induced climate change is modifying 
natural ranges of species (Ling et al. 2009) and may be increasing the rate of biotic homogenization 
(Stachowicz et al. 2002b, Olden et al. 2004).

The way we manage and conserve the diversity and integrity of native species assemblages 
will affect their ability to repel NIS now and in the future. Specifically, it will be important to con-
serve the native attributes of systems such that natural mechanisms of biotic resistance can operate 
most efficiently. For example, conserving native diversity will facilitate synergistic mechanisms of 
biotic resistance (e.g. species complementarity and indirect interactions) that would be virtually 
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impossible to artificially engineer. Reducing the input of contaminants to receiving environments 
and removing historical legacies of toxicants would go some way to support native species resis-
tance (Piola et al. 2009). For example, there has been evidence of macrofaunal recovery following 
the ban on tributyltin in antifouling paints (Smith et al. 2008, Langston et al. 2015). Similarly, the 
removal of organic contaminants associated with a fish farm resulted in positive changes to native 
ecological structure and function over time (Macleod et al. 2008). Broad conservation of processes 
that maintain strong ecological interactions will provide the most comprehensive protection against 
a wide range of possible scenarios.

The increased addition of artificial structures to coastal environments aids the establishment 
and dispersal of NIS. Where artificial structures are used for protection and defence (e.g. groynes, 
breakwaters, sea walls), the establishment of natural coastal protection would reduce these risks. 
For example, the addition of buffer zones for the landward extension of coastal vegetation (e.g. man-
groves) would provide more natural protection from storms and storm surges (Hoang Tri et al. 1998, 
Kelly & Adger 2000, Costanza et al. 2008). Where coastal defence structures are needed, improv-
ing the design of artificial structures would go some way to reducing post-arrival success of NIS 
if structures matched the complexity of natural habitats (Atilla et al. 2005), shading was reduced 
to encourage native algal assemblage growth (Dafforn et al. 2012) and developments such as ports 
and marinas were designed to improve flushing and reduce retention rate for invasive propagules 
(Floerl & Inglis 2003, Vaselli et al. 2008). Future management strategies should take into account 
the potential for shallow moving structures to enhance invader dominance, and strongly consider 
using fixed structures to reduce opportunities for invaders (Dafforn et al. 2009b).

Physical changes that increase connectivity of habitats are a primary cause for invader spread. 
Canals have been implicated in invader spread (e.g. Suez and Panama canals) linking regions that 
would have otherwise been isolated by a natural barrier. The design of locks and weirs within such 
canals, combined with effective water or hull treatment technology, could help to reduce the trans-
port of viable species between naturally isolated waterbodies (Galil et al. 2007, 2015). Upstream 
hydrological modifications should take into consideration the potential for changes to environmen-
tal conditions downstream that might enhance abiotic conditions for invaders (Winder et al. 2011).

Table 1 Summary of mechanisms for establishment and spread of NIS, likely impacts 
and suggestions for effective management

Establishment and/or 
dispersal vector Likely impacts Management suggestions

Reduced biotic 
resistance

Changes in species diversity, 
competitive interactions and 
top-down control

• Conserve native biodiversity (e.g. with marine sanctuaries) 
• Understand interactions between stressors
• Protect natural predators for top-down control 
• Monitor key native species

Contamination, 
eutrophication and 
changes to water 
quality

Selection for tolerant species, 
selection for fast-growing 
species, freeing of resources 
for NIS

• Improve flushing in marinas to reduce water retention
• Use of non-toxic antifouling paints
• Remediate contaminated sediments to avoid 

resuspension of toxicants
• Manage storm water runoff

Addition of artificial 
structures

Introduction of artificial hard 
substratum, invasion stepping 
stone

• Shift from hard defence structures to natural coastal 
protection 

• Design structures to conserve natural habitat complexity 
and reduced shading

• Use fixed rather than floating structures

Commercial and 
recreational transport 
networks

Translocation of NIS via 
fouling on hulls or equipment, 
and in ballast water 

• Pathway management
• Domestic ballast water management
• Improved ability for hull treatment
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A reduction in the risk of post-establishment spread via human transport mechanisms can also 
be achieved via the development and implementation of effective pathway management measures. 
Such initiatives may involve the setting of hygiene requirements or movement restrictions for vessels 
or infrastructure (e.g. aquaculture equipment) of particular types or origin to minimize their risk of 
translocating NIS (see discussions in Sinner et al. 2013, Inglis et al. 2014). One recent example of 
such measures is the Craft Risk Management Standard developed by the New Zealand government 
to limit the arrival and spread of non-indigenous biofouling species via overseas vessels (MPI 2014). 
Similar regional efforts are required to control domestic spread, and are being developed by several 
New Zealand regional jurisdictions (Sinner et al. 2013). To be effective and feasible, such measures 
need to be evidence-based and underpinned by effective prevention, inspection/surveillance and 
treatment technologies, industry codes of practice, incentivized schemes and educational measures 
(Floerl et al. 2016).

Longer-term international strategies for reducing risk include the implementation of widely-
adopted, best-practice ballast water treatment and hull maintenance regimes that reduce biofouling 
(Hewitt & Campbell 2007, Tamelander et al. 2010) (Figure 5) and the development of more effec-
tive risk-based screening tools for border clearance. Genetic tools, including environmental DNA, 
are providing improved strategies for early detection, which can enable a faster and more effective 
detection and response to species invasions (Jerde et al. 2011, Zaiko et al. 2016). A sustained reduc-
tion in the overall per-vector risk of facilitating species transfers will be associated with long-term 
benefits for biosecurity (Drake and Lodge 2004). This is reflected in current international measures 
made for commercial ships (e.g. IMO 2011a) but needs to be better and more effectively imple-
mented at domestic scales and across the range of anthropogenic transport mechanisms (Williams 
et al. 2013).

Multiple stressors (biological, chemical or physical) can impose additive or synergistic effects 
on ecosystems. Ameliorating as many stressors as possible will bolster the ability of ecosystems 
to deal with the remainder, and identifying important interactions between stressors may also help 
in prioritizing their management (Crain et al. 2008). Marine protected areas (MPAs), where cer-
tain human activities are restricted or forbidden, are one such tool with which to conserve the 
natural attributes of systems, and thereby biotic resistance. MPAs harbour natural predators that 
impose top-down control (Shears & Babcock 2002), and have the potential to conserve diversity 
and strong competitors within trophic levels to minimize excess resource availability (Baskett et al. 
2007). Further understanding of species interactions most important to biotic resistance would be 

Figure 5 Propeller of a domestic vessel fouled by the invasive ascidian, Ciona robusta. Longer-term strate-
gies for reducing invasion risk include the implementation of widely-adopted, best-practice hull maintenance 
regimes that reduce fouling. (Photo: Javier Atalah, Cawthron Institute)
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useful, allowing us to monitor key species and predict when and where biotic resistance is likely to 
be compromised.

Much research has focused on the vectors that initially transport a species beyond its native 
range (Carlton 1985, Ruiz et al. 1997, Hewitt & Campbell 2008, Davidson et al. 2010). However, it 
is clear that human activities have the potential to increase invader success through multiple stages 
of the invasion process (Williamson et al. 1986, Piola et al. 2009). Anthropogenic activities that 
increase the survival, establishment, proliferation and secondary spread of marine NIS post-arrival 
in a new region require greater management attention and research focus if we are to prevent the 
gradual homogenization of the world’s coastal biota.
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Almost 300 non-native seaweeds are identified worldwide and an increasing number of these are 
classified as invasive with potential negative effects on the diversity and functioning of native eco-
systems. Marine herbivores affect seaweed biomass and community structure in marine habitats 
across the globe. Consequently, herbivore-seaweed interactions are expected to be important for 
the establishment and invasion success of non-native seaweeds. To synthesize current knowledge of 
consumer effects on non-native seaweeds, we performed a meta-analysis on feeding preferences of 
native herbivores for non-native versus native seaweeds. Data were included from 35 studies, pub-
lished from 1992–2015 and comprising 18 non-native seaweeds. Results showed that overall, native 
herbivores tended to prefer to feed on native rather than non-native seaweeds. Preferences were, 
however, variable across studies with significant differences between taxonomic and functional 
groups of seaweeds. In particular, filamentous red non-native seaweeds were of low palatability to 
native herbivores. No general feeding preferences were apparent between natives and non-natives 
for brown and green seaweeds, or for leathery and corticated seaweeds. In addition, we reviewed the 
existing studies on the effects of consumers on the performance of native and non-native seaweeds 
in invaded communities. This indicated that non-native seaweeds performed better than their native 
competitors in the presence of grazers, but in many cases had superior competitive abilities also 
in the absence of herbivory. To achieve a comprehensive evaluation of consumers’ role in seaweed 
invasion success, future research should have a larger focus on manipulative community experi-
ments, ideally on time scales that include seasonal changes and complete life cycles of the seaweeds.

Introduction

At any time, several thousand marine species are shuffled between biogeographical regions of the 
world’s oceans (Johnson & Chapman 2007). Some of these species establish in their new commu-
nities and become widespread and abundant, being deemed invasive, with significant impacts on 
community composition and ecosystem properties (Williamson & Fitter 1996). The global number 
of non-indigenous seaweeds has reached more than 270 species (Williams & Smith 2007), many of 
them reported to negatively affect native seaweed communities in terms of cover, density and bio-
diversity (Schaffelke & Hewitt 2007, Engelen et al. 2015, Maggi et al. 2015). Identification of the 
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factors that control establishment and invasion success of non-native species is a key challenge in 
invasion ecology and important for risk assessment and management of non-indigenous seaweeds.

Herbivores have large influence on the abundance and community structure of both terrestrial and 
marine primary producers across ecosystems (e.g. Lubchenco & Gaines 1981, Hawkins & Hartnoll 1983, 
Hawkins et al. 1992, Hay & Steinberg 1992, Burkepile & Hay 2008, Poore et al. 2012). Consequently, 
herbivore-plant interactions have long been suggested to be crucial also for the outcome of plant invasions. 
On the one hand, herbivores are recognized to contribute to biotic resistance against the establishment 
and proliferation of non-native plants (Elton 1958, Maron & Vila 2001). On the other hand, herbivore for-
aging has been suggested to drive invasions, when native herbivores preferably consume native over the 
non-native plant species. The latter argument forms the basis for the enemy release hypothesis (ERH), 
which states that non-native species become invasive since they escape the regulation of their co-evolved 
enemies in their native range and are less affected by enemies compared to the native competitors in 
their new range (Darwin 1859, Elton 1958, Keane & Crawley 2002). The reduced negative impact of 
herbivores is expected to give the non-native species a competitive advantage over the native plants in the 
community, leading to dominance and a biological invasion (Keane & Crawley 2002).

The concepts of biotic resistance and enemy release originate from terrestrial plant systems; the 
findings from these systems have been summarized in several reviews and meta-analyses (Colautti 
et al. 2004, Levine et al. 2004, Liu & Stiling 2006, Parker et al. 2006, Chun et al. 2010). Recently, 
Kimbro et al. (2013) published a meta-analysis on biotic resistance in marine environments, indi-
cating negative effects of consumers on non-native marine primary producers. Seaweeds were only 
represented by seven studies in their analysis and seaweed data were analyzed together with data on 
a non-native salt marsh grass. Thus, a comprehensive quantitative synthesis of research on herbivore 
effects on non-native seaweeds is still lacking.

Seaweed communities are strongly dominated by generalist herbivores (Hawkins & Hartnoll 1983, 
Hawkins et al. 1992, Hay & Fenical 1992), which are more likely than specialists to include newly 
encountered species into their diet. Accordingly, generalist consumers have been suggested to counteract 
invasions by providing biotic resistance instead of facilitating invasions through enemy release (Parker 
& Hay 2005, Parker et al. 2006). There are, however, mechanisms by which non-native plants can 
escape generalist herbivores in their new range, especially by means of chemical defences (Wikström 
et al. 2006, Verhoeven et al. 2009, Forslund et al. 2010, Schaffner et al. 2011, Enge et al. 2012, Nylund 
et al. 2012). Seaweeds are known to be rich in secondary metabolites (Hay & Fenical 1992) and there is 
an increasing number of examples where potent chemical defences against native herbivores have been 
demonstrated in non-native seaweeds (Lemee et al. 1996, Lyons et al. 2007, Nylund et al. 2011, Enge 
et al. 2012). It is not known, however, if low palatability to generalist herbivores is a common trait of 
non-native seaweeds or if this trait is important for invasion success in seaweed communities.

The aim of this study was to review and synthesize current findings of consumer effects on non-
native seaweeds. As part of the predictions of the ERH, we specifically explored via a meta-analysis 
whether non-native seaweeds are less palatable than native species, and thus generally experience 
a reduced impact by herbivores compared to native competitors. We further examined if there are 
differences among 1) seaweed taxonomic groups, 2) seaweed functional groups, 3) herbivore groups 
or 4) regions. Furthermore, we reviewed and summarized the literature that assessed the effects of 
herbivory on the competitive outcome between non-native and native seaweeds in a community.

Material and methods

Literature search and data extraction

Relevant studies for the meta-analysis were identified in the online database ISI Web of Science in 
August 2015, with no restrictions on publication year, using the following combination of search 
terms: ((introduced OR invasive OR non-native OR exotic OR alien OR non-indigenous) AND 
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(seaweed* OR alga* OR macroalga*) AND (herbivor* OR consum* OR *graz* OR enem* OR 
 prefer*)). In order to retrieve studies that tested non-native seaweeds but without specifying the 
species as non-native in the title or abstract, we performed an additional search for all non-native 
seaweeds listed in Williamson & Smith (2007) using the search terms: ((‘algal species name’) 
AND (enem* OR herbivor* OR consum* OR graz*)). To determine if the seaweeds in these stud-
ies were non-native, we compared the study region with the reported natural distribution of the 
species. We further included three as yet non-peer-reviewed datasets (S.A. Wikström unpublished, 
K. Hill unpublished, S. Jakobsson unpublished). All titles and abstracts of the search results were 
screened for studies assessing feeding preferences or herbivore damage on non-native compared to 
native seaweeds, as well as for studies examining seaweed performances and competitive relation-
ships between the non-native and native seaweeds in the presence and absence of herbivory. To be 
included in the final dataset, the studies had to meet the following criteria: 1) the investigated sea-
weed was non-native to the study region while the seaweeds used for comparison and the herbivores 
were native to the study region; 2) the study assessed herbivore preference, damage or their effects 
on both non-native and native seaweed performance under laboratory or field conditions in two- or 
multiple-species experiments using living algal material; 3) the experimental design included proper 
controls and presented all necessary measures for calculating the effect size. We excluded data of 
epifaunal abundances on non-native compared to native seaweeds because abundance may reflect 
habitat choice rather than food preference (e.g. work on refuges from predation: Duffy & Hay 1991, 
Enge et al. 2013). We also excluded data from no-choice feeding experiments since consumption 
in a no-choice situation can be confounded by compensatory feeding (Cruz-Rivera & Hay 2000). 
Furthermore, studies using gut content analysis of herbivores collected in the field were excluded 
because it was not possible to relate gut content to the availability of seaweeds in the field. Finally, 
studies where herbivores were preconditioned on one of the experimental seaweeds by either being 
specifically collected from or fed with only that seaweed prior to the experiments were also excluded.

For the retained studies the following data were compiled (see Table 1): seaweed species name, 
taxonomic and functional group, the study region and its corresponding climate region, the origin of 
the non-native seaweeds, herbivore species identity and phylum, as well as the experiment type (i.e. 
two- or multiple-choice). Mean values and measures of dispersion were extracted from figures using the 
WebPlotDigitizer software (Rohatgi 2015) or directly from text, tables or original datasets. All retrieved 
studies on herbivore feeding preference reported consumption or relative growth of the seaweeds as the 
response variable, which were either presented already corrected for autogenic changes of the seaweeds 
or together with the means of controls for autogenic changes. In the latter case, the consumption or rela-
tive growth data were corrected for the autogenic changes before values were entered into the database. 
To obtain a reference value for the native seaweeds in multiple-choice experiments, we calculated the 
average consumption of all native seaweeds and used their pooled variance as a measure of variability, 
which assumes the means of the populations to differ but their variances to be the same.

Meta-analysis

Hedges’ d standardized mean difference (Hedges & Olkin 1985) was used as the effect size measure 
and was calculated as the difference between non-native and native seaweeds:  d = [(XNN – XN)/s], 
where XNN corresponds to the mean consumption of the non-native seaweed and XN to the mean 
consumption of the native species, s designates their pooled standard deviations and J is the small-
sample-size bias correction factor. Positive Hedges’ d values thereby reflect herbivore preference for 
the non-native seaweeds, while negative values reflect herbivore preference for the native seaweeds.

Many publications reported data of several independently performed two- or multiple-choice 
experiments using different native seaweed species and/or different herbivores, which resulted in 
up to 16 data entries from one study and for one non-native seaweed. To balance the influence of 
studies in the analyses and to decrease possible non-independence of these multiple entries, we 
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calculated a study-specific mean effect size for each herbivore species and non-native species across 
all experiments testing different combinations with native seaweeds in a study. In this way, we kept 
the resolution between the non-native seaweed and herbivore species, but reduced the problem of 
overweighing and consequent false precision estimates (Rothstein et al. 2013). We also calculated 
a study-specific mean effect size when experiments were repeatedly performed at different times 
during the year. In both cases, the study-specific mean effects were estimated using a fixed-effects 
model, which assumes the results of the different experiments in one study to vary only because of 
random sampling error. This procedure reduced the number of entries in the dataset with a factor 
of up to five for some publications and in total from 145 to 74 entries.

The meta-analysis on consumer preference for non-native versus native seaweeds was con-
ducted using the metafor-package in R (Viechtbauer 2010) and the OpenMee software (Dietz et al. 
2016). The weighted overall mean effect of herbivore preference for non-native or native seaweeds 
was calculated by a random-effects model using the restricted maximum-likelihood estimator for 
residual heterogeneity. Bootstrapped 95% confidence intervals were calculated for the overall mean 
effect size generated from 4999 iterations. To check the robustness of the meta-analysis outcome, 
we calculated the fail-safe number with the weighted method of Rosenberg (2005), which represents 
the number of additional studies with no effect needed to change the result of the meta-analysis 
from significant to non-significant. Publication bias was further examined with a funnel-plot and the 
rank correlation test for funnel plot asymmetry (Begg & Mazumdar 1994). The influence of outli-
ers on the overall mean effects size was tested by evaluating the change of the overall effect when 
one study at a time was left out of the analysis. Since hypothesis-driven research tends to favour 
large effect sizes in support of the hypothesis in earlier publications, we examined temporal trends 
in the data with a cumulative meta-analysis sorted by publication year (Jennions & Møller 2002).

We used meta-regression with mixed-effects models and with a restricted maximum-likelihood 
estimator for residual heterogeneity to assess if the predefined covariables explained any of the 
observed heterogeneity and to explore their influence on consumer preference as well as differences 
between subgroups. Specifically, we tested how much of the observed heterogeneity the non-native 
seaweed itself accounted for, if there were differences in consumer preferences among phyla or func-
tional groups of the non-native species, and if the climate region of the study site, herbivore phylum 
and experiment type influenced the study outcome. Origin and study region as covariables were omit-
ted from these analyses since subgroups were often only represented by one or two species and few 
data entries in some of the subgroups, which were considered insufficient for a valid interpretation.

Only five studies that tested for consumer effects on the performance of non-native and native 
seaweeds on a community scale were identified, too few to perform a formal meta-analysis. However, 
findings of the few existing studies were summarized and discussed.

Results

The literature search identified 35 studies published from 1992–2015 that examined feeding prefer-
ences of native herbivores for non-native compared to native seaweeds. These studies addressed in 
total 18 non-native seaweed taxa: four green algae (Chlorophyta), four brown algae (Phaeophyceae) 
and ten red algae (Rhodophyta) (Table 1). This is comparable with the taxonomic composition of all 
registered non-native seaweeds reported by Williams & Smith (2007): of 276 taxa, 45 were green 
algae, 66 brown algae and 165 red algae. Accordingly, between 6–9% of all non-native seaweeds 
in each of the taxonomic groups were covered by our meta-analysis. All comparisons were made 
between non-native seaweeds and native seaweeds with the exception of one study with five data 
entries where the palatability of non-native seaweeds was compared to a seagrass species. By far the 
most intensively studied seaweeds in the context of feeding preference of herbivores were Codium 
fragile ssp. tomentosoides (currently accepted name Codium fragile ssp. fragile) and Sargassum 
muticum, which also resulted in the highest number of entries for these species in the meta-analysis 
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(Table 1). More than two thirds of the non-native seaweeds included in the meta-analysis have their 
original distribution in the north-west Pacific and Indo-Pacific, whereas the most intensively studied 
region of introduction was the north-east Atlantic (Table 1). Isopods and amphipods (Arthropoda), 
gastropods (Mollusca), sea urchins (Echinodermata) and herbivorous fish (Chordata) constituted the 
majority of the tested herbivores in the studies (Table 1).

Meta-analysis of consumer preference

The weighted overall mean effect was estimated to be –0.528 with a bootstrapped 95% CI = 
(–0.872, –0.187). This effect was significantly different from zero (p = 0.002, Figure 1) and showed 

Overall mean

G. salicornia + Acanthophora spicifera 
+ Kappaphycus sp. (n=1)

Womersleyella setacea (n=1)
Mastocarpus stellatus (n=2)
Lophocladia lallemandii (n=1)
Gracilaria vermiculophylla (n=5)
Gracilaria salicornia (n=4)
Heterosiphonia japonica³ (n=5)
Bonnemaisonia hamifera (n=6)
Acrothamnion preissii (n=1)
Rhodophyta

Undaria pinnatifida (n=1)
Sargassum muticum (n=19)
Fucus serratus (n=5)
Fucus evanescens (n=4)
Phaeophyceae

Codium fragile ssp. tomentosoides² (n=14)
Codium fragile ssp. atlanticum (n=1)
Caulerpa racemosa var cylindracea¹ (n=2)
Caulerpa filiformis (n=2)
Chlorophyta

0.0 1.0 2.0

Hedges’ d standardized mean difference

–3.0 –2.0 –1.0 3.0

31.27* 466***   92.33   17.53

QM I2 R2Co-variable(B)

(A)

Species

9.34** 725***   92.95   11.72

QE

Phylum

Figure 1 (A) Forest plot of the estimated effect sizes (Hedges’ d standardized mean difference) grouped by 
each non-native species (open squares) and by the phylum of the non-native species (grey squares). The black 
square indicates the overall mean effect size of feeding preferences. Error bars represent 95% confidence inter-
vals. The numbers in brackets describe the number of dataset entries for each species. (B) The results of the 
meta-regression with the non-native seaweed or phylum of the non-native species as an explanatory variable 
in a random-effects model; * p < 0.5; ** p < 0.01; *** p < 0.001. 1Currently accepted name Caulerpa cylindra-
cea; 2Currently accepted name Codium fragile ssp. fragile; 3Currently accepted name Dasysiphonia japonica.
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that non-native seaweeds were on average less preferred by native herbivores compared to native 
seaweeds. The results of the different studies were, however, highly heterogeneous (residual hetero-
geneity among studies: Q1,74 = 909.67, p < 0.001, I2 = 93.8%). Including the predefined covariables in 
the model showed that the identity of the non-native seaweed, taxonomic and functional groups as 
well as the experiment type explained significant amounts of the observed heterogeneity (Figures 1 
and 2). Residual heterogeneity was always high indicating that there may be other moderators not 
embraced by our analysis that influenced the outcome.

Grouping the non-native species by their taxonomic group revealed that only non-native red sea-
weeds were of low palatability to native herbivores, while the non-native green and brown seaweeds 
did not differ significantly in palatability compared to native seaweeds (Figure 1). Grouping accord-
ing to functional groups suggested that only non-native filamentous seaweeds were less preferred, 
whereas the palatability of corticated or leathery non-native seaweeds did not differ from native 
counterparts (Figure 2). Due to the dataset structure, functional and taxonomic group were highly 
confounded: all green algae were corticated, all brown algae were leathery macrophytes and all 
filamentous algae were red seaweeds (Table 1). However, when functional groups were separately 

−2.0 0.0 1.0

Overall mean

Two−choice (15, n=53)

Multiple−choice (9, n=21)

Experiment type

Mollusca (10, n=24)

Echinodermata (9, n=16)

Chordata (3, n=6)

Arthropoda (9, n=51)

Herbivore phylum

Subtropical to tropical (11, n=30)

Temperate to subpolar (9, n=44)

Climate region

Leathery (4, n=29)

Corticated (7, n=30)

Filamentous (5, n=14)

Functional group

−1.0

7.75* 735***        93.29   8.30

1.55    818***     93.64    2.07

2.67    798***     93.98    0.00

4.66*   898***        93.63   2.90

QM I2 R2Co-variable (no of species, no of data entries) QE

Hedges’ d standardized mean difference

Figure 2 Forest plot of the estimated effect sizes (Hedges’ d standardized mean difference) grouped by 
explanatory variables (open squares). The black square indicates the overall mean effect size of the dataset. 
Error bars represent 95% confidence intervals. The numbers in brackets describe the number of non-native 
species and the number of dataset entries represented by each subgroup. The statistics of the meta-regression 
of a random-effects model using functional group of the non-native seaweed, climate region and experiment 
type as an explanatory variable are displayed to the right; * p < 0.5; ** p < 0.01; *** p < 0.001.
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tested for non-native red seaweeds, only filamentous seaweeds were again significantly less pre-
ferred (Zfilamentous = –4.28, p < 0.001; Zcorticated = –1.80, p = 0.07).

Analysis of the herbivore grouping revealed that arthropods and echinoderms found non-native 
seaweeds less palatable than native seaweeds, whereas molluscs and fish did not show any prefer-
ence (Figure 2). Furthermore, herbivores from temperate to subpolar regions significantly preferred 
native seaweeds to non-native seaweeds, but herbivores from tropical or subtropical regions did not 
show a preference (Figure 2).

The experiment type had a significant influence on the effect size. In contrast to the two-choice 
experiments, the multiple-choice experiments, in which consumption of the non-native seaweed was 
compared to the averaged consumption of all native seaweeds, did not detect an overall significant 
feeding preference for native or non-native seaweeds (Figure 2).

Sensitivity analysis, publication bias and temporal trends

There was no indication that the results obtained from the meta-analysis lacked robustness. Exclusion 
of any data entry in the meta-analysis always resulted in similar overall mean effect size and confi-
dence intervals (results not shown), which indicated that there were no serious outliers present. The 
cumulative meta-analysis by publication year showed that from the eighth data entry (2001), the 
overall mean effect size was constantly negative, oscillating between –0.628 and –0.302, though 
the 95% confidence interval included zero over some periods (Figure 3). Furthermore, Rosenberg’s 
fail-safe number was sufficiently large (4219) to conclude that the observed outcome was a reliable 
estimate of the overall effect size. Additionally, the funnel plot and rank correlation test for funnel 
plot asymmetry gave no indication that publication bias affected the observed outcome (rank cor-
relation test, Kendall’s Т = 0.098, p = 0.2196, Figure 4).

Review of community studies

Our literature search identified nine studies that examined adult performance of non-native sea-
weeds in the presence and absence of consumers. Only five reported effects on cover or biomass for 
both the non-native species and native seaweeds. These studies included one green, two brown and 
two red algal taxa and are summarized in Table 2. All taxa were also covered by the meta-analysis 
of feeding preference.

In the presence of herbivores, the filamentous red alga Bonnemaisonia hamifera reached higher 
cover and its biomass increased in short-term community experiments under laboratory conditions. 
In the absence of herbivores, B. hamifera was an inferior competitor compared to the native red 
seaweeds in the community and decreased in abundance (Enge et al. 2013, Sagerman et al. 2014). In 
contrast, the filamentous red alga Heterosiphonia japonica (currently accepted name Dasysiphonia 
japonica) dominated the community independent of herbivore presence due to its extreme growth 
rate (Sagerman et al. 2014). Compared to six native species, the leathery brown alga Sargassum 
muticum was the only seaweed that could maintain clear positive growth in the presence of herbi-
vores in a short-term laboratory community experiment, but was also a superior competitor in the 
absence of herbivores (Engelen et al. 2011). Grazing had no effect on the cover of the corticated green 
alga Codium fragile ssp. tomentosoides (currently accepted name Codium fragile ssp. fragile) in a 
13-week field experiment, while the native competitor Laminaria longicruris (currently accepted 
name Saccharina longicruris) could not persist and cover of turf algae strongly decreased under 
natural sea urchin densities. But again, Codium fragile ssp. tomentosoides had superior competitive 
abilities compared to Laminaria longicruris even in the absence of herbivores (Sumi & Scheibling 
2005). On sea urchin barrens, grazing could not prevent canopy development of the leathery brown 
Undaria pinnatifida over a 30-month period, while the native canopy species did not exceed more 
than 0.7% cover (Valentine & Johnson 2005). In addition, the native canopy species showed inferior 
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competitive abilities compared to U. pinnatifida in the absence of herbivores (Valentine & Johnson 
2005).

Discussion

Our meta-analysis showed that overall, non-native seaweeds tend to be less palatable than native 
seaweeds to herbivores in the new community. However, the meta-analysis also revealed consider-
able variability among the results of different studies. This variability could largely be explained 
by the identity of the seaweed taxon, indicating that the relative palatability of native compared 

−4.0 −3.0 −2.0 −1.0 0.0 1.0 2.0

1992
1995

1999
2001

2002
2004

2005

2006

2007

2008

2009

2010

2015

2012

2011

Hedges’ d standardized mean difference

Figure 3 Forest plot of the cumulative meta-analysis of herbivore feeding preference between native and 
non-native seaweeds, ordered by publication year. Each data point represents the change of the estimated 
overall mean effect size (Hedges’ d standardized mean difference) by adding the next newest entry into the 
meta-analysis. The dotted line indicates the absence of a significant effect. Error bars represent 95% confi-
dence intervals.
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to non-native seaweeds differs between the groups of red, brown and green seaweeds. It was only 
for reds, but not for the brown and green seaweeds, that the meta-analysis demonstrated an overall 
difference in herbivore preference between native and non-native species. Furthermore, the meta-
analysis revealed that filamentous non-native species, which were all red seaweeds in our analysis, 
tended to be of low palatability to native herbivores.

Feeding preference of herbivores is positively correlated to the nutritional quality and the shel-
ter provided by the seaweed, and seaweeds can in turn deter herbivores by structural and chemical 
defences (Lubchenco & Gaines 1981, Hay & Fenical 1992). The low herbivore preference for non-
native filamentous algae is an unexpected result because filamentous algae are commonly regarded 
to be palatable and highly susceptible to most consumers (Littler & Littler 1980, Steneck & Watling 

Table 2 Summary of community studies on herbivore effects on non-indigenous seaweeds

Species
Taxonomic 

group
Functional 

group Studies Method

Codium fragile ssp. 
tomentosoides1

Chlorophyta Corticated Sumi & Scheibling 2005 Field experiment

Sargassum muticum Phaeophyceae Leathery Engelen et al. 2011 Laboratory experiment

Undaria pinnatifida Phaeophyceae Leathery Valentine & Johnson 2005 Field experiment

Bonnemaisonia hamifera Rhodophyta Filamentous Enge et al. 2013, Sagerman et al.  
2014

Laboratory experiment

Heterosiphonia japonica2 Rhodophyta Filamentous Sagerman et al. 2014 Laboratory experiment

Note: The Functional group classification follows Littler & Littler (1984): filamentous = delicately branched, uniseriate to 
slightly corticated; corticated = coarsely branched, corticated; leathery = thick branched, heavily corticated or thick 
walled.

1 currently accepted name Codium fragile ssp. fragile
2 currently accepted name Dasysiphonia japonica
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Figure 4 Funnel plot for the meta-analysis of feeding preferences using a random-effects model. Each data 
entry is represented by a circle showing the relation of the effect size (Hedges’ d standardized mean difference) 
to its inversed standard error. The black line indicates the estimated overall mean effect and the white region 
represents the region in which 95% of the studies are expected to lie in the absence of biases and heterogeneity.
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1982, Littler et al. 1983). Consequently, this group could be expected to face a higher degree of con-
sumptive biotic resistance in new regions, compared to non-native seaweeds from other functional 
groups. Our result matches recent findings suggesting that leathery and foliose algae are more sus-
ceptible to herbivores than filamentous or corticated algae (Poore et al. 2012), which indicates that 
structural traits, such as tissue toughness, is far from always a determining factor for food choice of 
herbivores and that feeding preferences are driven by other seaweed traits.

The presence of chemical defences can explain low palatability of certain seaweeds to marine 
herbivores (Hay & Fenical 1992, Pavia et al. 2012). Accordingly, it has been postulated that chemi-
cal defences can protect non-native seaweeds, as well as vascular plants, from being attacked by 
native herbivores in a new region, either by comparatively high defence concentrations or by molec-
ular structures that are evolutionarily novel to the native herbivores (Cappuccino & Arnason 2006, 
Wikström et al. 2006, Verhoeven et al. 2009, Enge et al. 2012). Red seaweeds in particular produce 
an immense diversity and high quantities of often halogenated secondary metabolites, which have 
been frequently demonstrated to possess effective antimicrobial (Persson et al. 2011, Nylund et al. 
2013), antifouling (Dworjanyn et al. 2006), allelopathic (Svensson et al. 2013) and antiherbivore 
activities (Kladi et al. 2005, Cabrita et al. 2010, Enge et al. 2012). The diversity of chemical defence 
compounds in red algae may explain why non-native red seaweeds showed especially low palat-
ability in our meta-analysis.

The establishment of a specific chemical basis for a low preference of potential native consum-
ers for an introduced organism is, however, a demanding task and marine examples are still rare. 
Evidence for chemical defences against native herbivores has so far only been provided for a few 
non-native seaweed species. The green algae, Caulerpa taxifolia and C. racemosa, produce caul-
erpenyne with effects on sea urchins (Amade & Lemée 1998, Dumay et al. 2002). Codium fragile 
ssp. fragile (=Codium fragile ssp. tomentosoides) possesses wound-activated defences involving 
dimethylsulfoniopropionate (DMSP), which deters native sea urchins (Lyons et al. 2007). The arc-
tic brown alga, Fucus evanescens*, contains significantly higher concentrations of phlorotannins 
(polyphenolic defence compounds) than native fucoids in its new range, deterring native isopods 
and molluscs (Wikström et al. 2006, Forslund et al. 2010). The highly invasive red alga, Gracilaria 
vermiculophylla, produces prostaglandins, hydroxylated fatty acids and arachidonic acid-derived 
lactones on wounding, which provides resistance against native isopods and molluscs (Nylund 
et al. 2011, Hammann et al. 2016). Another red seaweed, the filamentous Bonnemaisonia hamifera, 
produces volatile brominated compounds that provide defence against native isopods, gammarids 
and ophistobranch consumers (Enge et al. 2012). These examples show that chemical defence can 
explain the low palatability of some non-native seaweeds, but further studies are needed before it 
can be concluded that chemical defence is a common trait of low-preferred non-native seaweeds 
(especially of the filamentous red algae).

Notably, two of the species for which chemical defences have been characterized (Caulerpa rac-
emosa and Codium fragile ssp. tomentosoides) were not consistently of low preference to native her-
bivores in our meta-analysis. In both cases, the chemical defence compound was only documented 
to be active against one herbivore species, while multiple herbivores were tested in the feeding pref-
erence experiments. A specific chemical defence is usually not effective against all herbivore spe-
cies, since herbivores can adapt to and/or circumvent the effects of secondary metabolites (Sotka, 
2005). Furthermore, concentrations and the effectiveness of the chemical defence compounds can 
vary between seaweed and herbivore populations (Pavia et al. 2003, Sotka 2005), which makes it 

* Fucus evanescens may have expanded its range naturally, but available evidence suggests that the spread of this species 
to southern Scandinavia and the British Isles was aided by human transport. It exhibits a disjunct distribution with new 
occurrences that were discovered in harbours in the beginning of the 20th century, making introduction from shipping 
plausible. Thus, we chose to include Fucus evanescens in the definition of a non-native species that we used in the litera-
ture search, i.e. a species that has been translocated to a new range by humans. 
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important that the palatability of non-native species introduced into several regions are tested with 
a set of the native herbivores that are relevant in the new regions.

Herbivore preference can be a first indicator for plant performance and competitive ability, but 
cannot be directly translated into community composition and population dynamics under natural 
conditions. We found that studies using long-term community experiments assessing the effects 
of consumers on non-native seaweeds in interaction with native seaweeds are essentially lack-
ing. The few existing studies included in our review showed that performance of non-native sea-
weeds can be increased, equal or reduced in the presence of herbivores. To date, the most rigorous 
example of a successful seaweed invasion based on chemical defence concerns the filamentous red 
alga Bonnemaisonia hamifera (Figure 5). The documented chemical defence (1,1,3,3-tetrabromo-
2-heptanone) provides this relatively poor competitor (in the absence of native herbivores), with 
a strong competitive advantage in its new range in the presence of native herbivores (Enge et al. 
2013, Sagerman et al. 2014). In addition, the same brominated compound inhibits the recruitment of 
native algal competitors (Svensson et al. 2013) and reduces bacterial load (Nylund et al. 2008). Thus, 
the multiple ecological benefits of this compound outweigh the cost of its production for the invader 
in the new range (Nylund et al. 2013). In some of the other studies the non-native seaweeds often 
performed better than their native competitors in the presence of herbivores, but the non-native 
species were superior competitors also in the absence of herbivores. Thus, the extent to which low 
herbivore preference contributes to invasion success of non-native seaweeds remains elusive. There 
is a need for more studies on the effects of herbivores on non-native seaweed populations, ideally 
experiments that include seasonal changes and complete life cycles of the seaweed and grazers. This 
is a challenging task in marine environments with species with complex life cycles.

In conclusion, the results of our meta-analysis show that low palatability does not seem to be a 
universal trait among non-native seaweeds and only certain seaweeds escape native herbivores in 

A B

C

Figure 5 The invasive filamentous red seaweed Bonnemaisonia hamifera, which produces a potent chemi-
cal defence (1,1,3,3-tetrabromo-2-heptanone) that makes it unpalatable to native herbivores in the north 
Atlantic, thereby providing it with a strong competitive advantage over native seaweeds in its new range. 
(A) Tetrasporophytic phase, growing as small turfs, which consist of numerous sparsely branched filaments 
(B). Filaments are one cell-layer thick and have numerous gland cells, containing chemical defences, located 
between the vegetative cells (C). (From Nylund et al. 2008.)
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their new range. Accordingly, the prediction of the enemy release hypothesis that introduced species 
are less attacked by herbivores than their native counterparts in the new range (Keane & Crawley 
2002), does not hold for all non-native seaweeds. Interestingly, we found that non-native filamen-
tous red seaweeds tend to be especially less palatable to herbivores. This is an important finding 
considering the majority of seaweed introductions are filamentous or corticated red algae (Williams 
& Smith 2007). Due to their morphology, these species can often be cryptic or less apparent com-
pared to larger brown and green seaweeds. Probably, therefore, they are less frequently studied and 
often overlooked in their community impacts, even though effects on biodiversity and ecosystem 
processes have been proven (Schaffelke & Hewitt 2007, Sagerman et al. 2014). The low preference 
for many non-native filamentous red algae indicates that low impact of herbivores may contribute 
to invasion success in this group. However, to assess if consumers play a crucial role in seaweed 
invasions, future research should focus on examining consumer impacts on competitive interactions 
between non-native and native seaweeds.
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A

Acanthaster, 20
Acanthaster planci, 7, 16, 17, 18, 19, 25
Acanthasteridae, 7
Acanthophora spicifera, 427, 429
Acanthurus blochii, 426

triostegus, 426
Acrothamnion preissii, 426, 429
Agardhiella, 9
Ampithoe longimana, 424
Annelida, 65
Aplysia punctata, 425, 426
Aquilonastra, 25

anomala, 4, 15, 34
Arthropoda, 424, 425, 426, 427, 429
Asterias, 20, 21

rubens, 17
Asterina anomala, see Aquilonastra anomala 

gibbosa, 4, 13, 15
miniata, see Patiria miniata
pectinifera, see Patiria pectinifera
phylactica, 4, 15
stellifera, 9, 34

Asterinidae, 4, 9, 12, 15, 18, 21, 34
Asteroidea, 3, 21
Asteropseidae, 10, 18
Astropecten, 21
Austrocochlea porcata, 40, 41, 42
Austromegabalanus psittacus, 69

B

Bacillariophyceae, 65
Bivalvia, ix, 87
Bonnemaisonia hamifera, 426, 429, 431, 433, 434, 435
Byssocardium, 91

C

Cabestana, 70
spengleri, 68

Calanoida, 65
Cambarus chasmodactylus, 43
Cardiidae, ix, 87, 90, 91, 92
Caulerpa, 394

cylindracea, 427, 429
filiformis, 424, 429
racemosa, 434
racemosa var. cylindracea, see Caulerpa cylindracea
taxifolia, 434

Cellana, 68
tramoserica, 22, 23, 24, 42

Centrostephanus rodgersii, 26
Ceramium, 4, 13
Cerastoderma, 90, 91
Ceratium, 65

Chaetomorpha, 11, 13
Chametrachea, 91, 92
Chlorophyta, 424, 428, 429, 433
Chondracanthus canaliculatus, 37
Chordata, 60, 424, 426, 429
Ciona robusta, 404
Cistina, 15

columbiae, 5
Codium fragile ssp. atlanticum, 424, 429

fragile ssp. fragile, 427, 428, 429, 431, 433, 434
fragile ssp. tomentosoides, see Codium fragile ssp. 

fragile
Concholepas concholepas, 65, 66, 68, 69, 71
Cookia sulcata, 424
Copepoda, 65
Corallina, 10

officinalis, 4
Coscinasterias, 21

calamaria, 42
Crassostrea gigas, see Magallana gigas
Crossaster papposus, 8, 17
Crustacea, 65
Cryptasterina hystera, 4, 15, 34

pacifica, 4, 34
pentagona, 4, 15, 34

Culcita novaeguineae, 8, 17
schmideliana, 11, 19

Cyanobacteria, 3, 5
Cyclopoida, 65

D

Dactylosaster, 15
cylindricus, 5

Dasysiphonia japonica, 427, 429, 431, 433
Delesseriaceae, 9
Dermasterias imbricata, 10, 19
Dexamine spinosa, 425
Didemnum vexillum, 398, 399
Dinoflagellata, 65
Diodora lineata, 42
Dunaliella primolecta, 66

E

Echinaster, 15, 21
(Othilia) sentus, 7
luzonicus, 5
purpureus, 5

Echinasteridae, 5, 7, 15
Echinodermata, 424, 425, 426, 427, 429
Echinogammarus obtusatus, 427
Ecklonia maxima, 68
Egregia, 9
Enteromorpha, 4, 10, 11
Eurytrochus strangei, 42
Evechinus chloroticus, 424



472

SYSTEMATIC INDEX

F

Foraminifera, 65
Forcipulatida, 21
Fragiinae, 90
Fragum, 90
Fromia hemiopla, 10
Fucus evanescens, 425, 429, 434

serratus, 425, 429

G

Galeolaria caespitosa, 46
Gammarellus angulosus, 426, 427
Gammarus insensibilis, 425

locusta, 426, 427
obtusatus, see Echinogammarus obtusatus

Gastropoda, 65
Gelidium, 9
Gibbula, 425
Gigartina, 9

canaliculata, see Chondracanthus canaliculatus
Gomophia egyptiaca, 11
Goniasteridae, 5, 8, 10, 15, 18
Gracilaria, 70

salicornia, 426, 427, 429
vermiculophylla, 426, 429, 434

Granaster nutrix, 12, 19

H

Haematopus fuliginosus, 68
moquini, 68
palliatus pitanay, 68, 69

Halimeda, 7
Hapalochlaena lunulata, 43
Harpacticoida, 65
Heliaster helianthus, 68, 69
Heliocidaris erythrogramma, 42
Hemigrapsus sanguineus, 45
Henricia leviuscula, 7, 17
Heterosiphonia japonica, see Dasysiphonia japonica
Hippopus, 90, 91, 123, 126

hippopus, 88, 89, 90, 93, 94, 95, 122, 123, 124, 134, 
188, 253

porcellanus, 88, 89, 90, 91, 93, 94, 95, 122, 123, 124, 
125, 134, 188, 253

Hormosira, 4
Hydrobia ulvae, see Peringia ulvae

I

Idotea balthica, 426, 427
granulosa, 424, 425, 427
neglecta, 426

Iridea, 9
Ischnochiton, 40

australis, 40, 41, 42, 44, 46
elongatus, 42
fruticosus, 42
smaragdinus, 40, 46

K

Kappaphycus, 427, 429

L

Lacuna vincta, 424, 425, 427
Laminaria, 4, 9

longicruris, see Saccharina longicruris
Laurencia, 9
Lessonia nigrescens, 67
Linckia, 15, 21

guildingi, 5
laevigata, 6, 16
multifora, 6

Lithophyllum yessoense, 10
Lithothamnia, 10
Littorina, 426

littorea, 424, 425, 426, 427
obtusata, 425

Lophocladia lallemandii, 427, 429
Loricella angasi, 46
Luidia foliolata, 8, 17
Luidiidae, 8
Lunella smaragda, 427

undulata, 427
Lymnocardiinae, 90

M

Macrocystis pyrifera, 9, 22
Madrepora, 99
Magallana gigas, 39
Marginaster littoralis (nomen dubium), 5, 12
Marthasterias africana, 68

glacialis, 17
Mastocarpus papillatus, 70

stellatus, 427, 429
Mediaster aequalis, 8, 11, 17, 19
Meridiastra calcar, 9, 14, 19, 34

gunnii, 9, 19, 34
medius, 9, 19

Mesophyllum insigne, 8, 17
Meyenaster gelatinosus, 69
Microcladia, 9
Mollusca, 424, 425, 426, 427, 429
Montfortula rugosa, 42
Mytilidae, 65, 66
Mytilus galloprovincialis, 68, 70, 397, 402

N

Nardoa, 15
variolata, 6

Nectria, 19
multispina, 11
ocellata, 10
saoria, 11

Nematoda, 65
Neoferdina cumingi, 5, 15
Nerita atramentosa, 42
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O

Octopus mimus, 71
Onithochiton quercinus, 42
Ophidiaster, 15

cribrarius, 6, 34
granifer, 6
hemprichi, 6, 34
robillardi, see Ophidiaster cribrarius
squameus, see Ophidiaster hemprichi

Ophidiasteridae, 5, 11, 15, 18, 34
Oreaster, 21

occidentalis, see Pentaceraster cumingi
reticulatus, 11, 13, 16, 18, 21, 22

Oreasteridae, 6, 8, 11, 15, 18, 21, 34

P

Paracentrotus lividus, 424, 425, 426, 427
Parvulastra, 21

exigua, 4, 14, 15, 16, 22, 23, 24, 34, 41
parvivipara, 4, 15, 34
vivipara, 5, 15, 34

Patiria miniata, 9, 13, 19, 22, 34
pectinifera, 10, 14, 23, 34
stellifera, see Asterina stellifera

Patiriella brevispina, see Meridiastra gunnii 
calcar, see Meridiastra calcar 
exigua, see Parvulastra exigua
obscura, see Cryptasterina pentagona
parvivipara, see Parvulastra parvivipara
pseudoexigua, see Cryptasterina hystera
pseudoexigua pacifica, see Cryptasterina pacifica 
pseudoexigua pseudoexigua, see Cryptasterina 

pentagona 
regularis, 10, 13, 20, 21, 23
vivipara, see Parvulastra vivipara

Pentaceraster, 15
cumingi, 6, 15, 16, 34
mammillatus, 6
regulus, 7

Peringia ulvae, 427
Perna canaliculus, 17

perna, 68, 402
Persikima, 91
Perumytilus purpuratus, 66, 69, 72
Phaeophyceae, 425, 428, 429, 433
Phataria, 15

unifascialis, 6
Phyllochaetopterus prolifica, 17
Pisaster ochraceus, 20
Porolithon, 7
Porphyra, 9, 11, 19

linearis, 70
pseudolinearis, see Pyropia pseudolinearis
Prionitis, 9
Protoperidinium, 65
Protoreaster, 15

lincki, 7
nodosus, 7, 13, 16, 22

Psammechinus miliaris, 425
Pseudonepanthia troughtoni, 10, 19

Pteraster tesselatus, 8, 17
Pterasteridae, 8
Pugettia producta, 426
Pyropia pseudolinearis, 70
Pyura dalbyi, 62, 63, 71, 73, 74

doppelgangera, 62, 63, 69, 70, 71, 74
haustor, 66
herdmani, 62, 63, 64, 68, 69, 71, 72, 73
praeputialis, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 

73, 74
spinifera, 73
stolonifera, 62, 63, 64, 65, 66, 67, 68, 72, 73
stolonifera species complex (P.s.s.c.), 55, 56, 60, 61, 

62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74

R

Rhodophyta, 426, 428, 429, 433
Rhodymenia, 9

S

Saccharina longicruris, 431
Sargassum muticum, 425, 428, 429, 431, 433
Sarpa salpa, 424
Scleractinia, 139
Scutus antipodes, 41, 42
Solaster dawsoni, 8, 17
stimpsoni, 8, 17
Solasteridae, 8
Spinulosida, 21
Spyridia, 9
Stenosoma nadejda, 425
Stichaster australis, 8, 17, 70
Stichasteridae, 8, 12, 18
Stomatella impertusa, 41
Strongylocentrotus droebachiensis, 424, 425
Stylasterias forreri, 18
Symbiodinium, 88
Sypharochiton pelliserpentis, 42

T

Tenguella marginalba, 42
Thalassodendron ciliatum, 129
Tintinnida, 65
Tridacna, 90, 91, 93, 96, 97, 98, 99, 100, 103, 123, 125, 

126, 128, 131, 167, 168, 169, 170, 172, 173, 175, 253
costata, see Tridacna squamosina, 87, 90, 92, 93, 122, 

133, 188, 253
crocea, 88, 89, 90, 91, 92, 93, 94, 95, 122, 124, 128, 

130, 134, 139, 188
derasa, 88, 89, 90, 91, 93, 94, 95, 122, 123, 124, 125, 

126, 127, 132, 133, 134, 136, 137, 139, 140, 188, 
253

elongata var. squamosina, see Tridacna squamosina, 
128

gigas, 88, 89, 90, 91, 93, 94, 95, 122, 124, 125, 126, 
132, 133, 134, 136, 137, 139, 140, 188, 253

lorenzi, 87, 88, 91, 92, 93, 94, 95, 122, 130, 134, 188
maxima, 88, 89, 90, 91, 92, 93, 94, 95, 122, 124, 128, 

129, 130, 131, 132, 134, 138, 139, 140, 188, 253
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mbalavuana, 88, 90, 91, 92, 93, 94, 95, 122, 124, 126, 
127, 134, 188, 253

ningaloo, see Tridacna noae, 90, 91, 92
noae, 87, 88, 90, 91, 92, 93, 94, 95, 122, 124, 129, 130, 

133, 134, 188, 253
rosewateri, 88, 90, 91, 92, 93, 94, 95, 122, 129, 130, 

134, 188
squamosa, 88, 89, 90, 91, 92, 93, 94, 95, 122, 124, 127, 

128, 129, 130, 132, 134, 138, 188, 253
squamosina, 87, 88, 90, 91, 92, 93, 94, 95, 122, 124, 

128, 133, 134, 188, 253
tevoroa, see Tridacna mbalavuana, 90, 91, 92, 93, 122, 

126, 188, 253
Tridacnidae, 87, 90, 91, 133
Tridacninae, ix, 87, 88, 90, 91, 131, 133, 134
Tridacnoidea, 91
Tripneustes gratilla, 427
Tubastraea, 396
Tunicata, 55, 60
Turbo smaragdus, see Lunella smaragda

undulatus, see Lunella undulata

U

Ulva, 4, 10, 11, 13, 19, 67, 68, 69
lactuca, 37, 46

Undaria pinnatifida, 426, 429, 431, 432, 433

V

Valvatida, 21
Venerida, 90

W

Watersipora subtorquata, 401
Womersleyella setacea, 427, 429

Z

Zebrasoma flavescens, 426
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A

abalone fisheries, 26
abiotic factors, boulder-fields, 43–45
abundance, giant clams, 96–122

Acanthasteridae, 7
acidification of ocean, 132
Adelaide (Australia), 70, 73
Africa, 62, see also South Africa
aggregations

amphipods, 67
boulder-fields, 41, 46
competition, 66
ecological dominance, 59, 66–73
giant clams, 140
kin aggregation, 58
meeting protein demands, 396
monospecific, 60
predator protection, 59–60
Pyura stolonifera species complex, 60–61, 64, 68–72
self-recruitment, 64

algae, see also seaweed invasions
assemblages structure modification, 21–23, 24
Chlorophyta, 424, 428–429
detritus as energy source, 65
discolouration and scars, 13, 14, 23
dominance, intertidal zone, 57
as food, 19
grazing and predation, 46
metal tolerance, 393
Phaeophyceae, 425–426, 428–429
preference summary, 424–427, 429
Rhodophyta, 426–427, 428–429
rock composition, recruitment, 46
successional sequence dominance, boulder-fields, 37

Algoa Bay, South Africa, 67
Allee effects, 59–60, 72, 133, 139, 399
American Samoa

abundance, presence, and status of giant clams, 116

density patterns, wild giant clams, 189

distribution, giant clams, 254

giant clam species checklist, 185

Hippopus hippopus, 123
localities with giant clams, 155

local mitigation measures, 135
Tridacna gigas, 126

amphipods
aggregations, 67
ecological dominance, 67
grazing and predation, 2, 23, 46
grazing effects of, 2
metal tolerance, 393
seaweed invasions, 429

Andaman Islands, 130
anemones as food, 18–19

annelid larvae, 65
Antarctica, 63
anthropogenic activities

boulder-fields, 35, 43–44
giant clams, 88
illegal harvesting, 131–132
P.s.s.c.-associated species, 71–72
Pyura stolonifera species complex, 62, 71–73

anthropogenic activities affect, NIS post-arrival
artificial structures, 389, 391, 394–397, 403
chemical alteration, 391–394
coastal transport networks, 389, 397–399
commercial vectors, 397–398
community interaction changes, 400–401
connectivity, 397–399, 403
contamination, 391–393
ecological alteration, 400–405
‘enemy release’, 401–402
environmental tolerance, 390–391, 393
estuarine and coastal development, 394–395
genetic alteration, 400–405
hydrological regimes, 394
introduction, 390–391
management, 389, 402–405
offshore development, 394–395
overview, 389
physical alteration, 394–397
physiological alteration, 400–405
recipient environments, 394–397, 400–405
recreational vectors, 397–398
species diversity loss, 400–401
top-down control, loss of, 401–402
toxic contaminants, 393–394
transport facilitation, 389, 398–399
water quality, 391–394

Antofagasta Bay, see Chile; Pyura stolonifera species 
complex

arm length, starfish, 19–20
arthropods, 431
artificial structures

anthropogenic activities affect, NIS post-arrival, 389, 
391, 394–397, 403

surrogates and reefs, 47–48, 395–397
ascidians, see also Pyura stolonifera species complex

Allee effects, 59
disturbance consequences, 60
dominance, 43, 60, 61
filtration rate, 65–66
as food, 19
obligate herbivores, 17
scales of dispersal, 57

Asterinidae
classification, temporal/spatial fidelity, 4–5, 9–10

current/previous species name, 34
obligate herbivores, 15
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phylogeny and feeding habits, 21
spatial and seasonal changes in diet, 18

Asteroidea database, 3
Asteropseidae, 10, 18
Austral Archipelago, 138
Australasia, 62
Australes, 127
Australia

abundance, presence, and status of giant clams, 107

anthropogenic activity effects, 44, 71
bleaching events, 132
boulder-fields, 40–42, 44, 47–48
density patterns, wild giant clams, 189–191

distribution, giant clams, 254–280

general Tridacnines distribution, 93
giant clam conservation, 89
giant clam species checklist, 179

Hippopus hippopus, 123
illegal harvesting, 131
localities with giant clams, 155

local mitigation measures, 135
mariculture and restocking, 136, 139
naturalization of species, 70–71
new giant clam species, 90
non-indigenous species, 70
Pyura stolonifera species complex, 62, 73
restoration, degradation/loss, 47–48
starfish grazing impacts, 22
Tridacna crocea, 130
Tridacna derasa, 126
Tridacna gigas, 125
Tridacna mbalavuana, 127
Tridacna squamosa, 127

azooxanthellates, 90

B

bait collection, 71
ballast water treatment, 404
Baltic Sea, 394
barnacles

competition, 72
disturbance consequences, 60
grazing effects on, 23
metal tolerance, 393
rock composition, recruitment, 46
scale of dispersal, 57
successional sequence dominance, boulder-fields, 37

bat starfish, 19
benthic assemblages/communities, starfish, 1–2, 21–23
bioengineer species, 61, see also ecological dominance
biofilms

food competitors, 23
newly quarried rocks, 40
obligate herbivores, 15–16
starfish diet composition, 3, 13–14
starfish grazing impacts, 22–23, 24

biofoam formation, 64, 66
biogeography, P.s.s.c., 62–63
biological invasions, P.s.s.c., 69–71
biophysical modelling, 136–138

biota living under boulders, 39–43
biotic factors, boulder-fields, 45–47
bivalves, 23, 60, 66, 67, see also giant clams
bleaching events, 132
blue-ringed octopuses, 43
boating marinas, artificial structures, 391
Bolinao Marine Laboratory, 123
bootstrapped confidence intervals, 428
boring giant clam, see Tridacna crocea
boulder-fields

abiotic and biotic factors, 43–47
competition, 46
disturbances, 43–44
ecology, biota living under boulders, 39–43
factors, biota diversity and abundance, 43–47
features, boulders and surroundings, 44
future research directions, 48–49
general theories development, 36–39
grazing, 46–47
historical ecological studies, 36–43
introduction, 35–36
microhabitats, 43
overview, 35
position of, 44
post-settlement dispersal, 47
predation, 46–47
recruitment, 45–46
restoration of degradation/loss, 47–48
stress combinations, 45

breakwaters, artificial structures, 391
British Indian Ocean Territory, 155, 169

broadcast fertilizers, 40–41, 59–60
brown algae, 425–426, 428–430
Brunei, 103, 155, 172

bryozoans
boulder-fields, 39–40
dominance, rocky shore species, 60
as food, 19
grazing and predation, 46
metal tolerance, 393
obligate herbivores, 17

Burma, see Myanmar
burrowing giant clam, see Tridacna crocea

C

Cambodia
abundance, presence, and status of giant clams, 103

density patterns, wild giant clams, 191–192

distribution, giant clams, 280–282

giant clam species checklist, 172–173
illegal harvesting, 131
localities with giant clams, 155–156

cannibalism, 66, 72
Cape Banks (Australia), 40, 42
Cardiidae, 90
Cargados Carajos Archipelago

abundance, presence, and status of giant clams, 98

giant clam species checklist, 169

localities with giant clams, 156

Tridacna lorenzi, 130
Chagos, 100
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chemical alteration, recipient environments, 391–394
anthropogenic activities affect, NIS post-arrival, 

391–394
contamination, 391–393
hydrological regimes, 394
toxic contaminants, 393–394

Chile, 70–71, 397, see also Pyura stolonifera species 
complex

China
abundance, presence, and status of giant clams, 101

distribution, giant clams, 282

giant clam species checklist, 170

illegal harvesting, 131
localities with giant clams, 156

local mitigation measures, 135
Tridacna derasa, 126

China clam, see Hippopus porcellanus
chitons, 41, 44, 46
Chlorophyta, 424, 429
Chordata, see Pyura stolonifera species complex
Christmas Island

abundance, presence, and status of giant clams, 99

density patterns, wild giant clams, 192

distribution, giant clams, 282

giant clam species checklist, 169

localities with giant clams, 156

Tridacna noae, 129
clams, see giant clams
climate changes, 132, 139, 394, 396
coastal development, 394–395
coastal transport networks, 389, 397–399
coastal transport networks, connectivity, 397–399
Cocos (Keeling) Islands

abundance, presence, and status of giant clams, 100

density patterns, wild giant clams, 193–194

distribution, giant clams, 282–283

giant clam species checklist, 169

localities with giant clams, 156

Tridacna derasa, 126
Tridacna squamosa, 127

coelobites, 41
colonization, 47–48, 57
colours, rock composition, 46
commercial vectors, 391, 396–398
communities

interaction changes, recipient environments, 400–401
seaweed invasions, 422, 431
stability and dominant species, 57
structure, Ps.s.c., 66–69

Comoros, 98, 156, 168

compensatory mortality, 58, see also mass mortality
competition, 46, 56–59
connectivity, coastal transport networks, 397–399, 403
conservation

giant clams, 88, 89, 133–139
Pyura stolonifera species complex, 71–72

conspecific attraction, 59, 72
consumer preference meta-analysis, 429–432
contamination, recipient environments, 391–393
Convention on International Trade in Endangered Species 

of Wild Fauna and Flora (CITES), 133–134, 139

Cook Islands
abundance, presence, and status of giant clams, 116

density patterns, wild giant clams, 194

distribution, giant clams, 283–283

giant clam species checklist, 185

Hippopus hippopus, 123
localities with giant clams, 156–157

local mitigation measures, 135
Tridacna derasa, 126
Tridacna gigas, 126
Tridacna maxima, 128

copepods, 67
coralline algae, 24, see also algae
coral reef communities, 57
Coral Triangle, 93
cordgrass, 39, 45
Corner Inlet (Australia), 70
crabs

anthropogenic activity effects, 43
boulder habitat, 41, 45
diet shifts, 18
external factors, diet shifts, 18
plant-animal interactions, 2
post-settlement dispersal, 47

Craft Risk Management Standard, 404
crayfish, 43
crevices, 43
crustacean larvae, 65
cryptic species, 17–18, 90, 133
current/previous species name, starfish, 34

D

Darwin Aquaculture Centre, 127
data

seaweed invasions, 422–423
starfish, 3

‘deadzone’ formation, 391
decapods, 67
degradation/loss restoration, 47–48
density patterns, giant clams, 189–253

devil clam, 90, see also Tridacna mbalavuana
diatoms, 3, 13, 19, 65
diet composition, see also herbivory

Pyura stolonifera species complex, 65–66
seaweed communities, 422
starfish, 3, 13–14, 24

digestive tract and enzymes, starfish, 2, 13–14, 24–25
disc size, starfish, 19–20
dispersal, ecological dominance, 56–57
distribution, giant clams, 93–94, 254–374

disturbances
boulder-fields biota, 43–44
dominant species, 57
dominant suspension-feeding species, 60

diversity, loss of, 400–401
Djibouti

abundance, presence, and status of giant clams, 96

density patterns, wild giant clams, 194

giant clam species checklist, 167

localities with giant clams, 157



478

SUBJECT INDEX

dominance, see ecological dominance
Dongsha atoll, 128

E

early life-history stages and settlement, 63–64
East Africa, 89, 127
East Asia, see also specific country

abundance, presence, and status of giant clams, 
101–102

giant clams, lack of data, 89
giant clam species checklist, 170–172

local mitigation measures, 134
Eastern Tuamotu, 93, 132
East Timor

abundance, presence, and status of giant clams, 103

distribution, giant clams, 283

giant clam species checklist, 173
localities with giant clams, 157

East Tuamontu, 132
Echinasteridae, 5, 7, 15
echinoderms, 15, 40, 48, 401, 431
ecological alteration, recipient environments, 400–405
ecological dominance, see also Pyura stolonifera species 

complex
conclusions, 72–74
drivers and consequences, 57–58
evolutionary implications of, 59–60
future research directions, 72–74
introduction, 55–56
rocky shore species, 60
seaweed communities, 422
shifting of, 57
theory, 56–59

ecological interactions, 66–69
Ecopath, Ecoism and Loop Analysis, 67
ecosystem engineer species, see ecological dominance
Egypt

abundance, presence, and status of giant clams, 96

density patterns, wild giant clams, 194–197

distribution, giant clams, 283–290

giant clam species checklist, 167

illegal harvesting, 131
localities with giant clams, 157

Tridacna squamosina, 128
embryo consumption, 66
endosymbionts, 67
enemy release hypothesis (ERH), 401–402, 422
environmental tolerance, 390–391, 393
Eocene Epoch, 88
ephemeral algae, 58
Equilibrium Theory model, 38
Eritrea

abundance, presence, and status of giant clams, 96

distribution, giant clams, 290

giant clam species checklist, 167

localities with giant clams, 157

estuarine development, 394–395
Europe, 62
eutrophication, counteracting, 88
Evolutionary Distinct and Globally Endangered (EDGE) 

of Existence programme, 139

evolutionary history
ecological dominance, rocky shores, 59–60
Pyura stolonifera species complex, 62–63
relationships, conservation planning, 138–139

exploitation, see also anthropogenic activities
giant clams, 88
Pyura stolonifera species complex, 71–72

external digestion, starfish, 2
external factors, diet shifts, 18
extinction

giant clams, 89, 91
Hippopus hippopus, 123
Tridacna derasa, 126
Tridacna gigas, 125
Tridacna squamosa, 127
Tridacna squamosina, 128

extra-oral digestion and feeding, 2, 21

F

facultative herbivores, 7–12, 17–19
False Bay (South Africa), 73
Fanning Island, 128
farming, non-indigenous species, 396–397
Federated States of Micronesia

abundance, presence, and status of giant clams, 112

distribution, giant clams, 290–292

giant clam species checklist, 183

localities with giant clams, 157

local mitigation measures, 135
mariculture for restocking, 136, 137
Tridacna crocea, 130
Tridacna derasa, 126
Tridacna maxima, 128
Tridacna noae, 129
Tridacna squamosa, 127

feeding mechanism vs. food traits, 2
feeding preferences, see also diet composition

sea urchins, 402
seaweeds, 432–436

feeding structure, starfish, 19–20
fertilization, P.s.s.c., 63–64
fertilizer (chemical) runoff, 391
fidelity to diet, 1
Fiji

abundance, presence, and status of giant clams, 108

density patterns, wild giant clams, 197–198

distribution, giant clams, 292–299

giant clam species checklist, 180
localities with giant clams, 157

local mitigation measures, 135
new giant clam species, 90
Tridacna gigas, 126
Tridacna maxima, 128
Tridacna mbalavuana, 127
Tridacna noae, 129
Tridacna squamosa, 127

filtration
ascidian rate, 65–66, 72–73
counteracting eutrophication, 88

fishery-oriented modelling study, 137–138
Florida, USA, 47
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fluted giant clam, 127
food availability, 1
forbs, microhabitat, 43
Fragiinae, 90
French Polynesia

abundance, presence, and status of giant clams, 117

density patterns, wild giant clams, 198–200

distribution, giant clams, 299–303

general Tridacnines distribution, 93
giant clam species checklist, 185–186

localities with giant clams, 157–158

local mitigation measures, 135
mariculture for restocking, 135
self-recruitment, 138
Tridacna maxima, 128
Tridacna squamosa, 127

funnel plot, 431
Futuna Island, see Wallis and Futuna Islands
future directions and research

boulder-fields, 48–49
ecological dominance, 72–74
genetic comparisons, 90–91
giant clams, 139–141
grazing by starfish, 24–26
seaweeds, 421
starfish, 24–26

G

Gambier Archipelagos, 127
gastropods

anthropogenic activity effects, 71
boulder-fields, 40–41
food competitors, 23
larvae, 65
plant-animal interactions, 2
as predator, 68
seaweed invasions, 429

genetic alteration, recipient environments, 400–405
genetic information, 90, 138–139
giant clams

abundance, presence, and status, 96–122

biophysical modelling, 136–138
challenges, 131–133
conservation, 133–139
Convention on International Trade in Endangered 

Species of Wild Fauna and Flora (CITES), 
133–134, 139

density patterns of, 189–253

distribution of, 93–94, 254–374

evolutionary relationships, conservation planning, 
138–139

future directions, 139–141
genetic information, conservation planning, 138–139
geographic distribution, 93–94
Hippopus hippopus, 123, 124
Hippopus porcellanus, 123–125
International Union for Conservation of Nature 

(IUCN) Red List, 134, 139
introduction, 88–89
legislation and regulations, 133–135
localities, 155–166

local mitigation measures, 134–135
management, 133–139
mariculture for restocking, 135–136, 139–140
overview, 87–88
population density, 95

recent conservation approaches, 136–139
shells, human activities, 88–89
species, 167–188
species checklist, 167–188

taxonomy, 90–92
threats, 131–133
Tridacna crocea, 124, 130
Tridacna derasa, 124, 126
Tridacna gigas, 124, 125–126
Tridacna lorenzi, 130
Tridacna maxima, 124, 128
Tridacna mbalavuana, 124, 126–127
Tridacna noae, 124, 129
Tridacna rosewateri, 129
Tridacna squamosa, 124, 127
Tridacna squamosina, 124, 128

giant kelp, see kelp beds
Gondwanaland continent, 62
Goniasteridae

classification, temporal/spatial fidelity, 8, 10–11

obligate herbivores, 15
spatial and seasonal changes in diet, 18

grazing by starfish, see also starfish
algal distribution affects, 21–22
benthic assemblages, effects on, 21–23
biotic factors, boulder-fields biota, 46–47
body metrics, 19–20
classifications, 4–12

current/previous species name, 34
data collection, 3
diet composition, 3, 13–14, 24
digestive tract and enzymes, 2, 24–25
facultative herbivores, 17–19
feeding habits, 21, 24
food competitors, 23–24
future directions, 24–26
herbivores, 2
herbivory categories, 15–21
introduction, 1–3
obligate herbivores, 4–7, 15–17
ontogenetic changes in diet, 7–8, 17–18
overview, 1, 15, 24–26
phylogeny, 21
size of starfish, 25
spatial and seasonal/temporal shifts in diet, 9–12, 

18–19
starfish/herbivore interactions, 23–24
terminology, 3

Great Australian Bight, 62
Great Barrier Reef (GBR), 125
green algae

effect on sea urchins, 434
predators feeding on, 19
preference summary, 424, 428–430
successional sequence dominance, boulder-fields, 37

gregariousness, 57, 58, 66, 71–72
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Guam
abundance, presence, and status of giant clams, 112

bleaching events, 132
distribution, giant clams, 303

giant clam species checklist, 183

localities with giant clams, 158

local mitigation measures, 135
Tridacna crocea, 130
Tridacna squamosa, 127

gulls, predation on starfish, 47

H

habitat, see also boulder-fields
anthropogenic modification, 395
artificial surrogates and reefs, 47–48
boulder-field restoration, 47–48
boulder-fields, 35, 49
complexity, species diversity, 38
microhabitats, boulder-fields, 36, 43
position of boulder-fields, 44
P.s.s.c. preference, 62
stepping-stones, 396–397

Habitat Diversity model, 38
harvesting, see anthropogenic activities; specific species
Hawaii (USA), 126
Hedges’ d standardized mean difference method, 423
herbivory, see also diet composition

Chlorophyta, 424, 429
facultative herbivores, 17–19
grazing preferences, 402
obligate herbivores, 15–17
overview, 1, 15
Phaeophyceae, 425–426, 429
phylogeny and feeding habits, 21
Rhodophyta, 426–427, 429
seaweed preference, 424–427, 428–436
spatial and seasonal changes in diet, 18–19
starfish body metrics, 19–20

Hippopus hippopus, 95, 123, 124, 134
Hippopus porcellanus, 95, 123–125, 134
historical ecological studies, 36–43
Hong Kong

abundance, presence, and status of giant clams, 101

distribution, giant clams, 303

giant clam species checklist, 170

localities with giant clams, 158

horse’s hoof clam, see Hippopus hippopus
hull maintenance, 404
humans, see anthropogenic activities
hydrological regimes, 394
hygiene requirements, 404

I

inbreeding, 59
India

abundance, presence, and status of giant clams, 100

density patterns, wild giant clams, 200–204

distribution, giant clams, 303

giant clam species checklist, 169–170

localities with giant clams, 158

local mitigation measures, 135
P.s.s.c. extinction, 62

Indian Ocean, see also specific country
abundance, presence, and status of giant clams, 

99–100

giant clams, lack of data, 89
giant clam species checklist, 169–170

local mitigation measures, 134
new giant clam species, 90
Tridacna rosewateri, 129
Tridacna squamosina, 128

Indonesia
abundance, presence, and status of giant clams, 103

density patterns, wild giant clams, 204–207

dispersal, conservation modelling, 139
distribution, giant clams, 303–317

giant clam species checklist, 173–175

Hippopus porcellanus, 123
localities with giant clams, 158–159

local mitigation measures, 135
Tridacna derasa, 126
Tridacna squamosa, 127

interactions, starfish/herbivore, 23–24, 25
interbreeding facilitation, 73
Intermediate Disturbance model, 38
International Union for Conservation of Nature (IUCN) 

Red List, 89, 134, 139
intertidal biomass, Pyura stolonifera species complex, 61
intertidal habitat, see boulder-fields
invasions, P.s.s.c., 69, see also seaweed invasions
invertebrates as food, 19
ISI Web of Science, 422
isopods, 429
Israel

abundance, presence, and status of giant clams, 96

distribution, giant clams, 317–318

giant clam species checklist, 167

localities with giant clams, 159

Tridacna squamosina, 128
Italy, giant clam shells, 89

J

Japan
abundance, presence, and status of giant clams, 101

distribution, giant clams, 318–320

general Tridacnines distribution, 93
giant clam shells, 89
giant clam species checklist, 170–171

localities with giant clams, 159

local mitigation measures, 135
mariculture for restocking, 136
Tridacna crocea, 130
Tridacna derasa, 126
Tridacna gigas, 125
Tridacna noae, 129
Tridacna squamosa, 127

jetties, artificial structures, 391
Jordan

abundance, presence, and status of giant clams, 97

density patterns, wild giant clams, 208–209

distribution, giant clams, 320
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giant clam species checklist, 167

localities with giant clams, 159

Tridacna squamosina, 128

K

Kavieng Lagoon system, 129
kelp beds

sea urchin grazing, 2, 26
starfish grazing impacts, 22, 24

Kenya
abundance, presence, and status of giant clams, 98

distribution, giant clams, 320

giant clam species checklist, 168

localities with giant clams, 159

Tridacna gigas, 125

L

La Réunion
abundance, presence, and status of giant clams, 99

distribution, giant clams, 320–322

giant clam species checklist, 168

localities with giant clams, 159

large-scale poaching, giant clams, 131, see also 
anthropogenic activities

La Rinconada, Chile, 67
larvae

consumption, 65–66
dispersal, conservation modelling, 138–139
solitary ascidians, 70

legislation and regulations, 133–135
life-history stages, P.s.s.c., 63–64
limpets

aggregations, 68
boulder-fields, 41
competitive interactions, 23–24
grazing effects of, 2, 22

Lizard Island, 132
localities, giant clams, 155–166

local mitigation measures, giant clams, 134–135
‘Lower Risk/Conservation Dependent’ status

Hippopus hippopus, 123, 134
Hippopus porcellanus, 123, 134
Tridacna maxima, 128, 134
Tridacna squamosa, 127, 134

‘Lower Risk/Least Concern’ status, 130, 134
Low Water Springs level, 61
Luidiidae, 8
Lymnocardiinae, 90

M

macroalgal detritus, energy source, 65
Madagascar

abundance, presence, and status of giant clams, 98

density patterns, wild giant clams, 209–211

distribution, giant clams, 322

giant clam species checklist, 168

localities with giant clams, 159–160

P.s.s.c. extinction, 62
Tridacna gigas, 125

Malaysia
abundance, presence, and status of giant clams, 104

density patterns, wild giant clams, 211–212, 237–238

distribution, giant clams, 322–337

giant clam species checklist, 175

Hippopus hippopus, 123
Hippopus porcellanus, 123, 125
illegal harvesting, 131
localities with giant clams, 160

local mitigation measures, 135
Tridacna derasa, 126
Tridacna gigas, 126
Tridacna squamosa, 127

Maldives
abundance, presence, and status of giant clams, 100

density patterns, wild giant clams, 212–213

distribution, giant clams, 337–340

giant clam species checklist, 170

localities with giant clams, 160

management, 133–139, 389, 402–405
mariculture for restocking, giant clams, 135–136, 139–140
Marine Ecology Research Centre, 125
Marshall Islands

abundance, presence, and status of giant clams, 114

density patterns, wild giant clams, 213

distribution, giant clams, 340

giant clam species checklist, 184
localities with giant clams, 160

mariculture for restocking, 135
Tridacna crocea, 130
Tridacna derasa, 126
Tridacna maxima, 128
Tridacna squamosa, 127

Mascarene Plateau, 130
mass mortality

dominant suspension-feeding species, 60
Pyura stolonifera species complex, 68
weakening of dominance effect, 57

Mauritius
abundance, presence, and status of giant clams, 98

distribution, giant clams, 340–341

giant clam species checklist, 168

localities with giant clams, 160

local mitigation measures, 135
new giant clam species, 91
Tridacna gigas, 125
Tridacna lorenzi, 130
Tridacna rosewateri, 129

Mayotte
abundance, presence, and status of giant clams, 98

distribution, giant clams, 341

giant clam species checklist, 168

localities with giant clams, 160

Mediterranean mussels, 397
Melanesia, see also specific country

abundance, presence, and status of giant clams, 
108–111

giant clam species checklist, 180–183

Mesozoic era, 62
meta-analysis, seaweed invasions, 423, 428, 429–436
meta-regression, 428
microhabitats, boulder-fields, 36, 43
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Micronesia, see also specific country
abundance, presence, and status of giant clams, 

112–116

giant clam species checklist, 183–185

Tridacna derasa, 126
Tridacna noae, 129

Micronesian Mariculture Demonstration Center (MMDC), 
125, 135

microsatellite data, 74
Middle East, 89
Miocene Epoch, 91
mobility of herbivores, grazing, 2
molecular methods and tools, 21, 90
molluscs

boulder-fields, 40, 49
colonization, 48
diversity, 38
ecological dominance, 65
feeding preferences, 431, 434
grazing and predation, 46
grazing effects of, 2, 23
larvae, 65
undersurfaces of boulders, 40, 46, 49

monopolization, specific resources, 57–59
morphological changes, 18
mortality, compensatory, 58, see also mass mortality
Mozambique

abundance, presence, and status of giant clams, 98

distribution, giant clams, 341–342

giant clam species checklist, 168

localities with giant clams, 160

multiphasic life cycle, 72
multiple-choice experiments, seaweeds, 431
muricid gastropods as predator, 68
mussels

boulder-field habitat, 39–40, 45
competition for space, 66–67, 72
ecological dominance, 59–60
human exploitation, 71
introduction, South Africa, 70, 397, 402
scale of dispersal, 57
settlement of larvae, 72

Myanmar
abundance, presence, and status of giant clams, 104

distribution, giant clams, 342–343

giant clam species checklist, 176

localities with giant clams, 160

Tridacna gigas, 125
mytilid larvae, 65

N

names of starfish, current/previous, 34
naturalization of species, 70–71
Nauru

giant clam species checklist, 184
localities with giant clams, 160

Tridacna noae, 129
nemerteans, aggregations, 67
New Caledonia

abundance, presence, and status of giant clams, 109

density patterns, wild giant clams, 213–223

dispersal, conservation modelling, 139
distribution, giant clams, 343–345

giant clam species checklist, 180–181

Hippopus hippopus, 123
localities with giant clams, 160–161

local mitigation measures, 135
Tridacna mbalavuana, 127

New England (USA), 45
New Hebrides, 182–183

newly quarried rocks, 40, 44, 47
newly-settled starfish, 18
New Zealand

ascidian predators, 70
commercial ports, 398–399
Craft Risk Management Standard, 404
non-indigenous species, 70
Pyura stolonifera species complex, 62, 69, 74
starfish grazing impacts, 22

Ningaloo Reef Marine Park, 129
Niue

abundance, presence, and status of giant clams, 118

density patterns, wild giant clams, 223

giant clam species checklist, 186

localities with giant clams, 161

local mitigation measures, 135
non-indigenous species (NIS)

harm caused by introduction, 70
Pyura stolonifera species complex, 73–74
seaweeds, 421–422

non-indigenous species (NIS), anthropogenic activities 
affect post-arrival

artificial structures, 389, 391, 394–397, 403
chemical alteration, 391–394
coastal transport networks, 389, 397–399
commercial vectors, 397–398
community interaction changes, 400–401
connectivity, 397–399, 403
contamination, 391–393
ecological alteration, 400–405
‘enemy release’, 401–402
environmental tolerance, 390–391, 393
estuarine and coastal development, 394–395
genetic alteration, 400–405
hydrological regimes, 394
introduction, 390–391
management, 389, 402–405
offshore development, 394–395
overview, 389
physical alteration, 394–397
physiological alteration, 400–405
recipient environments, 394–397, 400–405
recreational vectors, 397–398
species diversity loss, 400–401
top-down control, loss of, 401–402
toxic contaminants, 393–394
transport facilitation, 389, 398–399
water quality, 391–394

Northern Hemisphere, 62
Northern Mariana Islands

abundance, presence, and status of giant clams, 115

giant clam species checklist, 184
localities with giant clams, 161
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Tridacna crocea, 130
Tridacna gigas, 126
Tridacna squamosa, 127

North Spratly Islands, 238–239

Norway, salmon farming, 396–397
nutrient enrichment, NIS post-arrival, 393–394
nutrient recycling, starfish, 21–23

O

obligate herbivores, 4–7, 15–17
ocean acidification, 132
octopuses, 43
offshore development, 394–395
Oligocene Epoch, 88
ontogenetic changes in diet, 7–8, 17–18
Ophidiasteridae

current/previous species name, 34
obligate herbivores, 15
spatial and seasonal changes in diet, 18
temporal/spatial fidelity, 5–6, 11

opportunistic feeding, 18–19
Oreasteridae

current/previous species name, 34
obligate herbivores, 15–16
phylogeny and feeding habits, 21
spatial and seasonal changes in diet, 18
temporal/spatial fidelity, 6–8, 11

Orpheus Island Research Station, 123
overdispersion

boulder-fields, 38, 40, 44, 46
post-settlement dispersal, 47

overharvesting, 71–72, 139, see also anthropogenic 
activities

overyield, see productivity increases
oystercatcher as predator, 68
oysters, boulder-fields, 39

P

Pacific Islands
giant clam conservation, 89
local mitigation measures, 135
mariculture and restocking, 139
mariculture for restocking, 135
Tridacna gigas, 126
Tridacna noae, 129

Pacific Ocean, see also specific country
abundance, presence, and status of giant clams, 

108–121

giant clam species checklist, 180–188

Palau
abundance, presence, and status of giant clams, 115

density patterns, wild giant clams, 224–225

distribution, giant clams, 345

giant clam species checklist, 184–185

Hippopus hippopus, 123
Hippopus porcellanus, 125
localities with giant clams, 161

local mitigation measures, 135
mariculture for restocking, 135–136
Tridacna crocea, 130

Tridacna derasa, 126
Tridacna maxima, 128
Tridacna squamosa, 127

Palawan (Philippines), 95

Panama Canal, 403
Papua New Guinea

abundance, presence, and status of giant clams, 109

density patterns, wild giant clams, 225–227

distribution, giant clams, 345–348

giant clam species checklist, 182
Hippopus porcellanus, 123
localities with giant clams, 161

local mitigation measures, 135
Tridacna noae, 129

Paracel Islands, 131
Peninsular Malaysia, 126
pentagonal vs. stellate body profile, 21
Phaeophyceae, 425–426, 429
Philippines

abundance, presence, and status of giant clams, 105

density patterns, wild giant clams, 227–234

distribution, giant clams, 348–358

giant clam conservation, 89
giant clam species checklist, 176–177

Hippopus hippopus, 123
Hippopus porcellanus, 123, 125
illegal harvesting, 131
localities with giant clams, 162

local mitigation measures, 135
mariculture for restocking, 136, 136, 137
new giant clam species, 90
Tridacna derasa, 126
Tridacna gigas, 126
Tridacna squamosa, 127

photosynthetic dinoflagellate algae, 90
phylogeny and feeding habits, 21
Phylum Chordata, Subphylum Tunicata, see Pyura 

stolonifera species complex
physical alteration, 394–397
physiological alteration, 400–405
phytoplankton, 65, 72
Pitcairn Islands

abundance, presence, and status of giant clams, 118

density patterns, wild giant clams, 234

general Tridacnines distribution, 93
giant clam species checklist, 186

localities with giant clams, 162

Tridacna squamosa, 127
plant-animal interactions, 2, 23–24
‘Pola’ expedition, 128
polychaetes

aggregations, 67
boulder-fields, 40
metal tolerance, 393
rock composition, recruitment, 46

polymorphic satellites, 74
Polynesia, see also specific country

abundance, presence, and status of giant clams, 
116–121

giant clam species checklist, 185–188

Tridacna derasa, 126
pontoons, artificial structures, 391
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population density, giant clams, 95

porcelain crabs, 41
ports, artificial structures, 391, 396, 398
post-settlement dispersal, 47
predation and predators

aggregation protection, 59–60
biotic factors, boulder-fields biota, 46–47
juvenile starfish, 18, 25
loss of top-down control, 401–402
Pyura stolonifera species complex, 66, 68

presence, giant clams, 96–122

previous/current species name, starfish, 34
prey availability, starfish, 18–19
productivity increases, 393–394, 400
prosobranch gastropods, 41
protein demands, 396
P.s.s.c., see Pyura stolonifera species complex
Pterasteridae, 8
Puget Sound, USA, 47
Pyura stolonifera species complex (P.s.s.c.), see also 

ecological dominance
biogeography of, 62–63
biological invasion, 69–71
community structure, 66–69
conservation of, 71–72
diet, 65–66
early life-history stages and settlement, 63–64
ecological interactions, 66–69
evolutionary history of, 62–63
human exploitation of, 71–72
overview, 56, 60–61
reproductive cycle and fertilization, 63–64
suspension-feeding, 65–66

R

Random Placement model, 38
rank correlation test, 431
recent conservation approaches, 136–139
recipient environments

anthropogenic activities affect, NIS post-arrival, 
394–397, 400–405

community interaction changes, 400–401
‘enemy release’, 401–402
physical alteration, 394–397
physiological alteration, 400–405
species diversity loss, 400–401
top-down control, loss of, 401–402

recreational vessels, 396, 397–398, 399
recruitment

anthropogenic activity effects, 71
boulder-fields biota, 45–46
limitations and dominant species, 57
Pyura stolonifera species complex, 69
self-recruitment and inbreeding, 59

red algae, see also algae
lack of impact, 70
palatability, 434, 436
preference summary, 425–426, 428–430, 434
successional sequence dominance, 37

red cushion starfish, 18
Red Sea, see also specific country

abundance, presence, and status of giant clams, 96–97

giant clam species checklist, 167

illegal harvesting, 131
local mitigation measures, 134
new giant clam species, 90
Tridacna squamosa, 127
Tridacna squamosina, 128

Reef Check surveys, 93, 254–374

regulations, see legislation and regulations
remineralization, 60
reproductive cycle, 63–64
Republic of Kiribati

abundance, presence, and status of giant clams, 113

density patterns, wild giant clams, 234–235

giant clam species checklist, 183–184
localities with giant clams, 162–163

local mitigation measures, 135
Tridacna gigas, 125
Tridacna maxima, 128

resource availability, ecosystem modulation, 57–59
restoration of degradation/loss, boulder-fields, 47–48
restricted maximum-likelihood estimator, 428
Rhodophyta, 426–427, 429
rock composition, boulder-fields, 45–46
rocky shore species, 60, see also ecological dominance
Rosenberg’s fail-safe number, 431

S

Sabah (Malaysia), 95, 126
salmon farming, 396–397, 398
Samoa

abundance, presence, and status of giant clams, 119

giant clam species checklist, 186

Hippopus hippopus, 123
localities with giant clams, 163

local mitigation measures, 135
Tridacna gigas, 126
Tridacna maxima, 128
Tridacna squamosa, 127

Samoan Archipelago, 235

San Francisco estuary, 394
Saudi Arabia

abundance, presence, and status of giant clams, 97

density patterns, wild giant clams, 235–236

distribution, giant clams, 358–360

giant clam species checklist, 167

localities with giant clams, 163

Tridacna squamosina, 128
Saya de Malha Banks

abundance, presence, and status of giant clams, 99

giant clam species checklist, 170

localities with giant clams, 163

new giant clam species, 90
Tridacna rosewateri, 129

Scarborough Shoal, 131
seagrass beds, starfish grazing impacts, 22, 24
sea pens, 19
sea star as predator, 68, 70
sea urchins

anthropogenic activity effects, 43–44
competition in assemblages, 46
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feeding preference, 402
grazing effects of, 2, 26
green algae effects on, 434
microhabitats, boulder-fields, 43
obligate herbivores, 16
post-settlement dispersal, 47
seaweed invasions, 429, 431

seaweed invasions
Chlorophyta, 424, 429
communities, 431
consumer preference meta-analysis, 429–432
data extraction, 422–423
discussion, 432–436
herbivore preference summary, 424–427

introduction, 421–422
literature search, 422–423
meta-analysis, 423, 428, 429–436
overview, 421
Phaeophyceae, 425–426, 429
publication bias, 431
results, 428–432
Rhodophyta, 426–427, 429
sensitivity analysis, 431
temporal trends, 431

self-recruitment, 59, 64
sensitivity analysis, seaweed invasions, 431
sessile species, see also giant clams

boulder-field restoration, 47–48
boulder-fields, 40, 47–48
dominance, intertidal zone, 57
grazing effects on, 23
obligate herbivores, 17
restoration, 47–48

settlement, P.s.s.c., 63–64
Seychelles

abundance, presence, and status of giant clams, 99

density patterns, wild giant clams, 236

distribution, giant clams, 360

giant clam species checklist, 168–169

localities with giant clams, 163

Singapore
abundance, presence, and status of giant clams, 105

bleaching events, 132
density patterns, wild giant clams, 236

giant clam species checklist, 178

illegal harvesting, 131–132
localities with giant clams, 163

local mitigation measures, 135
Tridacna gigas, 125
Tridacna squamosa, 127

size
boulders, 37, 39
ecological dominance, 57
grazing, 2
Hippopus porcellanus, 125
limits, local mitigation measures, 135
obligate herbivores, 15
starfish, 17–20
Tridacna derasa, 126
Tridacna gigas, 125
Tridacna lorenzi, 130
Tridacna maxima, 128

Tridacna mbalavuana, 126–127
Tridacna noae, 129
Tridacna rosewateri, 129
Tridacna squamosa, 127
Tridacna squamosina, 128

small giant clam, see Tridacna maxima
small invertebrates ingestion benefits, 16–17
smooth giant clam, see Tridacna derasa
Society Islands, 127
Solasteridae, 8
Solomon Islands

abundance, presence, and status of giant clams, 110

density patterns, wild giant clams, 236–237

distribution, giant clams, 360–362

giant clam species checklist, 182
localities with giant clams, 164

local mitigation measures, 135
mariculture for restocking, 135–136
Tridacna crocea, 130
Tridacna derasa, 126
Tridacna maxima, 128
Tridacna squamosa, 127

Somalia
abundance, presence, and status of giant clams, 97

giant clam species checklist, 169

localities with giant clams, 164

sooty oystercatcher, 68
South Africa

abundance, presence, and status of giant clams, 99

anthropogenic activity effects, 71
boulder-fields, 41, 44
chitons, 41
composition, P.s.s.c.-associated communities, 67
distribution, giant clams, 362

general Tridacnines distribution, 93
giant clam species checklist, 169

localities with giant clams, 164

NIS mussel species, 70
non-indigenous mussel species, 70, 397, 402
Pyura stolonifera species complex, 62, 67, 68, 73
starfish grazing impacts, 22

South America, 62, 73
South Asia, 103–106, see also specific country
South China Sea, see also specific country

abundance, presence, and status of giant clams, 102
density patterns, wild giant clams, 237–242

giant clam species checklist, 171–172

illegal harvesting, 131
localities with giant clams, 164

local mitigation measures, 134
Tridacna maxima, 128

South-east Africa, see also specific country
abundance, presence, and status of giant clams, 98–99

giant clam species checklist, 168–169

local mitigation measures, 134
mariculture and restocking, 139
Tridacna gigas, 125

South-east Asia
giant clam species checklist, 172–179

local mitigation measures, 135
mariculture for restocking, 135
Tridacna noae, 129
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South Pacific, 135, 139
Spain, 69
spatial and temporal/seasonal shifts in diet, 9–12, 18–19
spatially explicit modelling, 138
spatial pattern variability, 38
species-area relationship models, 37–38
species checklist, giant clams, 167–188

species diversity loss, 400–401
species names, starfish, 34
Spinulosida, 21
sponges

boulder-fields, 39
dominance, under boulders, 43
as food, 19
grazing and predation, 46
obligate herbivores, 17
P.s.s.c. competitive superiority over, 66

Spratly Islands, 131, 239–242

Sri Lanka
abundance, presence, and status of giant clams, 100

distribution, giant clams, 362

giant clam species checklist, 170

localities with giant clams, 164

standardized mean difference method, 423
starfish, see also grazing by starfish

boulder-fields, 41
current/previous names, 34
predation by gulls, 47

status, giant clams, 96–122

stellate vs. pentagonal body profile, 21
Stichasteridae, 8, 12, 18
stomach extrusion, 18
storms, 71, 396
strawberry clam, see Hippopus hippopus
stress combinations, boulder-fields biota, 45
Subphylum Tunicata, see Pyura stolonifera species 

complex
successional sequence dominance, boulder-fields, 36–37
Sudan

abundance, presence, and status of giant clams, 97

density patterns, wild giant clams, 242

distribution, giant clams, 362–363

giant clam species checklist, 167

localities with giant clams, 164

Suez Canal, 403
Sulu Archipelago, 90, 123
sunstar as predator, 68
surroundings, boulder-fields biota, 44
suspension-feeding, 56, 65–66

T

Taiwan
abundance, presence, and status of giant clams, 102

distribution, giant clams, 363–364

giant clam species checklist, 171

localities with giant clams, 165

local mitigation measures, 135
Tridacna maxima, 128
Tridacna noae, 129

Tanmen, 131

Tanzania
abundance, presence, and status of giant clams, 99

density patterns, wild giant clams, 243

distribution, giant clams, 364–365

giant clam species checklist, 169

localities with giant clams, 165

Tasmania, 26, 70
Tatakoto Atoll, 133
taxonomy, giant clams, 90–92, see also specific species
temporal variation and trends, 41, 43, 431
‘tevoro’, 90
Thailand

abundance, presence, and status of giant clams, 106

density patterns, wild giant clams, 243

distribution, giant clams, 365–369

giant clam species checklist, 178

localities with giant clams, 165

local mitigation measures, 135
Tridacna squamosa, 127

theories development, 36–39
threats, giant clams, 131–133, 134
Tokelau

abundance, presence, and status of giant clams, 119

density patterns, wild giant clams, 243–244

giant clam species checklist, 186

localities with giant clams, 165

Tridacna squamosa, 127
Tonga

abundance, presence, and status of giant clams, 120

density patterns, wild giant clams, 244–248

distribution, giant clams, 369

giant clam species checklist, 187

Hippopus hippopus, 123
localities with giant clams, 165–166

local mitigation measures, 135
Tridacna derasa, 126
Tridacna gigas, 125–126
Tridacna maxima, 128
Tridacna mbalavuana, 127
Tridacna squamosa, 127

Tonga Fisheries Hatchery, 127
top-down control, loss of, 401–402
toxic contaminants, 393–394
translocation of species, 391
transport facilitation, 389, 398–399
tree topologies, giant clams, 90, 91
Tridacna crocea, 95, 124, 130, 134
Tridacna derasa, 95, 124, 126, 134
Tridacna gigas, 95, 124–126, 134
Tridacna lorenzi, 95, 130
Tridacna maxima, 95, 124, 128, 134
Tridacna mbalavuana, 95, 124, 126–127, 134
Tridacna noae, 95, 124, 129
Tridacna rosewateri, 95, 129, 134
Tridacna squamosa, 95, 124, 127, 134
Tridacna squamosina, 95, 124, 128
Tridacninae, see giant clams
triton shell, as predator, 68
trophic complexity, 57
true cockles, 90
Tuamotu Archipelagos, 127
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Tubbataha Reef Natural Park, 123
tube feet, starfish, 2, 21
tubeworms, 39, 60
Tunicata, see Pyura stolonifera species complex
tunicates, human exploitation, 71
Tuvalu

abundance, presence, and status of giant clams, 121

density patterns, wild giant clams, 248–249

giant clam species checklist, 187–188

localities with giant clams, 166

U

undersurfaces, boulders, 39–40, 43
United States, 398–399, see also specific state
United States Minor Outlying Islands

abundance, presence, and status of giant clams, 116

giant clam species checklist, 185

localities with giant clams, 166

University of Guam Marine Laboratory, 135
Upper Cretaceous period, 88
upper surfaces, boulders, 39, 43

V

Valvatida, 21
Vanuatu

abundance, presence, and status of giant clams, 111

density patterns, wild giant clams, 249–251

distribution, giant clams, 369–370

giant clam species checklist, 182–183

localities with giant clams, 166

local mitigation measures, 135
Tridacna crocea, 130
Tridacna gigas, 126
Tridacna maxima, 128
Tridacna squamosa, 127

veliger larvae, 65
Venerida, 90
Viet Nam

abundance, presence, and status of giant clams, 106

density patterns, wild giant clams, 252–253

distribution, giant clams, 370–374

giant clam species checklist, 178–179

localities with giant clams, 166

Viti Kevu (Fiji), 90
‘Vulnerable’ status

Tridacna derasa, 126, 134
Tridacna gigas, 125, 134
Tridacna mbalavuana, 127, 134
Tridacna rosewateri, 129, 134

W

Waikiki Aquarium (Honolulu), 126
Wallis and Futuna Islands

abundance, presence, and status of giant clams, 121

giant clam species checklist, 188

localities with giant clams, 166

water quality, 391–394
WebPlotDigitizer software, 423
weediness, non-indigenous species, 393–394
Western Australia, 129
West Wind Drift, 63
whelks, 60, 70
wind farm clusters, 395

Y

Yap, see also Federated States of Micronesia
Hippopus hippopus, 123
mariculture for restocking, 136, 137
Tridacna noae, 129

Yemen
abundance, presence, and status of giant clams, 97

density patterns, wild giant clams, 253

distribution, giant clams, 374

giant clam species checklist, 167

localities with giant clams, 166

Tridacna squamosina, 128

Z

zooxanthellates, 90
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