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Introduction 

 

     Tripneustes gratilla is a common echinoid in the tropical Indo-Pacific.  It is found in 

wide variety of sub-tidal coral reef habitats, where it consumes turf algae, macroalgae, 

and seagrass (Shokita et al. 1991, Vaitlingon et al 2003, Stimson et al. 2007).  Stimson et 

al. (2007) demonstrated that it is a generalist herbivore in Hawai’i, able to consume 

coralline algae, turf algae, endolithic algae, and macroalgae.  This echinoid is a mobile 

benthic grazer, and Shokita et al. (1991) observed migrations in the range of hundreds of 

meters involving juveniles moving to deeper water.  Tripneustes gratilla is among the 

fastest growing echinoid species recorded (Ebert 1985, Bacolod and Dy 1986, Juinio-

Menez et al. 2008, Regalado et al. 2010).   

 

     Invasive macroalgae have overrun coral reefs in some areas of Hawai’i (Smith et al. 

2002, Smith et al. 2004), and T. gratilla has been proposed as a possible biocontrol agent 

to control the invasive macroalgae.  Subsequent studies have added support to this idea 

(Conklin and Smith 2005, Cunha 2006, Stimson et al. 2007), because T. gratilla has 

demonstrated the ability to consume the invasive macroalgae in substantial quantities.  

Valentine and Edgar (2010) recently reported an ‘outbreak’ of T. gratilla on Lord Howe 

Island in Australia, where densities exceeded 4 individuals per square meter.  They 

concluded that T. gratilla possesses an ‘ecosystem engineer’ function, because ‘outbreak’ 

sites were characterized by significant decreases in foliose macroalgae, with an increase 

in crustose coralline algal cover.  There was also no apparent impact on sessile 

invertebrates, mobile invertebrates, or fish populations (Valentine and Edgar 2010), 

which would make T. gratilla an ideal biocontrol agent for invasive macroalgae.  

However, if T. gratilla is to be utilized as a biocontrol agent, more information is 

required about its growth and survival in areas and environments where the invasive 

algae are plentiful, and where biocontrol is required. 
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Echinoid Growth 

 

     Organisms undergo two distinct growth patterns:  determinate and indeterminate 

growth.  Determinate growth involves the stoppage of growth upon, or soon after, 

reaching sexual maturity (Karkach 2006).  Indeterminate growth is defined as growth that 

continues past sexual maturity and may continue till the end of life (Heino and Kaitala 

1999).  However, individual organisms with indeterminate growth can still possess upper 

size limits that are created by physiological and physical limitations (Karkach 2006).  

Echinoids have been demonstrated to possess indeterminate growth, and their maximum 

size depends upon environmental conditions and resource availability (Stephens 1972, 

Ebert 1967, 1968, Himmelman 1986, Levitan 1988).     

 

     Ebert (1967, 1968), Himmelman (1986), and Levitan (1988) have demonstrated that 

echinoid growth rate can be a function of population density, and food availability and 

abundance.  After Ebert (1967) proposed that echinoid shrinkage could occur, it was long 

assumed that this was true (Himmelman 1986, Levitan 1988).  However, Ebert (2004) 

retracted his assertion that echinoids shrink, and attributed the negative growth values he 

calculated to measurement problems and substantial size-specific bias at the time his 

urchins were tagged in 1964.  Ebert was prompted to reevaluate his conclusions, because 

later laboratory studies (Fansler 1983) did not support his prior conclusion about echinoid 

shrinkage.  Himmelman (1986) worked on Strongylocentrotus droebachiensis, and also 

demonstrated variation in growth rate that was a function of size, population density, and 

resource availability.  Levitan (1988) worked with Diadema antillarum Philippi, and 

demonstrated that size was inversely related to population density, and growth rate could 

be predicted based upon mean size and population density.   

 

     Variability in the growth rate of juvenile sea urchins from a single cohort has been 

observed in the lab, and there is evidence that some of the variability is influenced by the 

environment.  Shokita et al. (1991) recorded a batch of juvenile T. gratilla ranging in 

diameter from 0.9 to 6.9 mm, growing to have diameters between 1.7 to 31 mm in one 

month while in grow-out cages, demonstrating over an order of magnitude difference in 
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size between the smallest and larges individuals.  Grosjean et al. (1996) worked with 

Paracentrotus lividus, raising batches of fertilized gametes from single pairs of parents.  

In one ‘cohort’ that was followed over 30 months, they observed changes in the shape of 

the frequency distribution of the ‘cohort’s’ test diameters through time.  Four month old 

juveniles belonging to the same batch, that were reared separately under controlled 

conditions, had a normal distribution of test diameters between 16 mm and 22.5 mm, 

with a mean of 18.5 mm (Grosjean et al. 1996).  Four month old juveniles belonging to 

the same batch that were reared together, had a larger range of diameters, ranging from 

11.5 mm to 24 mm, with means below 18.5 mm (Grosjean et al. 1996), displaying 

increased variation in growth rate, which was attributed to growth inhibition when reared 

together.  Grosjean et al. (1996) determined that variation in growth rate between 

average-sized individuals and the larger individuals was not genetic, because when the 

urchins were separated into size classes, then reared together, the average-sized 

individuals rapidly caught up in diameter to the above-average sized individuals.  

Grosjean et al. (1996) theorized that the size differences were exacerbated by 

intraspecific competition between juveniles of different sizes, with the larger individuals 

suppressing the growth of smaller individuals.  The experiments of Grosjean et al. (1996) 

demonstrate that the growth rates of juvenile echinoids of the same species can vary 

greatly, and that some of the differences in growth rate between juveniles of the same 

cohort are influenced by environmental factors.  Echinoids are known to display 

aggregative behavior, and Grosjean et al. (1996) state that small juveniles are often found 

under the spine canopy of adult conspecifics, where their survival rate is higher, 

presumably due to protection from predators.  There appears to be increased survival due 

to aggregation, but also potentially decreased growth of small individuals within the 

aggregation (Grosjean et al. 1996). 
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Echinoid Survival 

 

     Ebert (1985) conducted an analysis on the growth rates and survival of echinoids, and 

proposed that a trade-off between growth rate and lifespan can be observed between 

species, with the fastest growing urchins such as Tripneustes ventricosus, and Diadema 

antillarum having the shortest life spans, and the slowest growing urchin species such as 

Strongylocentrotus purpuratus, and Echinocardium cordatum having the longest life 

spans.  Tripneustes species are some of the fastest growing echinoid species, so they 

would be expected to have a Brody-Bertalanffy growth rate constant value (K) greater 

than 1, and life spans of approximately a decade or less (Ebert, 1985).  Tripneustes 

species are warm-water tropical species, whereas some of the longest-lived species are 

cold-water temperate and polar species, e.g.,, Strongylocentrotus purpuratus has been 

found to live for over 50 years, and has a ‘K’ value of around 0.2 (Ebert 1968, 1985).  

However, there are some tropical species that are slower growing and longer-lived than 

Tripneustes species, e.g., Echinometra mathaei with a lifespan of approximately 35 years, 

Echinometra oblonga which is able to live for almost four decades, and Colobocentrotus 

atratus which is able to survive for over 20 years (Ebert 1975). 

 

     Echinoids, along with most invertebrates, are thought to have Type III survivorship 

curves, with the probability of survival increasing with increasing age (and size), i.e., 

mortality is highest when youngest, especially during the planktonic larval phase 

(Hedgecock 1994).  In the Philippines, Juinio-Menez et al. (2008) calculated annual 

mortality for  juvenile T. gratilla between 15 to 54 millimeters in diameter to be 99.3 

percent, and larger juveniles (50 percent having a test diameter greater than 40 mm), 

having a 91 percent annual mortality rate.  The causes of echinoid mortality include 

predation, and parasitism and disease (Regalado et al. 2010).  Fish, decapods, and starfish 

are among the reported predators of echinoids (Pearse and Hines 1987, McClanahan and 

Shafir 1990).  McClanahan and Shafir (1990) demonstrated that fish, especially the 

Balistidae (triggerfish) are important echinoid predators, and Dafni and Tobol (1987) cite 

the Labridae (wrasses) as predators on juvenile Tripneustes gratilla elatensis.  Predation 
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appears to be size dependent according to Dafni and Tobol (1987), who conducted a 

predation experiment in which all T. gratilla elatensis juveniles smaller than 30 mm in 

diameter were consumed, 80 percent of the juveniles between 30 and 40 mm were 

consumed, and only 17 percent of individuals larger than 40 mm in diameter were 

consumed.  Echinoids like other echinoderms are very sensitive to lowered salinities and 

freshwater exposure.  Shokita et al (1991) recorded a heavy rainfall event causing a 

mortality rate of 35.7 percent among juvenile T. gratilla on shallow tidal flats, and a total 

monthly mortality of 93.8 percent after a month that included a few rainfall events during 

spring tides. 

 

Echinoids as Biocontrol Agents  

 

Biological Control 

     Classical biological control has been used primarily in terrestrial agricultural 

applications to control agricultural pests and invasive species.  It involves the 

introduction of a natural parasite, predator, or disease of the target species to control their 

growth, reproduction, and population expansion (Secord 2003).  The primary tenet of 

classical biocontrol is host specificity, i.e., the selected biocontrol agent must exclusively 

target the unwanted species, and not attack other species (Secord and Kareiva 1996, 

Secord 2003).  The selected biocontrol agent must also maximize damage to the pest 

(Secord 2003). 

 

     Despite the successes of biocontrol from an agricultural standpoint, there have been 

many unwanted side effects, and the potential exists for non-target effects which often 

involve unpredictable indirect interactions and unforeseen results (Simberloff and Stiling 

1996a, b, Secord and Kareiva 1996, Secord 2003).  An example of unforeseen results of 

biocontrol involves a case where a viral introduction was aimed to biologically control 

rabbits (Oryctolagus cuniculus) in England (Secord and Kareiva 1996).  The biocontrol 

introduction had a number of unexpected consequences, and inadvertently lead to the 

extinction of the butterfly Maculina arion (Secord and Kareiva 1996). 
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     A second side effect is that metazoans have displayed the ability to rapidly evolve 

when exposed to novel prey, hosts, or environments (Carroll and Boyd 1992, Towbridge 

and Todd 2001, Leger and Rice 2003, Lavergne and Molofsky 2007, Cano et al. 2008).  

Invasive plants have been documented to evolve in their introduced ranges, displaying 

increased fitness and plasticity (Leger and Rice 2003, Lavergne and Molofsky 2007, 

Cano et al. 2008).  Herbivores have also been shown to evolve to exploit introduced 

plants.  Carroll and Boyd (1992) documented the case of the soapberry bug Jadera 

haematoloma in North America, evolving three ‘races’ with different beak lengths, to 

feed on three introduced plant species.  The evolution of these new ‘races’ occurred 

within 20 to 50 years, or 40 to 150 generations.  Trowbridge and Todd (2001) 

documented the case of a sacoglossan sea slug, Elysia viridis in the British Isles, 

switching from a native algal host Cladophora rupestris to an introduced macroalga, 

Codium fragile ssp. tomentosoides, so that populations on the different host species were 

functionally subdivided.  Adult slugs from Codium fragile ssp. tomentosoides were 

unable to complete their lifecycles on the native Cladophora rupestris host (Trowbridge 

and Todd 2001).  Towbridge and Todd (2001) observed that in areas of high density, 

Elysia viridis reduce populations of Codium fragile ssp. tomentosoides, and have 

biocontrol effects upon the introduced macroalga.   

 

     Given that bio control agents can evolve, they have the potential to harm non-target 

species, and possibly become pests themselves (Dennill et al. 1991, Simberloff and 

Stiling 1996a, b, Secord and Kareiva 1996).  Dennill et al. (1991) document the release of 

a gall wasp, Trichitogaster acaciaelongifoliae, to control an invasive plant, and the 

subsequent expansion of its host range to include two other non-pest species.  Simberloff 

and Stiling (1996b) cite the case of a weevil introduced to North Carolina in 1990 to 

control non-indigenous pasture thistles.  This weevil may threaten the host-specific 

metalmark butterfly Calephelis virginiensis by reducing the abundance of its food plant 

Cirsium horridulum, and also threatens two rare native thistles (Simberloff and Stiling 

1996b).  In aquatic environments, the silver carp (Hypophthalmichthys molotix) and 

bighead carp (Aristichthys nobilis) were a success in controlling algae in fish aquaculture 
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pens (Lieberman 1996), and the grass carp Ctenopharyngodon idella had been 

successfully used to control aquatic weeds like hydrilla, Hydrilla verticillata (Sutton and 

Vandiver 1986).  However, through aquaculture escapes and/or intentional releases, all 

three carp species have become invasive in the U.S Great Lakes, and other parts of the 

U.S. and Canada (Cudmore and Mandrak 2004).  Grass carp compete with native 

herbivorous species, impact water quality, and affect aquatic flora and fauna (Cudmore 

and Mandrak 2004).  This intrinsic ability of populations of organisms to evolve is a 

primary argument against classical biocontrol, where non-indigenous biocontrol agents 

are introduced into the environment. 

 

     Augmentative biocontrol is a relatively new concept, and uses available parasites or 

predators that are native to an affected area, to control the target species (Settle et al. 

1996, Chang and Kareiva 1999, Secord 2003, Anderson 2007).  The advantages of 

augmentative biocontrol are that the control agents are native, and therefore already 

adapted to the affected area, and avoid many of the issues involved with introducing non-

indigenous control agents (Settle et al. 1996, Chang and Kareiva 1999, Secord 2003).  

Cotesia wasps (Cotesia spp.), which are larval parasitoids, are utilized to as augmentative 

biocontrol agents to control the sugar cane borer (Diatraea saccharalis) in Brazil (Van 

Lenteren and Bueno 2003).  Trichogramma wasps (Trichogramma spp.), which are egg 

parasitoids, are indigenous to many regions of the world, and used to control 

Lepidopteran pests on various crops such as corn, cotton, cereals, and tobacco (Van 

Lenteren and Bueno 2003).  Herbivores naturally consume plants and algae, so it would 

be logical to utilize them as biocontrol agents for undesirable plant and algal populations.  

Parker et al. (2006), recently conducted a meta-analysis and demonstrated that native 

herbivores, particularly large vertebrates, provide biotic resistance to plant invasions in 

terrestrial and some aquatic environments, whereas exotic herbivores facilitated exotic 

plants.  However, Williams and Smith (2007) state that despite consuming introduced 

macroalgae, native marine herbivores have not been documented to control invader 

spread.  There have been successful biocontrol attempts to control invasive terrestrial 

plants using herbivorous insect species (Julien 1992).  In Florida, invasive aquatic 
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alligatorweed, Alternanthera  phyloxeroides has been controlled by the introduced flea 

beetle Agasicles hygrophila (Center et al. 2007).   

 

     As biocontrol in the marine environment is in its infancy, currently there are no 

success stories (Anderson 2007), and no on-going projects could be located in the 

literature.  The only on-going effort that could be located in the gray literature is in 

Hawai’i, using T. gratilla to control invasive macroalgae (DLNR 2010). Research into 

controlling the invasive macroalga Caulerpa taxifolia in the Mediterranean using 

sacoglossans was discontinued, because of the ability of sacoglossan slugs to shift host 

preference in short periods of time (Trowbridge and Todd 2001, Williams and Smith 

2007).  Lodeiros and Garcia (2004) experimentally demonstrated that echinoids could be 

used to control fouling within pearl oyster nets, and could be useful in aquaculturing 

pearl oysters, reducing fouling and thereby increasing productivity.  Epelbaum et al. 

(2009) in British Columbia, Canada, also experimentally demonstrated that the echinoid 

Strongylocentrotus droebachiensis, consumed invasive ascidians in substantial quantities, 

and could be used as a possible biocontrol agent for shellfish aquaculture.  The 

experiments of Lodeiros and Garcia (2004), and Epelbaum et al. (2009) lend credence to 

the idea of using echinoids as marine biocontrol agents.  

 

Invasive Macroalgae in Hawaii 

     Several species of non-indigenous macroalgae have been introduced to the Hawaiian 

archipelago since the 1950s.  However, little research has been conducted on their 

impacts on native reef communities.  In the post-WWII years the macrophytic 

rhodophyte Acanthophora spicifera was inadvertently introduced to Hawai’i, and has 

since spread to almost all the main Hawaiian Islands (Eldredge and Smith 2001).  In the 

1970s, macrophytic Rhodophyta belonging to three additional genera were introduced for 

experimental aquaculture for the agar and carageenan industries, and are now considered 

invasive (Rodgers and Cox 1999, Smith et al. 2002, Smith et al. 2004).  A total of five 

species of macroalgae are recognized as invasive in Hawaii (Rodgers and Cox 1999, 

Smith et al. 2002).  Observations suggest that these macroalgae are over-growing and 

smothering coral, especially in calm water areas such as Kaneohe Bay, affecting growth 
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and coral mortality (Conklin and Smith 2005, Stimson et al. 2007).  Using time series 

photography Woo (2000), demonstrated that one of these non-indigenous species, 

Kappaphycus spp. were overgrowing live coral within Kaneohe Bay. 

 

     Two factors have been implicated in the increase of macroalgae on coral reefs around 

the globe:  eutrophication, or input of nutrients from terrestrial, specifically 

anthropogenic sources, and the loss of grazers/herbivores through over-fishing and 

disease (Hughes 1994, McCook 1999, Hughes et al. 2003, Mumby et al. 2007).  Nutrient 

levels in reef waters can be elevated by the enrichment of surface and ground-waters with 

fertilizers and human waste, and through the removal of vegetation and increase in runoff 

during construction, or in the course of farming (Hughes 1994, McCook 1999, Hughes et 

al. 2003, Mumby et al. 2007).  Diminished numbers or biomass of herbivores, i.e., 

reduced grazing pressure, is a second factor contributing to macroalgal growth on coral 

reefs (Hughes 1994, McCook 1999, Hughes et al. 2003, Mumby et al. 2007).  The 

primary herbivorous guilds on coral reefs are fish, echinoids, and molluscs.  Fish such as 

scarids, acanthurids, and siganids are the primary families of grazers on coral reefs 

(Mumby et al. 2007).  However, many of these fish are extracted and consumed as food 

in different parts of the world.  As herbivorous fish populations face continued fishing 

pressure, and are reduced, the importance of echinoid grazing on reefs increases (Hay 

1984, Hughes 1994).  There is mounting evidence that echinoids play an important role in 

consuming and controlling macroalgae on coral reefs, and that echinoids can be an 

important component of the grazer community (Hay 1984, Hughes 1994, Mumby et al. 

2007).  This has been demonstrated in the Caribbean where herbivorous fish populations 

were over-fished, leaving an echinoid Diadema antillarum as the main herbivore on the 

reefs (Hay 1984, Hughes 1994). When a disease decimated the population of Diadema 

antillarum, grazing pressure on macroalgae was drastically reduced and macroalgae were 

able to increase in biomass, becoming the dominant benthic cover (Hughes 1994, Mumby 

et al. 2007).  In Hawaii, and especially within Kaneohe Bay, the two primary herbivorous 

guilds on the reefs are fish and echinoids (author’s personal observation).  In Hawaii, it is 

also probable that as the herbivorous fish populations are being reduced (Friedlander and 
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DeMartini 2002), the native echinoids are becoming an increasingly larger proportion of 

the grazer biomass on reefs 

 

     Hawai’i is facing the same problems of eutrophication and over-fishing, and when 

compounded with the introduction of non-indigenous algae, is leading to the macroalgal 

invasion of our coral reefs.  Research has been conducted on the idea of enhancing the 

numbers of T. gratilla, a native echinoid, to enhance its consumption of invasive 

macroalgae in Kaneohe Bay, and compensate for the low numbers and biomass of 

herbivorous fishes (Conklin and Smith 2005, Cunha 2006, Stimson et al. 2007).  In some 

outer coastal sites, e.g., Pupukea, Waimea Bay, Haleiwa Bay etc, urchins appear to be an 

important (and highly visible) component of the grazer community in terms of biomass 

(author’s personal observation).  The consumption rate of macroalgae by T. gratilla 

individuals approximately 7 cm in diameter is high, 7 to 22 g wet weight of algae per 

day, and on an individual basis rivals that of the average-sized herbivorous fish in 

Kāne’ohe Bay (Stimson et al. 2007).  However, echinoids appear to be less abundant 

within Kaneohe Bay, with fewer species, and lower population densities (author’s 

personal observation).   

 

     It may be possible to enhance grazer control of macroalgae in Kaneohe Bay using 

native echinoids, specifically T. gratilla.  Echinoids have never been previously 

considered as bio-control agents, but seem to be a logical choice in this case, partly 

because there are procedures for spawning these animals, fertilizing their gametes, and 

raising the juveniles.  It may be possible to control the biomass and spread of invasive 

macroalgae within Kāne’ohe Bay, by enhancing the populations of these native echinoids 

on the patch reefs where the invasive macroalgae grow.  The Department of Aquatic 

Resources (DAR) is currently attempting this by transplanting juvenile T. gratilla out on 

patch Reef 16 in Kaneohe Bay (Star Advertiser 2011). 
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Tripneustes gratilla 

 

     Tripneustes gratilla is an Indo-Pacific echinoid indigenous to the Hawaiian 

archipelago.  Tripneustes gratilla is commonly found in a wide variety of habitats, where 

it consumes turf and macroalgae.  Also, according to Vaitlingon et al (2003), T. gratilla 

constitutes one of the main herbivores on seagrass beds in the tropical Indo-West Pacific.  

Stimson et al. (2007) demonstrated that it is a generalist herbivore in Hawai’i, able to 

consume coralline algae, turf algae, endolithic algae, and macroalgae.  Tripneustes 

gratilla have been found in tide pools as juveniles (Stimson et al. 2007), and open rocky 

exposed coasts and sub-tidal sheltered coral reef habitats as adults (author’s personal 

observation).  Tripneustes gratilla is also found on the back reef and reef flat areas 

(Shokita et al. 1991, and author’s personal observation), in areas such as those offshore 

from Waikiki beach, Ala Moana beach, and within Kāne’ohe Bay.  On the island of 

Oahu, within the Hawaiian archipelago, the author has observed T. gratilla as deep as 15 

meters within Hanauma Bay on the Southeast side of the island, and outside Shark’s 

Cove (Pupukea) on the North shore.  Tripneustes gratilla occurs on open rocky coasts 

surrounding Oahu, such as Pupukea on the North shore, Makapu’u on the east side, and 

the Waianae coast on the west side, in areas with large boulders and strong currents.  

Tripneustes gratilla are also found in some of the more swell-exposed parts of Kaneohe 

Bay.  Shokita et al. (1991) observed migrations in the range of hundreds of meters 

involving juvenile urchins moving to deeper water, so T. gratilla is capable of dispersal 

after settlement on the scale of hundreds of meters. 

 

     According to Lessios et al. (2003), T. gratilla phylogeography exhibits characteristics 

expected from a species with, “Ephemeral local populations, but with high fecundity, 

dispersal, and growth.” There is very little phylogenetic structure across the almost pan-

tropical range of T. gratilla, and the T. gratilla in Hawai’i do not appear to be genetically 

distinct, in fact the entire Indo-Pacific T. gratilla population is considered a single 

metapopulation (Lessios et al. 2003). 
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     Tripneustes gratilla is fished and raised in aquaculture in some parts of the world, e.g., 

Japan, and the Philippines, where their roe is a commercially valuable food resource.  

They have been successfully bred and reared from the larval stage to adulthood in 

laboratory/aquaculture settings, including most recently in Hawaii for biocontrol 

purposes (DLNR 2010, Star Advertiser 2011).  In Japan and the Philippines, aquacultured 

T. gratilla juveniles have been out-planted and used for stock enhancement of depleted 

fisheries, as well as raised to market size in grow-out cages (Shokita et al. 1991, Juinio-

Menez et al. 2008).  The Japanese have conducted most of the aquaculture research as 

Tripneustes gratilla is a commercially valuable food resource in Japan.   

 

     Growth coefficients previously recorded for T. gratilla are extremely high, placing T. 

gratilla among some of the fastest growing echinoid species recorded.  Von Bertalanffy 

Growth Function (VBGF) coefficients ‘K’ recorded for T. gratilla range between 1.08 

(Regalado et al. 2010), and 1.8 (Bacolod and Dy 1986), and Juinio-Menez et al. (2008) 

recorded values of 1.3 and 1.7 at two different sites.  These growth coefficients place T. 

gratilla among some of the fastest growing echinoid species recorded, along with 

Tripneustes ventricosus (‘K’ > 1.2) and Diadema antillarum (‘K’ ~ 1.2, Ebert 1985).  

Shokita et al. (1991) have researched the growth of T. gratilla in both 

laboratory/aquaculture and field settings, and found that they initially grow very rapidly 

for 8 to 12 months to a diameter of approximately 5.5 cm in the field, and 9 cm in the lab, 

then slow down, and approach an asymptotic diameter after approximately 12 to 18 

months.   Shokita et al. (1991) recorded asymptotic sizes of approximately 8 cm in the 

field, and 9 to 10 cm in the lab after 12 to 18 months.  Juinio-Menez et al. (2008) sampled 

T. gratilla with test diameters greater than 6 cm to calculate gonad index (GI), and 

Shokita et al. (1991) considered adult size of T. gratilla to be between 6 and 7 cm in 

diameter.  Dafni and Tobol (1987) recorded ripe gonads in T. gratilla elatensis 

individuals larger than 40 mm in test diameter.  Shokita et al. (1991) recorded a batch of 

juvenile urchins ranging from 0.9 to 6.9 mm, growing to between 1.7 to 31 mm in one 

month while in grow-out cages, giving a maximum growth rate of at least 24 mm a 

month, demonstrating T. gratilla’s capacity for rapid growth in the juvenile stage.  

Stimson et al. (2007) demonstrated that the growth rates of T. gratilla juveniles could 
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vary based upon the species of macroalgae they fed upon.  In Shokita et al.’s (1991) 

growth curves, cultivated T. gratilla grew from 0.35 mm to 84.2 mm in 10 months, and 

two different cohorts reached asymptotes of 9.07 and 10.45 cm in diameter after 

approximately one year.  Previous studies in the Philippines have also calculated the 

asymptotic size of T. gratilla.  An asymptotic size of 11.42 cm was calculated by 

Regalado et al. (2010), with about 60 mm of growth in 8 months.  Juinio-Menez et al. 

(2008) calculated asymptotic sizes of 11.3 cm and 8.2 cm at two different sites, and 

monthly growth rates of about 0.8 cm.  The largest individual Shokita et al. (1991) 

recorded had been fed Sargassum spp. ad libitum in captivity, and had a test diameter of 

138.5 mm, 86.2 mm test height, and a weight of 1,021 grams.  During fieldwork in 

Kaneohe Bay, some larger individuals have been discovered, up to 13 cm in diameter 

(Stimson et al. 2007).   

 

     Juinio-Menez et al. (2008) demonstrated a difference in Gonadal Indices (GI) between 

the sexes, with females having a significantly higher GI, 9.17 percent ± 0.22 compared to 

8.42 percent ± 0.21 for males.  This signifies a higher reproductive investment by 

females, and it is not known if this affects female growth or survival.  None of the 

previous studies on T. gratilla compare growth or survival between the sexes. 

 

     Shokita et al. (1991) reported apparent seasonal springtime recruitment within T. 

gratilla in Japan, and Regalado et al. (2010) reported 2 recruitment pulses in the 

Philippines, in the spring and fall.  However, Juinio-Menez et al. (2008) also in the 

Philippines, reported a year-round regular cycling of gonad indices (GI) synchronous 

with the lunar phases, and no marked seasonal pattern in the GI of caged T. gratilla.  It 

appears that T. gratilla in Hawaii follows a seasonal springtime recruitment pattern, as 

smaller individuals 2-3 cm in diameter appear between July and September  (J. Stimson, 

personal communication, and author’s personal observation), however no studies have 

been conducted to verify this recruitment pattern.  The smallest individuals in this study, 

measuring between 2.75 and 4.6 cm in diameter, were collected in September. 
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     As echinoids constantly renew the material within their skeletons/tests, and natural 

growth lines in echinoid ossicles are not reliable indicators of age (Russell and Meredith 

2000), it is not possible to determine age using growth bands or other features of their 

skeletons.  Since the aquacultured individuals are consumed after reaching an adequate 

size, there is no data on the possible lifespan of T. gratilla in the literature.  Shokita et al 

(1991) mentioned that urchins older than 2 years were rarely encountered in the field, 

leading them to estimate the lifespan of T. gratilla to be 2 years.  The majority of urchins 

in this study were collected at diameters greater than 4.6 cm (Fig. 2), and so were of 

unknown age. 

 

     By chemically tagging all individuals found in one location, Ebert (1982) estimated 

annual survival probability for T. gratilla to be 0.73 at Kapapa Island in Kāne’ohe Bay, 

giving an annual mortality rate of 27 percent for larger individuals, which are similar in 

size to those used in this study.   Survivorship of T. gratilla has previously been 

calculated in the Philippines, with Regalado et al. (2010) calculating an annual mortality 

rate of 99.3 percent for the whole T. gratilla population in an un-fished area of the central 

Philippines.  Juinio-Menez et al. (2001) reported an average survivorship of juvenile sea 

urchins in grow-out cages to be between 68 to 92 percent, or mortality to be between 8 to 

32 percent per year, depending on the grow-out site.  Juinio-Menez et al. (2008) reported 

estimated annual mortality of hatchery-released juvenile sea urchins in the field to be 

between 91 and 99 percent, depending on site.  Juinio-Menez et al. (2008) suggested that 

the site with a lower mortality rate of 91 percent was because larger juveniles were 

released at the site - 50 percent had test diameters greater than 40 mm.   Shokita et al 

(1991) experienced a 30.1 percent mortality rate for juvenile urchins (average test 

diameter of 2.5 mm) in one month of grow-out within cages, with very high densities of 

over 10,000 per square meter. 

 

     Tripneustes gratilla is cryptic when young, although it has been observed in the open 

in tide-pools on the island of Hawai’i (Stimson et al. 2007).  Shokita et al (1991) report 

juveniles less than 2 cm in diameter are found in shallow water, about half a meter deep, 

under boulders and gravel.  However, juvenile urchins haven’t been observed within 
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Kāne’ohe Bay, and only larger individuals approximately 6 cm in diameter have been 

observed in the bay, mostly in more wave-exposed environments.  This distribution 

suggests that adults can survive in the bay, but that young do not recruit to, or survive 

well within the bay.  It is not known whether the limiting factor is larval supply, or in 

larval or juvenile survival.  Predation on small individuals within the bay may create a 

bottleneck preventing the development of large populations of adult T. gratilla on the 

patch reefs in the interior of the bay.   

 

     Tripneustes gratilla has been demonstrated to consume the invasive macroalgae in 

Hawai’i in substantial quantities by Conklin and Smith (2005), Cunha (2006), and 

Stimson et al. (2007), adding support to the idea of utilizing T. gratilla as a biocontrol 

agent.  Conklin and Smith (2005) demonstrated that T. gratilla will consume at least one 

invasive macroalga that native herbivorous fish find unpalatable.  A T. gratilla individual 

adult, between 7 and 8 cm in diameter, will consume the invasive macroalgae in Hawaii 

in quantities equivalent to the average-sized herbivorous fish in Kāne’ohe Bay (Stimson 

et al. 2007).  Tripneustes gratilla has the ability to reduce the cover of invasive 

macroalgae at densities of 6 individuals per square meter (Cunha 2006).  At densities of 3 

individuals per square meter, T. gratilla continued to lower algal cover once it had been 

lowered to below 25 percent cover by mechanical removal or higher urchin densities, and 

densities of one individual per square meter were able to maintain reduced macroalgal 

cover, after it had been lowered to below 25 percent (Cunha 2006).  Valentine and Edgar 

(2010) recently reported an ‘outbreak’ of T. gratilla on Lord Howe Island in Australia, 

where densities exceeded 4 individuals per square meter.  They concluded that T. gratilla 

possesses an ‘ecosystem engineer’ function, because sites with high T. gratilla densities 

were characterized by significant decreases in foliose macroalgae, with an increase in 

crustose coralline algae cover.  There was also no apparent impact on sessile 

invertebrates, mobile invertebrates, or fish populations (Valentine and Edgar 2010).  

Tripneustes gratilla has not been observed feeding on live coral (Stimson et al. 2007), 

and did not affect live coral cover in the study by Valentine and Edgar (2010).  This 

‘ecosystem engineer’ ability to decrease macroalgal cover and facilitate crustose coralline 

algal cover, while having minimal impact on other benthic invertebrates and associated 
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fish populations, would make T. gratilla an ideal biocontrol agent for invasive 

macroalgae.   

 

       As T. gratilla is native to Hawai’i, many of the issues created by the introduction of a 

non-indigenous biocontrol agent are precluded, and it appears that T. gratilla would have 

minimal adverse ecological impacts.  Instead, T. gratilla may have beneficial impacts on 

the benthos by removing smothering invasive macroalgae, and exposing the bare 

carbonate substrate, allowing subsequent crustose coralline algal growth, or coral 

recruitment.  However, if T. gratilla is to be utilized as a biocontrol agent, more 

information is required about its growth and survival in areas and environments where 

the invasive algae are plentiful, and where biocontrol is required.     

 

     Kāne’ohe Bay provided an ideal site for the study of T. gratilla growth and survival in 

the field as invasive macroalgae are plentiful on the patch reefs, and urchins are easily 

accessible.  At least 434 T. gratilla individuals were tagged with Passive Integrated 

Transponder (PIT) tags in the summers of 2003 and 2004, and transplanted to the patch 

reefs of Kāne’ohe Bay, where they were monitored for the next 7 years.  The persistence 

of the tagged individuals demonstrated that this echinoid can survive and grow in the 

more wave-sheltered habitats within the bay – this study is the culmination of all the data 

collected on these animals. This study attempts to evaluate the growth and survival of T. 

gratilla within Kāne’ohe Bay, both on reefs where it naturally occurs, as well as on reefs 

on which it does not naturally occur.  Tripneustes gratilla appears to demonstrate the 

potential to be an effective biocontrol agent, possessing the ability to consume substantial 

quantities of invasive macroalgae, some of which are unpalatable to native herbivorous 

fish (Conklin and Smith 2005), and possessing sufficient mobility to locate and consume 

patchily distributed macroalgae.  However, its growth and survival in environments 

where the invasive macroalgae are plentiful are currently unknown.  This purpose of this 

study is to evaluate the growth and survival of Tripneustes gratilla in the field, in the 

environments where invasive macroalgae are plentiful.  It is also not known whether the 

higher reproductive investment of females affects their growth and survival, so 

differences in growth and survival between the sexes are explored.  PIT tagging of the 
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urchins in this study allowed us to follow the growth and survival of individual urchins 

throughout the study period of approximately 7 years, and produced data at a finer 

resolution than has ever previously been attempted. 
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Methods 

 

     This study was designed to examine the growth rate and survival of T. gratilla within 

Kāne’ohe Bay, Oahu.   Kāne’ohe Bay is on the windward coast of the island of Oahu, in 

the Hawaiian Archipelago.  Kāne’ohe Bay is located on the windward (NE) side of Oahu, 

and is approximately 15 - 16 kilometers long and 2 to 3 kilometers wide (Fig. 1).  The 

middle of the bay is sheltered by a barrier reef.  The bay contains 54 patch reefs 

numbered by Roy (1970).  The flat-topped patch reefs are truncated cones rising from the 

bottom of Kaneohe Bay, and they are surrounded by silt, effectively isolating each from 

the other, creating a barrier to the movement of T. gratilla between the patch reefs.  Coral 

and macroalgae colonize the reef flats, reef crests, and reef slopes.  Silt is a barrier to T. 

gratilla movement, and continuous sections of sand and living coral also constitute 

partial barriers to the movements of T. gratilla (Stimson et al. 2007). 

 

     Within Kāne’ohe Bay, T. gratilla occurs naturally at the ‘Sampan Channel’, Reef 11, 

Reef 12, and Reef 13 (numbering system of Roy 1970, Fig.1), but rarely occurs naturally 

on other reefs located further within the bay.  The ‘Sampan Channel’ (5 to 10 meters in 

depth) connects the bay to the ocean, and has a mixed sand and limestone bottom.  The 

limestone formation has low topographic relief.  Some of the urchins included in this 

study were collected on the North shore of Oahu, at locations just west of Waimea Bay.  

Some urchins were collected from the South shore of Oahu, off Waikiki and Ala Moana 

beaches, and the rest of the urchins were collected within Kāne’ohe Bay from the 

‘Sampan Channel’, Reef 11, Reef 12, and Reef 13 (Fig.1). 

 

Tagging, and measurement of Tripneustes gratilla individuals 

     Passive Integrated Transponder (PIT) tags (Biomark Implantable glass tags 11.5 mm, 

134.2 kHz), were implanted into individual urchins so that growth could be monitored, 

and to create a cohort of tagged individuals whose survival could be monitored.  Hagen 

(1996) implanted PIT (Passive Integrated Transponder) tags into echinoids and found no 

effect on growth or survival after 15 months, and tag retention was greater than 90 

Rodolf
Text Box
18



 

 

percent.  In this study, PIT tags were inserted into the body cavity of individual T. 

gratilla, utilizing an implanter syringe’s needle to penetrate the peristomial membrane 

between the mouthparts (‘Aristotle’s lantern’) and the test.  As there are no batteries to 

deplete, and they are encapsulated in glass providing good protection, engineering 

calculations suggest that the tags should be able to last 75 years or more, and can be 

reused (www.biomark.com). 

 

Collection, relocation, re-trapping of released individuals, and tag 

detection. 

     Individuals generally greater than 6 cm in diameter (Fig. 2) were collected by 

snorkelers from locations where they are abundant - the South shore of Oahu, and outer 

margins of Kāne’ohe Bay.  Tripneustes gratilla individuals were collected in the 

summers of 2003 and 2004, implanted with PIT tags, and out-planted.  Multiple batches 

were released on different patch reefs at different times.  Some of the tagged urchins were 

returned to the ‘Sampan Channel’ (designated ‘Sampan’), Reef 13 (designated 13S for 

the smaller section of the reef, and 13L for the larger portion), and Reef 11, but most 

were relocated to patch reefs where they don’t naturally occur – Reef 19, Reef 22, Reef 

29 (numbering system of Roy 1970, Fig. 1), and the Northeast section of the fringing reef 

surrounding Coconut Island (Moku’o’Loe, designated ‘Coco’).  Young individuals 

measuring between 2.75 and 4.6 cm in diameter were collected on the north shore of 

Oahu (SSW of Waimea Bay, 21
o
 38.022’ N, 158

o
 4.225’ W) in September and October 

2003, tagged, and released in Kaneohe Bay on Reef 13S (designated ‘S’ for the smaller 

section of the reef).  The individuals were placed on the patch reefs in the summers of 

2003 and 2004, and data was collected until the spring of 2010, giving urchins a 

maximum possible growth and survival period of 2,526 days (6.921 years) within the 

study. 

 

      The vast majority of the urchins utilized in this study had initial diameters between 7 

cm and 10 cm (Fig. 2).  There was a comparative dearth of smaller and very large (10+ 
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cm) individuals within the study population, because small urchins were not available in 

Kāne’ohe Bay or most of the major collecting areas used in this study. 

 

     Urchins were periodically recaptured to assess growth and survival.  Teams of 

snorkelers visually searched the patch reefs, and collected all T. gratilla individuals that 

were sighted.  The individuals were removed from the reef, scanned to read their PIT 

tags, measured, if they spawned their sex was determined based upon the visual 

characteristics of the spawn, then they were replaced onto the reef.  To gauge the 

thoroughness of searches, on some dates the collected urchins were not returned 

immediately, and the reefs were re-searched 24 hours later, before the release of the 

captured individuals of the prior day.  These searches only found a few uncollected 

individuals (fewer than 10 percent), demonstrating that the primary search was effective 

in recapturing most of the urchins on a reef. 

 

     PIT tags were detected within T. gratilla individuals using a hand-held PIT tag reader 

(Biomark Pocket Reader EX).  It was determined that by concentrically scanning the oral 

and aboral surfaces of a T. gratilla individual for 30 seconds with a PIT tag reader, an 

acceptably high probability of tag detection could be achieved.  Test diameter was a poor 

predictor of tag detection time (R
2
 = 2.9 %), the mean detection time was 8.68 seconds 

(N = 25), standard deviation was 5.06 seconds, the median value was 8 seconds, and the 

maximum detection time was 17 seconds (Fig. 3). Collected individuals were scanned for 

tags, and if a tag was detected, its number was recorded, and the individual’s widest test 

diameter was measured in three different orientations, at about 60° to each other, using 

stainless steel Vernier calipers with a precision of 0.1 mm.  These three measurements 

were then averaged to determine an individual’s diameter on a date of capture.  The 

average range between the 3 different measurements was 0.87 mm, the standard deviation 

was 0.85 mm, and the sample size was 1,707 records.   

 

     Ebert (2004) retracted his assertion that echinoids shrink, and attributed the negative 

growth values he calculated to measurement problems and substantial size-specific bias 

at the time his urchins were tagged in 1964.  This study experienced issues similar to 
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those experienced by Ebert (2004), including multiple people measuring urchins at the 

beginning of the study, when measurement error (within-urchin standard deviation) 

appeared to be greatest, at 0.121 cm.  However, the measurement error within an 

individual was reduced to approximately 0.04 cm after 7/24/2003 (Table 1).  Due to this 

increased measurement error before 7/24/2003, measurements collected before this date 

was not included in the growth analyses.  The spines and tubercles on the test, as well as 

slightly eccentric tests contributed to measurement error.  Any calculated negative growth 

is attributed to these measurement issues, and are not believed to support echinoid 

shrinkage, so echinoid shrinkage is not addressed in the rest of the paper. 

 

Table 1:  Measurement error (variation among measurements of the same urchin), and 

size variation in the population through the study.  A sample is a single urchin measured 

(in triplicate) on a single day – a single urchin may have been measured multiple times 

within the periods defined.   

Dates 

Sample 

Size (N) 

Mean 

Diam. (cm) 

Sample Std. 

Dev. (cm) 

Mean Within 

Urchin Std. 

Dev. (cm) 

5/3 to 5/23/2003 177 8.1 1.05 0.121 

5/28 to 7/22/2003 644 8.09 1.07 0.065 

7/24 to 9/6/2003 410 8.1 0.92 0.047 

 

9/9/2003 29 4.17 0.71 0.039 

5/18 to 6/11/2004 189 8.43 1.16 0.042 

6/10 to 3/27/2010 157 8.61 0.87 0.044 

 

     Echinoids do not display sexual dimorphism, so sex could only be determined when 

the individual urchins spawned, and the spawn could be distinguished as roe or 

milt/sperm visually.  Some urchins spawned spontaneously while kept in holding buckets 

during the scanning procedure.  Other individuals were induced to spawn by injecting 

them with potassium chloride (KCl) using a syringe, following the procedure of Shokita 

et al. (1991).  Only a small subset of the study urchins had their sex determined. 
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Data Analyses 

     The raw data generated from this study consisted of records of recaptures or 

‘sightings’ of individual urchins on particular dates, each recorded in one row of a 

spreadsheet.  The raw data were recoded in an MS Excel spreadsheet, and consisted of 

date, PIT tag number, three different test diameter measurements, the average test 

diameter of the triplicate measurements, reef number where the urchin was recaptured, 

and sex if it was determined.  Data analysis was accomplished using MS Excel 2003, and 

MS Access 2003 for data manipulation, Minitab 14 for statistical analyses of growth, and 

Program MARK Version 6.1 (Dr. Gary White, Colorado State University) for survival 

analyses.  Graphs were generated using MS Excel 2003 as well as Minitab 14. 

 

Growth Analyses 

 

     In the literature, asymptotic size is a population growth parameter defined as the 

average size that can be achieved by a species at very old age in a certain environment or 

location, and implies an upper size limit (Juinio-Menez et al. 2008).  In this study the 

growth of individual urchins was followed for a period of 6 to 7 years.  Most appeared to 

cease growth, but achieved highly variable maximum diameters.  As they did not appear 

to achieve one asymptotic size, the maximum size achieved by individuals in this study 

shall be referred to as an individual’s maximum size. 

 

     The growth dataset consisted of all the individual growth records collected after 

7/24/03. Measurements collected prior to 7/24/03 were not utilized, due to increased 

measurement error before 7/24/2003 (Table 1). The largest urchin collected in this study 

was approximately 13.3 cm, but was not included in growth analyses, because the 

measurement issues before 7/24/03 rendered the data unusable.  Growth was calculated 

by subtracting the previous recorded diameter (‘average’) from the measured diameter of 

the urchin on the date of recapture.  The growth period was calculated by subtracting the 

previous date of capture from the date of recapture.  Growth was divided by growth 

period to calculate growth per day, and multiplied to produce growth per 30 days 

(month).  These calculations were performed for all records/rows which had growth 
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periods between 20 and 45 days long.  This data subset consisted of 152 records, and was 

utilized to calculate and analyze growth rates per 30 days (month), and to elucidate the 

highest growth rates experienced by the urchins during this study.  To maintain 

independence, only the first growth record was used per urchin if there were multiple 

growth periods between 20 to 45 days long for an individual.  A similar calculation 

produced growth per year (365 days), for records with growth periods between 300 and 

700 days long.  Again, to maintain independence, only the first growth record was used 

per urchin if there were multiple growth periods close to a year in length for an 

individual.  This data subset consisted of records from 246 individuals.  All the data were 

then imported into Minitab 14, used to generate individual growth curves, and conduct 

analyses of covariance (ANCOVA), comparing the growth rates across the different 

initial diameters and reefs.  Date and diameter per record were plotted and grouped by 

PIT tag number to generate individual growth curves for urchins.  ANCOVA analyses 

included either initial diameter, or the reciprocal of initial diameter as a covariate.  The 

reef term and an interaction term (reef multiplied by the covariate) were included in the 

models at first, non-significant terms were removed until only significant terms (P < 

0.05) remained.  Models were evaluated for fit. 

     A subset of the annual growth dataset was used to assess differences in growth 

between the sexes.  The data consisted of growth records from 39 males and 38 females.  

An ANCOVA was conducted including initial diameter, the natural log of initial 

diameter, or the reciprocal of initial diameter as a covariate.  The sex term and an 

interaction term (sex multiplied by the covariate) were included in the models at first, 

non-significant terms were then removed until only significant terms (P < 0.05) remained.  

Models were evaluated for fit. 

     A Von Bertalanffy Growth Function (VBGF) could not be fitted to our data, because 

the growth data was too highly variable, there was a lack of growth data from urchins 

smaller than 2.75 cm in diameter, and the ‘asymptotic’ or maximal sizes were too highly 

variable between individuals.  However, we were able to generate some rough estimates 

by determining the VBGF growth parameter ‘K’, from the slope of the regression line 

when linear growth over an interval is plotted against test diameter (Sparre and Venema 

1998). 
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Survival Analyses 

 

     Due to the lack of small, newly-settled urchins whose subsequent survival could be 

measured, the study of survival involved urchins of unknown age, with a median 

diameter of 7.88 cm (Fig. 2).  The smallest urchins in this study were between 2.75 and 4 

cm in diameter, and were collected in September.  According to Shokita et al. (1991) 

working in southern Japan, T. gratilla juveniles can reach this size approximately 7 to 8 

months after metamorphosis.  It is not possible to determine age from test diameter, or 

other test features (Russell and Meredith 2000).  Urchins that were never recaptured after 

they were placed on a reef were excluded from the growth analyses, but included in the 

survival analyses.   

 

     The locations where urchins were out-planted differed in their structure, and therefore 

degree to which they constrained the movements of the urchins, and thus the likelihood 

of recapturing them.  The ‘Sampan Channel’ is a channel into Kāne’ohe Bay, with a 

mixed sand and limestone bottom, and it is not a closed system to T. gratilla like the 

patch reefs.  Instead, the ‘Sampan Channel’ is an open system, which may allow adult 

urchins to enter from the outer bay and travel to the inner bay.  Shokita et al. (1991) 

observed migrations in the range of hundreds of meters involving juvenile urchins 

moving to deeper water, so T. gratilla is capable of dispersal after settlement on the scale 

of hundreds of meters.  Due to the Sampan Channel possibly being an open system to T. 

gratilla, the survival analyses were conducted both with and without Sampan Channel 

data.  Reef 13L located at the inner end of the Sampan Channel was too large to search 

effectively, and there were problems recovering the animals, so the tagged urchins were 

eventually removed from the reef.  The urchins initially placed on Reef 11, and Reef 29, 

were also subsequently removed for various reasons, so the individuals from those reefs 

are not included in any of the survival analyses.  Urchins on Reef 13S, Reef 19, Reef 22, 

Coconut Island, and the Sampan Channel were included in the survival analyses. 
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     Survival is expressed using instantaneous mortality rates, and survival probability 

calculated utilizing Program MARK, a software package specifically designed to process 

survival/tagging data.  The data from reefs 13S, 19, 22, Coconut Island, and the Sampan 

Channel were entered into Progam MARK to calculate survival probability, and also 

compiled to generate a survival curve and calculate the instantaneous mortality rate for 

urchins within Kāne’ohe Bay.  

  

     Date and biomark data, i.e., dates of ‘sightings’ confirming that an individual was 

alive, were used to generate MS Excel pivot-tables.  These pivot tables are matrices 

displaying whether an individual was collected (alive) or not on a particular date.  If there 

was an empty cell or ‘non-sighting’ between two dates where the urchin was collected 

and alive, the individual was marked as alive on the intervening date.  Due to the release 

of multiple batches of urchins on different patch reefs at different times, the date with the 

largest number of urchins alive was chosen as the ‘start’ time for the bay-wide survival 

analysis.  Any urchins that were added to the reef or size class after the ‘start’ date of 

survival were not included in the analysis.  The number of surviving tagged urchins from 

those present at the ‘start’ time of survival were calculated for all subsequent dates.  The 

number of survivors was plotted against time, and both linear and exponential fits were 

generated for the data.  As the exponential fit appeared to be a better fit for the data, the 

exponential decay constant (λ) describes the instantaneous mortality rate experienced by 

the urchins in this study, and will be referred to as such in the rest of the paper. 

 

     Program MARK Version 6.1 was used to further analyze survival, and MS Access 

2003 was utilized to create and format the input file for Program MARK.  As the survival 

of the urchins on reefs 13S, 19, 22, Coconut Island, and the Sampan Channel were to be 

analyzed and compared, 5 different ‘groups’ were created in Program MARK, one for 

each reef.  As the data consisted of live recaptures, the Program MARK CJS data type 

was utilized.  There was a question as to whether the diameter at which they were 

released affected survival, so the initial diameter was included in the input file as a 

covariate.  The sampling dates were different on the different reefs, and not all reefs were 

sampled at the same time, so periods (‘.’), were used to fill the gaps in the data file as 
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recommended in Program MARK documentation.  Reefs were often sampled within days 

or weeks of each other, so if reefs were sampled within the same calendar month, they 

were considered to be sampled within the same period.  Intervals between sampling 

periods were converted into years, so that Program MARK would estimate survival 

probability per year.  There were 32 sampling/collecting occasions for the 5 different 

reefs over 2,526 days (6.921 years), so there were a total of 31 intervals of time for which 

survival and recapture rates could be calculated.  Models were built within Program 

MARK utilizing the design matrix feature.  As many models as could be conceived were 

analyzed including additive and multiplicative models (including interactions), and the 

results were ranked by Program MARK based upon the adjusted Aikake’s Information 

Criterion (AICc).  The best-fitting model was thereby selected through a process of 

elimination. 

 

     Program MARK was also utilized to analyze a subset of data consisting of 56 records 

from 32 females, and 24 males to compare survival between the sexes.  Each sex was a 

separate ‘group’, and as there were only a few sexed individuals per reef (Reef 13S N = 

22, Coconut Island N = 6, Reef 19 N = 8, Reef 22 N = 19, and Sampan Channel N = 1), 

reef was not included as a factor for the comparison of survival between the sexes. 
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Results 

 

     The growth and survival of these urchins were studied at the comparatively low 

population densities at which they were naturally found, or at which we stocked them.  

The urchins were out-planted on the patch reefs at peak densities between 0.0039 (Reef 

13S) to 0.041 (Reef 19) individuals per square meter, or one urchin per 24.4 to 254 

square meters of patch reef area. 

Growth and Maximum Diameter 

 

     Growth in T. gratilla is greatly concentrated within the first one to two years of life.  

The smallest urchins in this study, between 2.75 and 4 cm in diameter, increased in size 

rapidly, displaying steep growth curves (Fig. 4).  The smallest urchins had initial 

diameters between 2.75 cm and 4 cm, and according to Shokita et al. (1991) working in 

southern Japan, T. gratilla juveniles can reach this size approximately 7 to 8 months after 

metamorphosis.  Among these small urchins in this study, the maximum diameter 

achieved after one year in the field was approximately 8 cm, and as a group they 

achieved maximum diameters between 5.6 cm and 8.3 cm after a little more than a year 

in the field (Fig. 4).  Assuming that the juveniles in this study experienced growth similar 

to Shokita et al.’s (1991) juveniles in the field, then according to the growth data of the 

smallest individuals in this study (Fig. 4), T. gratilla in Kāne’ohe Bay can reach 5 to 7 cm 

in diameter approximately a year after metamorphosis, and grow to over 8 cm in 

approximately 2 years.   

 

     Considering the growth records of all animals in this study, it can be seen that 

individuals reached maximum diameters that varied greatly (Fig. 5).  Some individuals 

maintained relatively constant maximum diameters at or below 6 cm for many years 

(Appendix II), while others maintained diameters above 11 cm (Fig. 6).  This was not the 

result of living on different reefs, as maximum diameters showed a similar range of 

approximately 5 cm on Reef 13S, Reef 22, and Coconut Island (Appendix II).  Among 

the longest-lived urchins in the study (Fig. 7), the urchins with test diameters above 8 cm 
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showed little to no growth over the approximately 7 year study period.  The longest-lived 

urchins achieved a range of maximum diameters between 8 cm and 9.7 cm, and the 

individual urchins did not converge on a single size gradually over time - not even over a 

period of almost 7 years (Fig. 7).    The largest urchin we collected in this study was 

approximately 13 cm in diameter, however it was not included in Fig. 6 due to 

measurement issues.  According to our data, the maximum diameter T. gratilla can 

achieve in the field in Hawai’i, or at least Kāne’ohe Bay, appears to be approximately 13 

cm. 

 

Growth Rates and Trajectories 

 

     The smallest individuals in this study experienced very high monthly growth rates, 

increasing by up to 14.6 mm in diameter within a month (Fig. 8).  All the smallest and 

fastest-growing urchins were placed on Reef 13S, thus there is some uncertainty about 

whether the growth rate displayed by these urchins is representative of the rates on other 

reefs within the Bay, but the adults of Reef 13S had similar growth rates to adults on 

other reefs (Table 2).  There is a rapid decrease in monthly growth rate as the urchins 

increase in test diameter (Fig. 8).  According to Sparre and Venema (1998), the VBGF 

growth parameter ‘K’ can be determined from the slope of the line when linear growth 

over an interval is plotted against test diameter.  Utilizing the information in Figure 8, the 

‘K’ value for the urchins on Reef 13S is 2.19, and the ‘K’ value for all the monthly 

growth data combined is 1.86 (Fig. 9).  Utilizing these ‘K’ values, and entering them into 

the VBGF with L∞ values of 8.4 (Fig. 8) and 8.5 (Fig. 9) respectively (the points at which 

the regression lines cross the x-axis), urchins are estimated to reach 2.7 cm within 65 to 

75 days after metamorphosis, and 4 cm within 110 to 125 days.  The monthly growth rate 

data subset only included records from Reef 13S (N = 52), Reef 22 (N = 34), Coconut 

Island (N = 4), and the Sampan Channel (N = 62), so valid comparisons between the 8 

different reefs cannot be made utilizing monthly growth rates.  Only 37 records with sex 

were available for monthly growth analysis - 15 females and 22 males.  All 5 growth 

records of urchins below 6 cm in initial diameter were females, so the sample of small 

size, fast-growing urchins was too small to make valid comparisons between the monthly 
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growth rates of the sexes.  As juveniles were only available in the fall months, it was not 

possible to test for any seasonal patterns in monthly urchin growth rates. 

 

     Annual growth rates within Kāne’ohe Bay varied by initial size, and by location - i.e., 

the reefs where the urchins were placed.  The smallest urchins experienced the highest 

annual growth rates, with urchins below 5 cm growing on average 25.3 mm a year (N = 

15), and those between 5 and 6 cm growing 15.2 mm a year (N = 23, Fig. 10).  Urchins 

larger than 6 cm (N = 208) had an average growth of 5.12 mm per year (Fig. 10).  Annual 

growth rates differed significantly between the different reefs according to an ANCOVA 

analysis followed by Tukey’s pairwise tests.  The ANCOVA analysis utilized the 

reciprocal of initial diameter as a covariate (F(1, 237) = 280.33, P < 0.005), and 

compared growth across reefs (F(7, 237) = 15.84, P < 0.005, R
2
 = 63.09 %, Table 2), the 

interaction term was not significant (F(7, 230) = 1.22, P = 0.294) and therefore removed 

from the model.  Individuals on Coconut Island had significantly higher annual growth 

rates than those on Reef 13S, the Sampan Channel, and Reef 22, and urchins on Reef 29 

had significantly higher annual growth rates than urchins on all the other reefs (Table 2, 

Fig. 11).     

 

      Most adult urchins above 7 cm in diameter did not display much growth (Fig. 7), 

however, some larger adult individuals appeared to retain the ability to grow (Fig. 12).  

Some larger individuals were able to rapidly increase in diameter, growing a centimeter 

or more within a few months (Fig. 12).  Substantial annual growth was experienced by 

some individuals between 8 and 10 cm in initial diameter, with many individuals growing 

over 10 mm in a year, and one individual of 9.2 cm growing over 30 mm in a year (Fig. 

10).  It is unknown whether these adult urchins were still growing when they were 

collected for the study, or began growing again when transplanted to a different location.  

However, during the study some urchins appeared to reach their final size, and did not 

grow for months or years, then began growing again (Fig. 13).  One of the longest-lived 

individuals (tag #9842463, Fig. 13) remained at approximately the same size for more 

than 4 years before growing 12.6 mm between collections, a period of over 1.5 years, so 

it is not known whether the growth occurred gradually or in a short spurt.  These results 
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demonstrate that even when an urchin isn’t growing, it retains the ability to grow, and 

that even larger diameter urchins retained the ability to continue growing. 

 

     Growth rate is apparently not a function of sex, and there are no differences in growth 

rates or maximum sizes between the sexes.  Although females appear to have a higher 

investment in reproduction according to Juinio-Menez et al. (2008), the annual growth 

rates of females are not significantly different from males in this study (Fig. 14), and sex 

was not an important factor in annual growth according to an ANCOVA (F(1, 74) = 0.01, 

P = 0.937).  The interaction term was also insignificant (F(1, 73) = 2.20, P = 0.143), and 

so was removed from the model.  The only significant term in the model was reciprocal 

initial diameter (F(1, 74) = 138.41, P < 0.005, R
2
 = 65.92 %).  So it appears that the 

higher female reproductive investment does not affect growth rate (Fig. 14). 

 

     Gamete formation occurred in urchins smaller than 6 cm within Kāne’ohe Bay.  The 

smallest individual we observed spawning was 4.74 cm in diameter for males, and 5.24 

cm in diameter for females.  These results provide evidence that T. gratilla in Hawai’i 

reach sexual maturity between 5 and 6 cm in diameter.  As the urchins in this study 

appear to grow to 6 cm in diameter within approximately a year, T. gratilla appears to 

reach sexual maturity in Kāne’ohe Bay within the first year after metamorphosis.   
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Table 2:  Results of an ANCOVA analysis utilizing annual growth rate data regressed against the inverse of initial diameter.  Reefs 

were compared utilizing Tukey’s pairwise tests; the resulting adjusted P-values are listed. Reefs are listed by adjusted means, from 

smallest (Reef 13L) to largest.  Yellow highlights are reefs that are significantly different (P < 0.05).  ‘Natural’ refers to reefs where T. 

gratilla was found naturally, and ‘Trans.’ refers to reefs to which T. gratilla was transplanted. 
Reef 

(Adjusted Mean at 
7.88 cm Diameter) 

13L 
(Natural) 

11 
(Natural) 

Sampan 
Channel 
(Natural) 

13S 
(Natural) 

22 
(Trans.) 

19 
(Trans.) 

Coconut 
Island 

(Trans.) 
29 

(Trans.) 

13L (0.88) --        

11 (2.243) 0.9991 --       

Sampan 
Channel(4.803) 0.9996 1.0000 --      

13S (2.784) 0.9911 1.0000 0.9999 --     

22 (3.647) 0.9229 0.9901 0.9532 0.9934 --    

19 (4.75) 0.6920 0.8280 0.5585 0.6171 0.9646 --   

Coconut Island 
(6.949) 0.1279 0.0909 0.0049 0.0022 0.0122 0.3915 --  

29 (14.904) <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 -- 
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Survival 

 

     When the survival of urchins in Kāne’ohe Bay as a whole was evaluated, an 

exponential decay function appeared to be a better fit than a linear regression (Fig. 15).  

A total of 226 individuals of various ages from Reef 13S, Reef 19, Reef 22, and Coconut 

Island contributed to the survival curve for Kāne’ohe Bay.  There was an instantaneous 

mortality rate of 0.15 percent per day, resulting in a half-life of 1.27 years, or a 50 

percent reduction or loss of urchins every 462 days (Fig. 15).  There appears to be a 

proportionate loss of approximately 30 percent of the remaining urchins each year within 

the bay (Fig. 15).  However, as individuals almost certainly survived past the date of last 

capture, this mortality rate might be an overestimate of the actual instantaneous mortality 

rate experienced by the urchins, and also assumes that the mortality rate is constant 

through post metamorphic life.  The majority of the urchins within the study survived for 

years within the study, and the mean lifetime (the number of days within the study) per 

urchin (τ) was 666.67 days or 1.826 years within the bay.     

 

     A more rigorous analysis of survival using Program MARK allows the examination of 

survival as a function of numerous factors.  Using Program MARK, survival was 

examined as a function of initial diameter, location (reef), time, and sex.  As all reefs 

were not sampled on all sampling occasions there was ‘missing’ data, and Program 

MARK does not allow the use of multiplicative models in such situations, so 

multiplicative models could not include time as a factor.  Multiplicative models using all 

possible combinations of initial diameter, initial diameter squared (to test for quadratic 

effects), and reef or sex were evaluated, as well as additive models for all the 

combinations of factors (including time, i.e. each factor could vary by sampling period) 

that were reasonable, or appeared likely to produce a best-fitting model (Appendix I).  To 

ensure that the best-fitting model was not unduly affected by the Sampan Channel data 

(as the site was ‘open’, and thus more subject to emigration), the analysis was rerun 

without the Sampan Channel data.  The resulting best-fit model without the Sampan 
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Channel data, had all the same factors that were included in the best-fit model that 

resulted from the complete survival data set. 

 

     The best-fitting Program MARK model had additive effects of reef, time, and a 

quadratic function of initial diameter, for both survival and recapture probabilities (Table 

3).  The model points to a quadratic relationship between initial diameter and survival, 

with average-sized urchins appearing to have the highest survival (Fig. 16).  Survival 

probability appears to peak at an initial diameter of 7.1 cm, with the smallest urchins in 

this study, those between 2.75 and 5 cm in initial diameter, and the larger urchins, over 9 

cm in initial diameter, appearing to have increased mortality (Fig. 16). 

 

     Survival probability within Kane’ohe Bay differed across the different reefs and 

through time.  The Program MARK results indicate that the different reefs appear to have 

different survival, with Reef 22 having the highest survival, and the Sampan Channel 

having the lowest (Fig. 17).  Reef 22 and the Sampan Channel are also the only reefs that 

appear to have significant differences in survival probability (Fig. 18).  However, the 

Sampan Channel ‘mortality’ could have included emigration as it was an ‘open’ site.  For 

some periods with very high estimated mortality (e.g., late 2004, spring 2005), the 

estimates are based upon data from only one reef - Coconut Island, and the Sampan 

Channel respectively.  Other periods of high estimated mortality are based upon data 

from two or more reefs, e.g., summer 2004, and summer 2006.  Coconut Island and Reef 

22 appear to have experienced high mortality rates after the initial urchin transplantation 

(Fig. 17).  There also appeared to be an increase in mortality for Reef 13S, Coconut 

Island, and Reef 22 before May 2004 for unknown reasons (Fig. 18).  The data collection 

was not consistent enough to decipher any seasonal patterns in urchin mortality (Fig. 17). 
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Table 3:  Model results from Program MARK when evaluating survival on all the reefs.  Aikake’s Information Criterion (AICc) for 

each model is evaluated, and all models with likelihoods greater than zero are included. 

Model Name AICc 
AICc 

Weight 
Model 

Likelihood 
No. of 

Param. Deviance 

Phi(reef+Init_Diam+Init_Diam-Sq+time) 

p(reef+Init_Diam+Init_Diam-Sq+time) 3,820.36 0.65833 1.0000 76 3,662.38 

Phi(reef+Init_Diam+Init_Diam-Sq+time) 

p(reef+Init_Diam+time) 3,823.54 0.13420 0.2039 75 3,667.72 

Phi(reef+Init_Diam+time) 

p(reef+Init_Diam+Init_Diam-Sq+time) 3,824.09 0.10184 0.1547 75 3,668.27 

Phi(reef+time) 

p(reef+Init_Diam+time) 3,824.75 0.07335 0.1114 73 3,673.23 

Phi(reef+Init_Diam+time) 

p(reef+Init_Diam+time) 3,826.39 0.03227 0.0490 74 3,672.72 
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     Although females appear to have a higher investment in reproduction according to 

Juinio-Menez et al. (2008), it does not appear to affect their survival probability within 

Kāne’ohe Bay.  The Program MARK analysis of survival found that sex is not a 

significant factor affecting survival within the bay, and the best-fitting model did not 

include sex, and since reef was not included in the analysis (sample size was too small 

per reef), only initial diameter appeared to affect survival probability (Table 4).  Survival 

probabilities for both sexes were estimated to be a constant 81.39 percent per year, with a 

lower 95 percent confidence interval boundary of 74.10 percent per year, and an upper 95 

percent confidence interval boundary of 86.98 percent per year. 

 

     There is no reported lifespan for T. gratilla in the literature, and Shokita et al. (1991) 

estimated it to be two years.  The longest-surviving individuals in this study survived for 

over 2,500 days (6.85 years), and were between 5 to 10 cm in initial diameter (Fig. 7).  

Three of the longest-lived individuals were at least 8.7 cm in initial diameter, so based 

upon the growth experienced by the smallest individuals in this study (Fig. 4), and 

Shokita et al.’s (1991) data, a conservative estimate is that they were probably at least 2 

years old when collected.  Using this conservative estimate of 2 years for individuals at 

least 8.7 cm in diameter, gives T. gratilla a maximum life span in the field of at least 9 

years.

Rodolf
Text Box
35



 

 

Table 4:  Model results from Program MARK when evaluating survival by sex.  Aikake’s Information Criterion (AICc) is evaluated 

for each model, and all models with likelihoods greater than zero are included. 

Model Name AICc 
AICc 

Weight 
Model 

Likelihood 
No. of 

Param. Deviance 
Phi(Init_Diam) 

P(time) 687.72 0.68509 1.0000 33 616.26 

Phi(Init_Diam*Init_Diam-Sq) 

p(time) 690.05 0.21286 0.3107 34 616.25 

Phi(sex*Init_Diam) 

p(time) 692.40 0.06574 0.0960 35 616.24 

Phi(sex) 

p(time) 694.37 0.02463 0.0360 33 622.91 

Phi(sex*Init_Diam*Init_Diam-Sq) 

p(time) 697.09 0.00633 0.0092 37 616.18 

Phi(Init_Diam) 

p(sex) 697.89 0.00424 0.0062 4 689.80 

Phi(sex*Init_Diam) 

p(sex) 701.85 0.00058 0.0008 6 689.66 

Phi(sex) 

p(sex) 702.40 0.00044 0.0006 4 694.31 

Phi(sex*Init_Diam*Init_Diam-Sq) 

p(sex) 705.97 0.00007 0.0001 8 689.64 
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 Discussion 

 

Growth 

 

     Although individual urchins have been tagged to be individually identifiable in other 

studies, individual growth curves have never been generated for any species of echinoid 

over an extended portion of their lifetime.  Hagens (1996) PIT tagged and followed 

Strongylocentrotus droebachiensis in Norway for 15 months.  Morgan et al. (2000) 

placed PIT tags in Strongylocentrotus franciscanus, and only recaptured them once, 

following them for a period of 421 days.  Shelton et al. (2006) also placed PIT tags in 

Strongylocentrotus franciscanus and had 3 years or more of growth data for a few 

individuals, however, none of them grew more than 2 cm over that time period.  As T. 

gratilla are among some of the fastest growing echinoid species recorded (Ebert 1985, 

Juinio-Menez et al. 2008, Regalado et al. 2010), the PIT tagging of the urchins in this 

study allowed us to follow the growth and survival of individual urchins throughout a 

large portion of their lifecycle, and generate hundreds of growth curves for individual 

urchins.  The study period of approximately 7 years, provided comprehensive data for 

individual T. gratilla within Kāne’ohe Bay over that time span. 

 

     All the growth rates and growth curves previously generated for echinoids in the 

literature appear to be idealized growth curves based upon pooled growth data and size 

distributions over time (Ebert 1967, 1968, 1985, Himmelman 1986, Juinio-Menez et al. 

2008, Regalado et al. 2010).  Although this study has only limited data on the growth of 

small urchins, the growth data do reveal several interesting points about the growth of 

these animals within Kāne’ohe Bay.  Our data show that individual urchins displayed a 

wide variation in growth rate and maximum test diameter, even on the same reef (Fig. 5, 

Appendix II).  Some individual urchins’ growth trajectories also appeared to deviate from 

the classical sigmoidal growth curve shape (Figs. 5, 13). 
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     Based upon the growth curves generated for individual Tripneustes gratilla, these 

urchins have a wide range of maximum adult diameters.  Urchins in this study maintained 

maximum diameters ranging from less than 6 cm (Fig. 5), to above 11 cm (Fig. 6), and 

sex does not appear to affect maximum size (Fig. 14).  These differences in maximum 

adult size were not based upon location, as urchins on Reef 13S, Reef 22, and Coconut 

Island each displayed a size difference, between the smallest and largest individuals on 

the reef, of approximately 5 cm (Appendix II).  In the literature, asymptotic size is a 

population growth parameter defined as the average size that can be achieved by a 

species at very old age, in a certain environment or location (Juinio-Menez et al. 2008).  

As there was such a wide range of maximum diameters among individual urchins, it 

seems questionable whether the VBGF curve with one asymptotic value should be used 

to define our whole study population.  As other studies analyze modal size distributions, 

they do not provide information on the variation in the adult size of individuals, and 

individuals smaller than the asymptotic size are assumed to be undergoing growth.  

However, the data from this study demonstrates that this is not a valid assumption, as 

growth rates (Fig. 4) and periods of growth varied widely between individual urchins 

(Figs. 5, 13), making it difficult to even establish an asymptotic size for urchins growing 

on one reef.  In most of the records we collected, individuals stopped growing and 

maintained the same diameter for years, however some individuals appeared to retain the 

capacity to resume growth even after they had apparently reached a final size (Fig. 13).  

The maximum size of the species, and echinoids in general, is probably determined by 

physiological and physical limitations (Karkach 2006).  However, the final size achieved 

by individuals was in most cases much lower than the maximum size for the species.  The 

upper size limit of T. gratilla appears to be between approximately 13 to 14 cm, and the 

largest urchin we collected in this study was from Kāne’ohe Bay (collected from Reef 

13S), and was over 13 cm in diameter.  Shokita et al. (1991) recorded a 13.8 cm 

individual that they kept in captivity and fed Sargassum spp. ad libitum.  However, it 

appears that the 13 cm individual in this study is the largest T. gratilla ever recorded from 

the field. 
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     Tripneustes gratilla individuals on the same reef, even of the same size, displayed 

differences in growth rates and the timing of growth spurts (Fig. 5).  Urchins of similar 

age on the same reef also displayed different growth rates and final sizes (Fig. 4).  Some 

urchins appeared to stop growth, then resumed growing months or years later (Fig. 13).  

Ebert (1967, 1968), Himmelman (1986), and Levitan (1988) demonstrated that echinoid 

growth can be a function of population density, and resource availability.  Urchins stop 

growing when starved (Fansler 1983, Ebert 2004), and grow when they have access to a 

plentiful supply of food (Ebert 1968, Himmelman 1986, Levitan 1988).  The urchins in 

the study were stocked at very low densities of between 0.0039 to 0.041 individuals per 

square meter, rendering density-dependent factors unlikely to affect growth.  Since T. 

gratilla also has the ability to move around considerably, it seems unlikely that individual 

growth or size is constrained by the patchiness of macroalgal availability on individual 

patch reefs.  As competition for food was unlikely to be a limiting factor to growth, 

growth and maximal adult size were probably determined by genotype or physiological 

state, e.g., diseased or healthy.   

 

     Indeterminate growth has been demonstrated to occur in some species of echinoids, 

and also appears to occur in T. gratilla.  Stephens (1972), Ebert (1967, 1968), 

Himmelman (1986), and Levitan (1988) reported that echinoids possess indeterminate 

growth, i.e., growth that continues past sexual maturity, and may continue till the end of 

life (Heino and Kaitala 1999).  In the study, some adult urchins between 8 and 10 cm in 

initial diameter underwent substantial annual growth, with many individuals growing 

over 10 mm in a year, and one individual of 9.2 cm growing over 30 mm in a year (Fig. 

10).  As the smallest urchins that we observed spawning were approximately 5 cm in 

diameter, and multiple study urchins grew and survived for years after we observed them 

spawn, it appears that T. gratilla can grow substantially in size after reaching sexual 

maturity, demonstrating indeterminate growth.  Some individuals also retained the 

capacity to resume growth even months or years after they had apparently reached a final 

size, also demonstrating indeterminate growth (Fig. 13).   
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     Annual growth rates of T. gratilla in Kāne’ohe Bay differed significantly between the 

different reefs (Table 2).  The Sampan Channel and reefs close by (reefs 11, 13S, and 

13L), along with Reef 22 had the lowest annual growth rates (Table 2).  The urchins are 

found naturally in the Sampan Channel, Reef 13, and Reef 11, and these locations had 

statistically similar growth rates (Table 2).  The locations where T. gratilla was found 

naturally within Kāne’ohe Bay, had lower growth rates than some of the locations to 

which the urchins had been transplanted (Table 2).  Individuals on Coconut Island 

(transplanted population) had significantly higher annual growth rates than those on Reef 

13S, Reef 22, and the Sampan Channel, and urchins on Reef 29 (also transplanted) had 

significantly higher annual growth rates than all the other reefs (Table 2, Fig. 11).  The 

reefs to which the urchins had been transplanted were further within the bay, more 

sheltered from open ocean swells, and contained invasive macroalgae.  These 

environmental factors may have contributed to the higher growth rates experienced by 

transplanted urchins (Table 2).  The Sampan Channel is also different from the patch 

reefs in that it is deeper, has stronger currents, and a low abundance of macroscopic 

algae, which may explain the low growth rates.  Urchins on Reef 22, which is not close to 

the channel and more sheltered from wave action (Fig. 1), also had a low growth rate.  

The higher growth rates of adult urchins on Reef 29 are possibly because Reef 29 

contained abundant invasive Kappaphycus/Euchema biomass (Stimson, personal 

communication).  This high macroalgal cover would have provided an abundant food 

supply for the urchins.  Stimson et al. (2007) demonstrated that the growth rates of T. 

gratilla juveniles could vary based upon the species of macroalgae they fed upon, when 

fed single-species diets.  So the differences in growth rates between the reefs could be 

based upon differences in macroalgal abundance, as well as differences in algal species 

diversity and composition.  However, as the urchins of Reef 29 were usually covered by a 

canopy of macroalgae, an alternative hypothesis could be that they were sheltered from 

other environmental factors that affected growth.  At this point it is not clear why growth 

rates differed between reefs. 

 

     Growth does not appear to be a function of sex, and there are no differences in growth 

rates between the two sexes (Fig. 14).  Females appear to have a higher investment in 
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reproduction according to Juinio-Menez et al. (2008), thus it was expected that there 

could be a lower growth rate in females within the monthly or annual growth-rate data.  

However, it appears that females are able to compensate for their higher reproductive 

investment, so that it does not affect their growth rate.  It is not known how females are 

able to compensate for their increased reproductive energetic investment.  The rate of 

decrease in annual growth as diameter increases also appears to be similar for both sexes 

(Fig. 14).   

 

     Given that the rate of growth of these animals is so high in the first year of life, it 

might be expected that there has been selection for allocation of energy first to growth, 

and then to reproduction.  According to the growth data of the smallest individuals in this 

study (Fig. 4), combined with the VBGF information in Figures 8 and 9, it is estimated 

that juvenile T. gratilla within Kāne’ohe Bay can reach 5 to 7.5 cm in diameter 

approximately a year after metamorphosis, and 5.5 to 8.5 cm in approximately 1.5 years.  

The smallest individual we observed spawning was 4.74 cm in diameter for males, and 

5.24 cm in diameter for females, so T. gratilla appears to reach sexual maturity in 

Kāne’ohe Bay within the first year after metamorphosis, and before reaching a maximum 

individual size.  So it appears that T. gratilla is able to allocate resources to reproduction 

despite extremely rapid growth during the first year of life.  Achieving sexual maturity 

within the first year would allow them to reproduce the following spring or summer. 

 

     Comparison of the growth information in this study with data from other studies is 

hindered by three factors: the shortage in this study of growth data for small individuals, 

the finding that there is so much variability in the maximal size of individuals, and the 

lack of precise information about the ages of individuals.  Due to these factors, a simpler 

mode of comparison of growth rate among studies has been carried out using the finite 

growth rates presented in this study (growth per 30 days for different sized individuals), 

and comparing these to the equivalent rates calculated from the growth data in other 

studies (Table 5).  As reported by others, growth is initially very fast, and individuals 

reach close to their maximum diameter in approximately a year of growth in the field 

(Fig. 4).   
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Table 5:  Comparison of maximum monthly growth rates calculated from growth parameters of other studies. 

Study Location 

Size (cm) of 
Urchins 
Studied 

 VB Growth 
Coefficient - 

K 

VB 
Asymptotic 

ValueL∞ (cm) 

Max. Diam. 
Growth 
(mm)/30 

Days 

Bacolod & Dy 
(1986) 

Danahon Bank, 

Bohol, Philippines Unknown 1.8 10.8 14.85 

Shokita et al. 
(1991) 

Field (1978), 

Yakata, Japan 
0.1 cm and 

larger 

1.91 

(Calc. Fig. 19) 8.303 14.85 

Shokita et al. 
(1991) 

Field (1979), 

Yakata, Japan 
0.1 cm and 

larger 

1.91 

(Calc. Fig. 19) 7.946 15.6 

Shokita et al. 
(1991) 

Cultivated (0-year), 
Yakata, Japan 

Size at meta-
morphosis 
and larger 

3.76  

(Calc. Fig. 19) 9.07 29.56 

Shokita et al. 
(1991) 

Cultivated (1-year), 
Yakata, Japan 

Size at meta-
morphosis 
and larger 

2.6  

(Calc. Fig. 19) 10.45 24.74 

Juinio-Menez et 
al. (2008) 

Quezon Island, 
Bolinao, Philippines 

1.5 cm to 5.4 
cm 1.3 11.3 11.45 

Juinio-Menez et 
al. (2008) 

Pisalayan, Bolinao, 
Philippines 

3 cm to 5.4 
cm 1.7 8.2 10.69 

Stimson et al. 
(2007) 

Kāne’ohe Bay, 
Hawai'i 

2.5 cm to 5 
cm Not Calculated 

Not 
Calculated 21.3 

Regalado et al. 
(2010) 

Southern Guimaras, 
Philippines 

4.4 cm to 8.2 
cm 1.08 11.42 9.7 

This Study 
Kāne’ohe Bay, 

Hawai'i 
2.75 cm to 

~13 cm 
1.86 (Fig. 9) & 
2.19 (Fig. 8) 

Not 
Calculated 14.6 
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     The VBGF growth parameter ‘K’ can be determined from the slope of the line when 

linear growth over an interval is plotted against test diameter (Sparre and Venema 1998).  

Utilizing this information, a rough estimate of the VB growth function ‘K’ value for the 

urchins on Reef 13S is 2.19 (Fig. 8), and the ‘K’ value for all the monthly growth data 

combined is 1.86 (Fig. 9).  It appears that the growth trajectories of the urchins in this 

study are most similar to the urchins Shokita et al. (1991) studied in the field in southern 

Japan, and higher than all the field growth rates reported from the Philippines (Fig. 19A).  

Only Shokita et al’s (1991) cultivated urchins, and Stimson et al’s (2007) urchins kept in 

captivity had higher monthly growth rates than those reported in this study (Fig. 19B, 

Table 5).  Shokita et al’s (1991) cultivated urchins had the highest VBGF ‘K’ values and 

monthly growth rates recorded so far for T. gratilla (Fig. 19B, Table 5). Stimson et al’s 

(2007) growth rates were recorded in captivity on single macroalgal species diets (Fig. 

19B, Table 5).  The highest monthly growth rate in this study of 14.6 mm appears to be 

among the highest monthly growth rates recorded for T. gratilla in the field (Table 5).   

 

     Although the growth rates in this study are some of the highest recorded for urchins in 

the field, they are not expected to be unusual for Kāne’ohe Bay.  All of the smallest and 

fastest-growing urchins in this study were placed on Reef 13S, which does not appear to 

promote higher than average growth rates, as the larger urchins on the reef had similar 

growth rates to adults on many of the other reefs (Table 2).  Most of the urchins in 

Stimson et al. (2007) were smaller than the urchins in this study, and grew at equivalent 

or higher rates.  Stimson et al. (2007) measured growth rates of up to 21.3 mm a month 

(personal communication) among juveniles that were between 2.5 cm to 4 cm in initial 

diameter, maintained in captivity, and fed ad libitum on diets of single macroalgal 

species.  Only a small subset of Stimson et al’s (2007) urchins had lower growth rates 

than the urchins in this study (Fig. 19B), and most of them were fed a diet of 

Dictyosphaeria cavernosa, a native macroalga.  Stimson et al’s (2007) urchins had initial 

diameters that were similar in range to the smallest urchins in this study, and there 

appears to be a large overlap between the datasets (Fig. 19B).  The urchins were 

maintained in outdoor flow-through seawater tables supplied directly from Kāne’ohe Bay 

(Stimson et al. 2007), so they may represent the maximum monthly growth rate that 
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could be achieved by T. gratilla, under ideal conditions within Kāne’ohe Bay.  If this is 

the case, it is possible that juveniles released in Hawaii for bio-control may undergo 

growth similar to Shokita et al.’s (1991) cultivated urchins, and have a VBGF with a 

steeper slope (Fig. 19B). 

 

     It is conceivable that juveniles released in Hawaii for bio-control may experience 

reduced growth rates if they are out-planted in the cooler winter months.  The high 

growth rates of small individuals in this study were measured during the fall months, 

when small (2.5 to 4 cm) individuals became available for study, and when the water 

temperatures were high (Fig. 4).  Peak water temperatures are achieved in the bay in 

September.  However, the degree to which seasonal differences in water temperature 

affect growth rate is not explored in this study, as the data were limited to naturally 

recruiting juveniles, and we did not have access to a year-round supply of juveniles.  

Stimson et al. (2007) demonstrated that an adult T. gratilla individual, between 7 and 8 

cm in diameter, will consume 22.3 grams of invasive macroalgae a day, a quantity 

equivalent to that consumed by the average-sized herbivorous fish within the bay.  The 

growth rates observed during this study predict that urchins out-planted for biocontrol 

into Kāne’ohe Bay will take a year or more to grow large enough to consume as much 

macroalgae as an average-sized herbivorous fish within the bay (Fig. 4).  As T. gratilla 

will rapidly reach a size where they will be effective grazers of algae, this adds to their 

suitability as a biocontrol agent for invasive macroalgae. 

  

Survival 

 

     The causes of mortality are not well documented in this study, and partial empty tests, 

as well as whole tests were found during data collection trips.  Several individuals were 

found to have been exposed on shallow reef flat areas during low tides and died.  

Predators of adult urchins are not common in the Kāne’ohe Bay, though triggerfish 

(Balistidae) and Labridae (wrasses) are present, and known to be echinoid predators 

(Dafni and Tobol 1987, McClanahan and Shafir 1990).  Pebble-toothed eels 
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(Gymnomuraena) are predators on juvenile urchins, and are also present in the bay (John 

Stimson, personal communication).  As echinoids can tolerate starvation without body 

shrinkage (Fansler 1983, Ebert 2004), the most likely causes of T. gratilla mortality 

appear to be predation (Dafni and Tobol 1987, McClanahan and Shafir 1990), human 

extraction, parasites or diseases (Regalado et al. 2010), senescence, and lowered salinity 

(Shokita et al 1991).  Tripneustes gratilla are also consumed in Hawai’i for their roe, but 

fishing pressure in Kāne’ohe Bay is unregulated and unknown. 

 

     There have been no previous reports on the lifespan of T. gratilla in the literature, 

except for Shokita et al’s (1991) estimate of 2 years, based upon the largest individuals 

they observed in the field.  The majority of urchins in this study were of unknown age, 

but utilizing our growth data (Fig. 4), the majority of the urchins in this study, 75 percent 

of which were greater than 7.14 cm in diameter, were at least one year old, and the 50 

percent that were larger than 7.88 cm were at least 1.5 years old (Fig. 2).  Seven of these 

urchins survived for at least another 2,500 days, or for 6.85 years (Fig. 7).  Three of the 

longest-lived individuals were at least 8.7 cm in diameter when the study began.  Since 

none of the smallest urchins in this study reached this diameter even after 2 years in the 

field, an estimate of 2 years old at the time of collection is a conservative estimate of their 

age (Fig. 4).  Using this conservative estimate of 2 years for individuals at least 8.7 cm in 

diameter, gives T. gratilla a maximum life span in the field of at least 9 years, which 

appears to be the longest lifespan ever reported for T. gratilla in either the field or the 

laboratory. 

 

     An exponential decay functions appear to be a better fit for the survival data of this 

mixed-age cohort than a linear regression function, especially when survival within 

Kāne’ohe Bay as a whole is evaluated (Fig. 15).  The fitted survival curve appears to be 

exponentially decreasing, and indicates that T. gratilla displays a Type II survivorship 

curve, at least for older juveniles and adults (Fig. 15).  Our results indicate that mortality 

rate is fairly constant through time, at least within Kāne’ohe Bay (Fig. 15).  Hedgecock 

(1994) asserted that echinoids display Type III survivorship curves.  However, we do not 

have data about the survival of larval and post-metamorphic juveniles, so we cannot 
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speculate about the shape the survivorship at those life stages of T. gratilla.  Our results 

seem to indicate that juvenile T. gratilla are subject to higher mortality rates than adults, 

and that larger (and most probably, older) individuals appear to senesce (Fig. 16), 

creating a shape similar to the end of a Type I survivorship curve (Fig. 15). 

 

     When the survival of urchins within Kāne’ohe Bay as a whole was evaluated, there 

appears to be a constant mortality rate of approximately 30 percent of the remaining 

urchins each year (Fig. 15).   The mortality rates in this study are similar to rates Ebert 

(1982) estimated for Kapapa Island in outer Kāne’ohe Bay - an annual mortality rate of 

27 percent for larger individuals, between 4 and 10+ cm in diameter.  These appear to be 

among the lowest mortality rates ever recorded for T. gratilla in the field.  The mortality 

rate experienced by T. gratilla in Kāne’ohe Bay is similar to the higher rates experienced 

by caged urchins in the Philippines, where Juinio-Menez et al. (2001) reported an average 

mortality of between 8 to 32 percent per year, depending on the grow-out site.  The T. 

gratilla in Kāne’ohe Bay appear to have much lower mortality in the field (27 to 30 

percent per year) compared to the Philippines, where mortality rate ranged from 99.3 

percent (Regalado et al. 2010) to 91 percent (Juinio-Menez et al. 2008) for un-

fished/protected areas.  Juinio-Menez et al. (2008) reported estimated annual mortality of 

hatchery-released juvenile sea urchins in the field to be between 91 and 99 percent, 

depending on site.  Juinio-Menez et al. (2008) suggested that the site with the lower 

mortality rate of 91 percent was because larger juveniles were released at the site - 50 

percent had test diameters between 40 and 45 mm, with the largest individuals measuring 

54 mm.  In contrast, the urchins in this study were not protected, except for those within 

the Coconut Island Marine Sanctuary, and may have been subjected to collection for their 

roe. 

 

     It is unclear why the mortality rate within Kāne’ohe Bay is so much lower than in the 

Philippines or Japan.  One possibility is that the urchins in this study were larger than 

those out-planted in other studies.  The survival analyses suggest that juvenile urchins can 

have substantially higher mortality when compared to adult urchins (Fig. 16).  A second 

possibility is that the urchins in this study were stocked or occurred naturally at very low 

Rodolf
Text Box
46



 

 

densities, between 0.0039 and 0.045 individuals per square meter.  In contrast, (Regalado 

et al. 2010) observed natural populations with an average density of 0.26 individuals per 

square meter, one to two orders of magnitude higher than this study, and recorded an 

annual mortality rate of 99.3 percent.  Shokita et al (1991) reported a 30.1 percent 

mortality rate for juvenile urchins (average test diameter of 2.5 mm) within one month in 

grow-out cages, with very high densities of over 10,000 per square meter.  This 

extremely high stocking density might explain the high mortality rate for caged urchins 

they observed.  Neither Ebert (1982) nor Juinio-Menez et al. (2008) mention the urchin 

densities of the populations for which they calculated mortality.  The low stocking 

density in this study compared to other studies might partly explain the low mortality rate 

of T. gratilla within Kāne’ohe Bay, both by decreasing intraspecific competition and the 

probability of predation.   Predators may be less likely to locate an individual, or may 

concentrate on alternative prey species.  There may also be a higher diversity and 

abundance of echinoid predators in the Western Pacific.  Although the 2 families of fish 

considered important echinoid predators, the Balistidae (triggerfish, McClanahan and 

Shafir 1990) and Labridae (wrasses, Dafni and Tobol 1987), are present in Hawai’i, there 

may be a lower diversity or abundance of echinoid predators when compared to the 

Philippines or Japan. 

 

     Time and location appear to be significant factors influencing survival within 

Kāne’ohe Bay (Table 3).  The Program MARK results indicate that the different reefs 

appear to have different survival, with Reef 22 having the highest survival, and the 

Sampan Channel having the lowest (Fig. 17).  There appeared to be very similar survival 

on Reef 13S, Reef 19, Reef 22, and Coconut Island, and only Reef 22 and the Sampan 

Channel appear to be significantly different (Fig. 18).  However, the Sampan Channel 

‘mortality’ could have included emigration as it was an ‘open’ site (Fig. 1).  As we 

cannot rule out emigration from the Sampan Channel, and do not know its extent, the 

locations within the bay to which the urchins had been transplanted do not appear to have 

differences in survival from the areas where T. gratilla are found naturally (the Sampan 

Channel, and Reef 13, Fig. 18).  It is not known why urchin mortality was so highly 

variable through time or across the different reefs, but it does not appear to be a constant 
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rate, or fit a model of exponential decay (Fig. 17).  So although the calculation of an 

exponential decay rate is convenient and allows a comparison with previously published 

studies, reality appears to be far more complex. 

 

     Sex does not appear to be a factor affecting survival within Kāne’ohe Bay.  Although 

females appear to have a higher investment in reproduction according to Juinio-Menez et 

al. (2008), the probability of survival of females is not significantly different from males.  

Survival rates did not vary significantly by sex across reefs 13S, 19, 22, the Sampan 

Channel, and Coconut Island.  The higher investment in reproduction does not appear to 

handicap females by resulting in a reduction in growth rate or survival, however it is not 

known how the females compensate for this increased energetic allocation. 

 

     Size appears to affect survival probability within Kāne’ohe Bay, as individuals smaller 

and larger than 7.1 cm appear to have decreased survival (Fig. 16).  There appears to be a 

difference in survival between the smallest and youngest urchins (less than a year old), 

when compared to older and larger urchins on the same reef, estimated to be older than a 

year (Fig. 16).  A possible reason that juvenile urchins less than a year old (initial 

diameter less than 5 cm) may have increased mortality (Fig. 16), is that predation appears 

to be size dependent (Dafni and Tobol 1987).  As all the urchins that are being 

transplanted out on patch Reef 16 in Kaneohe Bay by the Department of Aquatic 

Resources (DAR) are juveniles, with diameters of at least 1.5 cm (Star Advertiser 2011, 

personal communication), it could be expected that their mortality rate would be higher 

than the rates experienced by the urchins in this study.  There may also be a functional or 

numerical response by predators to the increased abundance and density of juvenile T. 

gratilla, so the initial mortality rate of transplanted urchins may be much higher than the 

rates experienced by the urchins in this study.  Large initial diameter also appears to 

negatively affect survival in Kāne’ohe Bay, as mortality appears to increase when 

individuals grow larger than 9 cm (Fig. 16).  If we assume that larger diameter generally 

translates to increased age, and therefore the larger individuals are on average older than 

the smaller individuals, mortality appears to increase slightly with age, or due to 
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senescence of the largest, and presumably oldest urchins in the study (Fig. 16).  However, 

as seen in the section above on growth, diameter can be a poor estimator of relative age. 

 

     When the growth rate and maximum lifespan of T. gratilla are compared to other 

echinoids, T. gratilla has one of the highest growth rates and shortest lifespans recorded 

among echinoids (Fig. 20).  Ebert’s (1985) proposed trade-off between growth rate and 

maximum lifespan appears to hold true for this species of echinoid (Fig. 20).  The 

relationship appears to be non-linear as Ebert (1985) suggested, for although T. gratilla 

appears to have a similar lifespan to its congeneric, T. ventricosus, T. gratilla’s growth 

rate appears to be almost twice as high (Fig. 20).   

 

Biocontrol 

 

     Tripneustes gratilla displays growth and survival characteristics that appear to give 

the species the potential to be an effective biocontrol agent within Kāne’ohe Bay.  This 

study demonstrates that T. gratilla have the ability to grow quite rapidly within Kāne’ohe 

Bay (Fig. 4), and that small individuals can reach growth rates of up to 14.6 mm a month 

(Fig. 8) or possibly higher under ideal conditions (Fig. 19).  This growth and survival was 

achieved on a diet consisting primarily of invasive macroalgal species, some of which are 

unpalatable to native herbivorous fish (Conklin and Smith 2005).  This study also 

demonstrates that T. gratilla with an average size of 7.88 cm have an approximate 

survival probability of 70 percent per year within Kāne’ohe Bay (Fig. 15), which would 

allow approximately that proportion of released urchins to reach an adult reproductive 

size of 5 to 6 cm, if the mortality of the released biocontrol urchins remains unchanged. 

 

     The urchins which have been, and are to be, released for biocontrol purposes appear to 

be at least 6 cm smaller on average than those used in this study, and so will almost 

certainly have lower survival rates (Fig. 16), especially as predation of echinoids appears 

to be size dependent (Dafni and Tobol 1987).  Many of the urchins that are being 

transplanted by the Department of Aquatic Resources (DAR) out on patch Reef 16 in 
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Kaneohe Bay are approximately 5 months old with diameters of at least 1.5 cm (Star 

Advertiser 2011).  Our data cannot provide much information on the survival of urchins 

smaller than 3.5 cm, and the smallest individual in this study had a test diameter of 2.75 

cm, far larger than the current DAR release size of 1.5 cm or larger (Star Advertiser 

2011, personal communication).  If these smaller urchins have an annual mortality rate 

approaching the 91 to 99 percent experienced in the Philippines for hatchery-released 

juveniles (Juinio-Menez et al. 2008), the losses would make it difficult to establish an 

effective biocontrol population.  If juvenile mortality is much higher than reported in this 

study, the establishment of a biocontrol population of adults (5 to 6 cm in diameter) large 

enough to effectively graze and control the invasive macroalgae, would then require 

frequent out-planting of substantial numbers of juveniles.        

 

     Cunha (2006) suggested densities of 6 adult individuals per square meter to reduce 

invasive macroalgal cover, and one to three adult individuals per square meter to 

maintain reduced invasive macroalgal cover.  The DAR appears to have a target stocking 

density of 4 individuals per square meter (Star Advertiser 2011), however the stocking 

density during this study was between 0.0039 and 0.045 individuals per square meter.  As 

the DAR’s target stocking density is two to three orders of magnitude greater than the 

stocking density of this study, it is possible that there will be a functional or numeric 

response by predators to the increased abundance and density of juvenile T. gratilla.  The 

initial mortality rate of transplanted urchins may be much greater than the rates 

experienced by the urchins in this study, due to the increased densities, along with the 

small size at transplantation.  Predators may then maintain the functional and/or 

numerical response, resulting in adult mortality rates much higher than that recorded for 

this study. 

 

     According to our data, mortality appears to diminish as individuals reach a diameter of 

about 5 cm, so it may make sense for the DAR to grow the urchins out from their current 

release size of 1.5 cm to a size of 5 cm. This would require another 45 to 55 days in the 

grow-out facility if they follow growth trajectories similar to those recorded by Shokita et 

al. (1991) in cultivation.  However, it could take almost twice as long, approximately 70 
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to 120 days, to reach a size of 5 cm in the field.  If the resulting mortality rate for urchins 

smaller than 5 cm is substantially higher than that for urchins above 5 cm, it might be 

more cost effective to grow the juveniles to above 4 or 5 cm before release.  If however, 

there isn’t much difference in mortality rates between larger juveniles and smaller adults 

because of an increased predatory response to the increased abundances, then a different 

approach to out-planting the urchins might make sense.  It may be more effective to 

compensate for the increased mortality by steadily releasing new ‘cohorts’ of juvenile 

hatchery grown urchins, to nullify the increased predatory response to the increased 

abundance and density of the biocontrol juvenile T. gratilla.  This strategy would make 

sense if the DAR aquaculture facility can ensure a continuous supply of juvenile urchins.  

Once a population of adults ranging in size from 5 to 6 cm is established within a year or 

two, it may be easier to maintain the biocontrol population with periodic releases of 

juveniles.  These juveniles would compensate for the mortality of the adults, and may 

successfully stabilize urchin density at a level high enough to maintain grazing 

effectiveness, i.e., 3 to 4 individuals per square meter (Cunha 2006). 

 

     Once the hatchery-released urchins reach an adult reproductive size of 5 to 6 cm, the 

sustainability of the biocontrol population of T. gratilla will depend greatly upon the 

factor or factors that limit the natural occurrence of juvenile urchins on the patch reefs 

within Kāne’ohe Bay.  If the limiting factor is only in larval supply (which doesn’t seem 

to be the case, as there is a substantial population of adults in the outer bay), then once a 

large enough reproductive population is achieved, the T. gratilla population within 

Kāne’ohe Bay should eventually be able to sustain itself.  If however, the limiting factor 

is in larval or juvenile survival (as it appears to be), the population will not be self-

sustaining, and maintenance of the biocontrol population will require periodic hatchery 

releases into the bay.  If the T. gratilla biocontrol population within Kāne’ohe Bay 

reaches self-sustainability or requires far fewer juveniles to maintain the population, this 

would then allow the DAR to utilize the hatchery-raised juveniles for other biocontrol 

projects around the island or state. 
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     A possible concern may be that as T. gratilla is a generalist herbivore, it will not just 

concentrate on the invasive algal species.  However, Stimson et al. (2007) pointed out 

that the non-invasive native algal species are generally located in the centers of the patch 

reefs and surrounded by sand, making them less accessible to urchin grazing.  

Tripneustes gratilla of the size used in this study move approximately 1 meter per day 

(Stimson et al. 2007, and Ogden and Abbott 1989), generally remain in areas containing 

macroalgae, and stay exposed and visible on reefs.  The ability to consume macroalgae 

that are unpalatable to native herbivorous fish, mobility to locate and graze on invasive 

macroalgae combined with the inability to move off patch reefs, and the tendency of T. 

gratilla to remain exposed in the environment, all contribute to its suitability as a 

biocontrol agent.  These behaviors make them fairly easy to recapture if it is deemed 

necessary – they can be easily located and removed from the environment, making their 

transplantation and use as biocontrol agents reversible, giving them another advantage as 

a bio-control agent.  If deemed too abundant, the T. gratilla could also be harvested for 

their valuable roe, as they are in many parts of the world. 

 

     Tripneustes gratilla displays growth and survival characteristics that appear to give 

the species the potential to be an effective biocontrol agent within Kāne’ohe Bay, and is 

able to grow and survive while consuming macroalgal species that are unpalatable to 

herbivorous fish in Hawai’i.  Therefore, it seems reasonable to explore the possibility of 

utilizing T. gratilla as a biocontrol agent in other areas of Hawai’i, and other locations 

within the Indo-Pacific where invasive algae are adversely affecting coral reefs.  The 

DAR could begin pilot programs to test the efficacy of utilizing T. gratilla as a biocontrol 

agent in other areas within Hawai’i where invasive algae are problematic.  As the DAR 

appears to possess the capacity to culture large numbers of juvenile urchins, some of 

these urchins could be placed into the Waikiki Marine Life Conservation District 

(MLCD) on the South shore of Oahu where Gracilaria salicornia infestations are present 

(Smith et al. 2002, Smith et al. 2004).  As Hypnea musciformis, one of the many invasive 

introduced macrophytes, is not prominent in Kāne’ohe Bay, Stimson et al. (2007) were 

unable to test the ability of T. gratilla to feed on H. musciformis.  However, Tripneustes 

gratilla feeding and preference experiments could be conducted on H. musciformis, and if 
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T. gratilla is shown to consume H. musciformis in significant quantities, the DAR could 

begin a pilot program on the island of Maui, where H. musciformis is a nuisance species 

(Smith et al. 2002). 

 

     As T. gratilla has minimal phylogeographic structure within the Indo-Pacific, and the 

population of T. gratilla in Hawai’i is not distinct from the rest of the Indo-Pacific 

(Lessios et al. 2003), much of the information gained from this study should be 

applicable to other areas within the Indo-Pacific where T. gratilla is native.  Therefore 

Tripneustes gratilla should be considered for the biocontrol of invasive algae in other 

areas of the Indo-Pacific where it is native, and invasive macroalgae are problematic.  As 

invasive algae increasingly threaten marine ecosystems, native herbivores and especially 

other echinoid species should be considered as biocontrol agents in areas where T. 

gratilla is not present.  However, biocontrol is not a silver-bullet approach, and should be 

only one strategy in a multi-pronged approach to control invasive species.  A holistic 

approach to prevent and control invasive species should include public education on the 

harmful effects of invasive species, the prevention of unwanted introductions, 

monitoring, and the ability (and legal authority) to act swiftly and effectively to eradicate 

any new arrivals through physical or chemical means.  Augmentative biocontrol utilizing 

native echinoids appears to be a promising method to control invasive macroalgae. 
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Figures 

 

 
Figure 1:  The patch reefs within Kāne’ohe Bay significant to this study (numbering 

system of Roy 1970).  Tripneustes gratilla were naturally found at the locations in blue 

font, and transplanted to the locations in red font. 
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Figure 2:  Frequency distribution of initial diameter of all urchins used for growth analyses with normal fit superimposed.  First 

quartile = 7.14 cm, median = 7.88 cm, third quartile = 8.56 cm. 
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Figure 3: Tag detection time, expressed as a function of urchin test diameter, figure includes a non-significant regression line. 
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Growth Figures 
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Figure 4:  Growth curves of the smallest urchins released in this study – initial test diameters of 4.5 cm or less.  All these urchins were 

collected from the same area and placed on Reef 13S. 
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Figure 5:  Selected urchin growth curves from Coconut Island.  Urchins of the same size 

displayed different growth trajectories at the same time, on the same reef. 
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Figure 6:  Growth curves for the largest individuals in the study, with initial diameters of 

10 cm or larger. 
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Figure 7:  Growth curves of the longest-surviving individuals in this study.  These 

individuals were placed on 4 different reefs:  Reef 13S, Reef 19, Reef 22, and Coconut 

Island. 
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Figure 8:  Growth per month plotted against initial diameter for Reef 13S (N = 52). 
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Figure 9:  Growth per month plotted against initial diameter for all reefs (Reef 13S N = 52, Sampan Channel N = 62, Coconut Island 

N = 4, Reef 22 N = 34). 
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Figure 10:  Annual growth by initial diameter, distinguished by reef. 
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Figure 11:  Results of an ANCOVA analysis of annual growth utilizing the inverse of initial urchin diameter.  R-squared is 63.09% 

and fits are displayed by reef. 

Rodolf
Text Box
63



 

 

Date

D
ia

m
e

te
r 

(c
m

)

1-061-051-04

10.5

10.0

9.5

9.0

8.5

8.0

Biomark

9195720

9743988

9766636

9769197

9174192

9176210

 
Figure 12:  Selected larger urchins displaying continued growth. 
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Figure 13:  Selected urchins displaying growth after appearing to reach their final size. 
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Figure 14:  Annual growth plotted against initial diameter for the sexes.  Fits from an ANCOVA using the reciprocal of initial 

diameter are plotted - the sex term was not significant (P = 0.937). 
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Survival Figures 

 

 
Figure 15:  The number of surviving urchins over the study period.  The dataset consisted of 226 individuals on reefs 13S, 19, 22, and 

Coconut Island.  Note: Y-axis has a log scale.   
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Figure 16:  Estimated survival between 7/22/03 and 8/23/03 on Reef 13S, as a function of initial diameter. 
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Figure 17:  Estimated annual survival for the different reefs, dates on which data was collected are signified by solid shapes.

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09 Jan-10 Jan-11 

A
n

n
u

a
l 

S
u

rv
iv

a
l 

R
a
te

 

Date 

Reef 13S 

Reef 19 

Reef 22 

Coconut Island 

Sampan Channel 

Data-Reef 13S 

Data-Reef 19 

Data-Reef 22 

Data-Coconut Is. 

Data-Sampan Ch. 

Rodolf
Text Box
68



 

 

  

A
n

n
u

a
l 
S

u
rv

iv
a

l 
P

ro
b

a
b

il
it

y

Sampan Ch.Coconut Is.Reef 22Reef 19Reef 13S

1.0

0.8

0.6

0.4

0.2

0.0

 
Figure 18:  Estimated annual survival for the different reefs, means and 95% confidence 

interval bars resulting from an ANOVA are included.  Data points are the survival 

probabilities from Fig. 17.  Confidence intervals are the result of a Bonferroni correction 

to pool 95% confidence across all reefs. 
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Figure 19:  Comparison of reported monthly growth rates between studies, monthly growth was calculated utilizing the VBGF 

parameters calculated by cited studies (Table 3).  A)  Data from this study are superimposed, equation for Shokita (Field, 1979): Y = -

1.9168x + 15.915.  B)  Data from Stimson et al. (2007) and this study are superimposed, equations for Shokita (Cultivated – 1): Y = -

3.7587 + 34.092, and Shokita (Cultivated – 2): Y = -2.6044x + 27.216. 
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Figure 20:  Growth rates of different echinoids plotted against their maximum lifespans, 

from Ebert (1985).  ‘Tg’ refers to T. gratilla growth and lifespan data from this study. 
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Appendix A:  Program MARK Model Selection 
 

 
Figure 21:  Program MARK results from analyzing the effect of sex on survival.  The best-fitting model is highlighted and listed first, 

and there appears to be a size effect on survival, but no effect of sex. 

Rodolf
Text Box
72



 

 

 
Figure 22:  Program MARK results from analyzing all the reefs together.  The best-fitting model is highlighted and listed first, there 

appears to be a quadratic size effect on survival (and recapture) rate. 
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Appendix B:  Growth Curves of All Urchins on Select Reefs 
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Figure 23:  Growth curves of urchins on Reef 13S, with initial diameters of 4 cm or larger. 
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Figure 24:  Growth curves of all individuals on Reef 22. 
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Figure 25:  Growth curves for all individuals on Coconut Island. 
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