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ABSTRACT
Growth, survival, and longevity of the sea urchin Echinometra lucunter lucunter 

(Linnaeus, 1758) were estimated in Bermuda by calcein tagging in 2005 and collec-
tion in 2006. Growth parameters were estimated using the Tanaka function and 
survival and longevity calculated using the growth parameters and size-frequency 
data. Results indicated that E. l. lucunter is a relatively slow growing and long-lived 
species; after about age-1, average life expectancy is over 10 yrs. Telomerase activ-
ity was detected in the tissues of E. l. luncunter and terminal restriction fragment 
analysis indicated a lack of size-associated telomere shortening. These results sug-
gest a lack of telomere-related senescence, which lends support to the exponential 
model used to estimate an age-independent survival rate.

Echinometra lucunter lucunter (Linnaeus, 1758) is a common sea urchin from 
North Carolina and Bermuda through the Caribbean to Brazil and west Africa 
(hendler et al., 1995). In wave exposed areas it lives in cavities but in less energetic 
habitats may occur under rock slabs. Ecological studies have focused on estimates 
of density (e.g., Lawrence and kafri, 1979; McGehee, 1992; konnorov, 2001), bio-
erosion (McLean, 1967; hunt, 1969; Ogden, 1977), reproduction (McPherson, 1969; 
Cameron, 1986; Lessios, 1991), agonistic behavior (Grüenbaum et al., 1978; Shulman, 
1990), and trophic relations (Sammarco, 1982; Schneider, 1985). Little is known of 
the growth of this species other than from analysis of size-frequency distributions 
(McPherson, 1969) and there are no estimates of survival and longevity.

Telomeres are the repetitive sequences of dNA and associated proteins that cap 
the ends of eukaryotic chromosomes. without the enzyme telomerase, telomeres 
shorten with cell division to critically short lengths that trigger a signal for the cell 
to permanently stop dividing, which is cellular senescence (Campisi et al., 2001). 
Age-related telomere attrition has been observed in the tissues of a variety of species 
and it has been suggested that changes in telomere length with age can be a potential 
indicator of longevity in field studies (haussmann and vleck, 2002; haussman et 
al., 2002). Recent molecular work on correlates of longevity in sea urchins (Francis 
et al., 2006), however, has shown that telomere length does not decrease with size 
in lytechinus variegatus (Lamarck, 1816) and Strongylocentrotus franciscanus (A. 
Agassiz, 1863).

The purpose of our study was to provide estimates of growth, survival, and lon-
gevity of E. l. lucunter in Bermuda based on a field study together with a molecular 
analysis of size-related telomere lengths and presence of telomerase in this species.

Methods

Three sites in Bermuda were selected for tagging E. l. lucunter and locations were docu-
mented using a Magellan SporTrak Map GPS unit. Study sites were at Cox’s Bay (64°44´51˝w, 



BULLETIN OF MARINE SCIENCE, vOL. 82, NO. 3, 2008382

32°17 4́3˝N) on the south shore of Bermuda near Palm Grove Gardens, and two sites, 170 
m apart, in Castle harbour: Site #1 (64°39 4́5˝w, 32°21́ 7˝N) and Site #2 (64°39´50˝w, 
32°21́ 10˝N). At both Castle harbour and Cox's Bay, E. l. lucunter lived in pits in a narrow 
region just below the low-tide mark. Extraction was difficult and done using dissecting probes 
or a single-prong garden cultivator. Because of difficulties in extraction, some of the sea ur-
chins sustained substantial spine damage. At Castle harbour, in an attempt to reduce spine 
damage, sea urchins were first loosened with a dilute solution of ammonium hydroxide that 
was squirted around them using a squeeze bottle with a short length of tubing fitted with a 
plastic pipette tip. 

Collections and tagging at Cox’s Bay were on 15 November 2005; 102 E. l. lucunter were 
collected but two were crushed, resulting in 100 tagged and returned. Tagging at Castle har-
bour was on 16 (Site #1) and 17 November 2005 (Site #2). At Site #1, 53 urchins were collected 
but one was crushed. At Site #2, 54 were collected, with one crushed, so the total returned at 
Castle harbour for both sites combined was 105. Tagging was done using a solution of 0.25 g 
of calcein in 500 ml of sea water. A dose of 0.5 ml or less was injected through the peristomal 
membrane with smaller doses used for smaller sea urchins. Size was measured using digital 
calipers with knife-edges adjusted between spines in an attempt to measure just the test, 
which is elongated and so two measurements were made: length and width. 

Collections were made in 2006 during a period of low tides in November. Sea urchins at 
both Castle harbour sites were collected on 5 November (40, Site #1 and 36, Site #2) and 59 
at Cox’s Bay on 6 November 2006. Sea urchins were saved from each site for dissection to 
determine body component parts: 10 from Site #1 and 9 from Site #2 at Castle harbour and 
10 from Cox’s Bay. All other individuals were measured fresh (length and width), placed in 
numbered cups, and cleaned using 6% sodium hypochlorite (household bleach) for about 12 
hrs at which time bleach was drained. If some tissue remained, fresh bleach was added for 
additional cleaning. Clean specimens were rinsed with hot water and then allowed to stand 
in water for about 12 hrs when they were drained and allowed to air-dry. dried specimens 
were again measured to evaluate measurement bias in live individuals due to an inability 
to get caliper knife-edges past spines or problems with orienting calipers so maximum di-
mensions were not measured. Analyses of allometry, growth, and survival, unless otherwise 
stated, used wet measurements. Allometry of body components, other than gonads, used the 
simple allometry equation

.Y Xa= b                 (1)

Estimation of α and β was done by linear regression following logarithmic transformation 
of both X and Y.

Analysis of gonad differences between sites was done using gonad weight, Gn, first as a 
function of test length, l, and then with total wet weight, t, both with a correction, c, to ac-
count for size when gonads first begin to develop. The allometry equation is

,Gn X Ca= - b] g                (2)

where X is either l or t. In parameter estimation, NONLIN (SySTAT, 1992) did not estimate 
the standard error for c when either length, l, or wet weight, t, was used and so Eq. 2 was 
reparameterized: 

,ln lnGn A X Cb= + -] g               (3)

where a is ln(α). with this form, NONLIN was able to estimate standard errors for all param-
eters, a, β, and c using either test length, l, or total wet weight, t.

To determine growth, one jaw (demi-pyramid) of Aristotle’s lantern was measured from 
each sea urchin and examined under Uv illumination for presence of a calcein mark. Calcein 
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marks on jaws were measured as has been reported for other sea urchin species tagged with 
tetracycline or calcein (e.g., Ebert, 1982; Russell, 1987; Lamare and Mladenov, 2000). The rela-
tionship between jaw and test length was used to convert jaw growth to test growth. Model-
ing growth was done using the Tanaka function (Tanaka, 1982; Ebert, 2007). The equation as 
given by Tanaka (1982) is
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The difference equation for the Tanaka function with a finite time difference of ∆t is
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and ∆t is the time interval between tagging and collection. Tanaka (1982) assumed that the 
time interval was 1 yr and so did not explicitly include ∆t in his model. Further details of the 
Tanaka equation are given in Tanaka (1988) and Ebert et al. (1999). 

Survival was modeled using an exponential,

e ,N Nt
Mt

0= -                 (9)

which has the assumption that the annual survival rate does not change with age. An estimate 
of the survival rate, e–M, was obtained using mean length of the size-frequency data and the 
Tanaka growth parameters that were obtained from tagging (Ebert, 1999),
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The Tanaka growth function, in square brackets, has an additional parameter, t, which is 
the time of year since annual recruitment. It can be set equal to 0 if the mean of the smallest 
mode in a size distribution is selected as the size at recruitment. The mean diameter of Age-1 
individuals, l0, enters Eq. 10 through c:

,expE f L d0= -]_ gi             (11)

and
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The only unknown in Eq. 10 is M, which can be estimated using Newton’s method (Ebert, 
1999). Assumptions in application of Eq. 10 are that Eq. 9 is valid and that the population is 
seasonally stable and stationary; that is, the population has fixed fractions in each size cat-
egory if sampling is always done at the same time of year (seasonally stable) and is neither 
growing nor declining (stationary).

For telomere length analysis, 10 E. l. lucunter (test length 25–70 mm) were collected from 
the shores of the Spittal Pond Nature Reserve, which is close to Cox’s Bay. Urchins were dis-
sected to provide samples of muscle from Aristotle’s lantern, esophagus, gut, ampullae, coelo-
mocytes of the perivisceral fluid, and gonad. Cells and tissues were briefly rinsed with TE 
buffer (10 mM Tris, 1 mM EdTA, ph 7.5) and frozen at −70 °C prior to analysis. dNA was 
extracted from the tissues using the method of de Jong et al. (1998). Measurement of telomere 
length was based on terminal restriction fragment (TRF) length using the TeloTAGGG Te-
lomere Length Assay kit from Roche Molecular diagnostics (Pleasanton, CA). In this analy-
sis, genomic dNA was digested with restriction enzymes that digest the genome at frequent 
sites, but do not digest the dNA within the telomeric repeat sequence. The digestion products 
were used for Southern blots that were probed with oligonucleotides complementary to the 
telomeric sequence TTAGGG. due to the heterogeneity of individual telomeres at the ends of 
chromosomes the resulting signal on the Southern blot is a smear rather than discrete bands. 
The mean TRF length was estimated as the weighted average of the optical density as previ-
ously described (harley et al., 1990).

One mechanism of telomere maintenance is expression of telomerase, an enzyme that can 
synthesize telomeric dNA and replace that which is lost with each round of dNA replication. 
Telomerase activity was determined in the tissues of three of the sea urchins (test length 50, 
58, and 60 mm) from Spittal Pond Nature Reserve with the Telomeric Repeat Amplification 
Protocol (TRAP) assay (kim et al., 1994) using the TRAPeze kit from Chemicon International 
(Temecula, CA). In this assay, telomerase activity is detected by its ability to synthesize te-
lomeric repeats onto an oligonucleotide substrate. detergent extracts were prepared by ho-
mogenization of the tissues in ChAPS lysis buffer following the protocol supplied with the 
TRAPeze kit. Protein estimations were done using Coomassie Protein Assay Reagent from 
BioRad (hercules, CA). For all TRAP reactions, the telomerase extension step prior to the 
polymerase chain reaction (PCR) was increased to 60 min and PCR amplification was per-
formed for 33 cycles. The PCR products were run on 12.5% non-denaturing polyacrylamide 
gels and visualized using the dNA stain, SyBR green (Molecular Probes, Carlsbad, CA). Each 
TRAP reaction mixture also contained primers and a template for amplification of a 36 bp 
internal control which helps to identify false-negative samples that contain inhibitors of Taq 
polymerase. 
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Results and discussion

Size of Echinometra lucunter lucunter in Bermuda.—Live sea urchins are 
not easy to measure and errors can lead to incorrect conclusions about changes in 
size (cf Ebert, 2004). The greatest diameter or length must be identified, the sea ur-
chin held perpendicular to the caliper jaws, and positioned to avoid spine bases. If 
the body tipped, measured length may be smaller than maximum length. Also, if 
caliper jaws rest on a spine or spine base, length is overestimated. Comparison of 
measurements of live individuals with measurements following cleaning in sodium 
hypochlorite (Fig. 1) illustrates the problem.

A regression of the differences between wet and dry as a function of wet mea-
surements in Figure 1 did not show a trend (F1,76 = 0.879, P = 0.351) and a paired 
t-test of wet and dry measurements had a mean difference of 0.51 mm (t77 = 6.26, P 
< 0.001). The range of the difference between wet and dry measurements was −1.3 
to 2.3 mm with 95% of the differences lying between −0.90 and 1.90 mm. The mean 
difference probably is a bias introduced by not getting caliper jaws past spine bases 
during measurement. Negative values may have been the result of not getting the sea 
urchin perpendicular to the caliper jaws or not getting the caliper exactly aligned 
along the mid line across the body. The important point is that measurement errors 
exist and are not normally distributed about a mean of 0. In the following analyses 
of growth and survival, live lengths (wet) were used because results were combined 
with size structure where measurements of live individuals were made. Also, some 
of the tagged individuals recovered in 2006 were dissected and so only wet measure-
ments were made. 

A second problem with measurements of E. l. lucunter is how they have been made 
and reported in the literature. Maximum length has been reported sometimes in-

Figure 1. Difference between test length measurements made following cleaning in sodium hy-
pochlorite bleach and measurements of live Echinometra lucunter lucunter; solid line is where 
wet and dry measurements are the same; dashed line is the mean bias (0.51 ± 0.71 SD mm) and 
95% confidence interval −0.90 to 1.90.
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cluding spines and sometimes without and this distinction is not always included in 
the publication. The length measurement of 150 mm given by hendler et al. (1995) 
included spines (G. hendler, Los Angeles County Museum of Natural history, pers. 
comm., location unknown). For a collection from key Largo, Florida, kier and Grant 
(1965) reported sizes of 80–100 mm “... although a few specimens are considerably 
larger.” These measurements also included spines (P. kier, Smithsonian Institution’s 
National Museum of Natural history (emeritus), pers. comm.). Other workers have 
not included spines in size measurements. Mortensen (1943) lists a specimen from 
Bermuda that was 94 mm long. Clark (1912) in his introduction to the genus Echi-

Figure 2. (A) Spine length vs test length of Echinometra lucunter lucunter at two sites in Bermu-
da; each dot is the largest of the five largest spines for each individual sea urchin. (B) Test length 
without spines estimated from measurements made with spines as in Grant and Kier (1965) and 
Hendler et al. (1995); test length with spines was estimated by taking 2×  the largest spine in A 
and adding it to the measured test for each individual.
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nometra wrote that the largest individuals were from Bermuda and the Abrolhos 
Reefs of Brazil, 85–95 mm long, but failed to provide measurements for each site so 
it is unclear whether the measurement of 95 mm refers to Bermuda or the Abrolhos 
Reefs. hunt (1969) reported that E. l. lucunter at devonshire Bay, which is ~0.5 km 
NE of Cox’s Bay, “...may have a test as large as 4 1/2 inches [114 mm] in diameter.” If 
this is a correct measurement, it would indeed be a record but hunt did not provide 
actual measurements so this value should be viewed with caution. The largest indi-
vidual we measured at Cox’s Bay was 84.8 mm long and the largest at Castle harbour 
was 77.1 mm. 

Comparing the reported measurements of test length including spines with mea-
surements of the test only can be approximated by measuring the longest spines for 
specimens that have been cleaned with bleach. The spines of E. l. lucunter are long 
(Fig. 2A) and, following a logarithmic transformation of data, there was no differ-
ence between 51 individuals at Castle harbour and 40 at Cox’s Bay (ANCOvA, F1,88 = 
0.396, P = 0.53). Combining sites, the allometric relationship (r2 = 0.385, F1,89 = 52.1, P 
< 0.001) for spine length (S) vs dry test length (l) is

. .S L7 420 .0 3244=

The exponent β = 0.3244 shows that although spine length is positively related to 
test length, development is far from isometric (β = 1.0) and small individuals have 
relatively much longer spines than do large individuals. 

To see the effect of including spines in measuring size, maximum spine length 
(Smax) was doubled and added to measurements of cleaned and dried test length (l) 
(Fig. 2B). The resulting relationship (r2 = 0.90, F1,89 = 802, P < 0.001) between lnl and 
ln(l + 2Smax), which is lnt, is

. . .ln lnL T1 411 2 636= -

The measurement of 150 mm given by hendler et al. (1995) corresponds to a test 
length of about 84 mm and so is similar to the largest individual we measured at 
Cox's Bay. The measurement of 100 mm given by kier and Grant (1965) corresponds 
to an individual just 48 mm long without spines. This size is similar to large individu-
als at Margot Fish Shoal (McPherson, 1969), which is close to the key Largo site of 
kier and Grant (1965). 

A final aspect of size of E. l. lucunter at Bermuda places our study within the lati-
tudinal pattern suggested by Clark (1912). The two latitudinal extremes, Bermuda 
and Brazil, had the largest maximum sizes that were measured (Fig. 3). The smallest 
maximum sizes were in Panama and a second-order equation provides a reasonable 
fit for the pattern (r2 = 0.40, F2,10 = 5.07, P = 0.03).

The correlation of latitude and maximum size in E. l. lucunter is a pattern that 
has been reported for other marine species including other sea urchins. The largest 
individuals of Strongylocentrotus purpuratus (Stimpson, 1857) and S. franciscanus 
have been reported to occur on vancouver Island, Canada (kramer and Nordin, 
1975; Bureau, 1996), which, although not the northern extreme for either species, 
is at the upper 80% of their geographic ranges. Growth has been studied for both of 
these species across a latitudinal range and no latitudinal effect has been observed 
(Russell, 1987; Ebert et al., 1999). Survival, however, was better in the north for both 
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species and may be the explanation for larger size. we expect that a similar situa-
tion (i.e., higher survival at higher latitudes) may explain the latitudinal pattern for 
E. l. lucunter. Sources of mortality, however, that would vary with latitude for E. l. 
lucunter are unknown.

The point of examining these corrections and patterns is to place our work in a 
proper context for reported sizes of E. l. lucunter. The largest measurement of maxi-
mum length is 95 mm given by Mortensen (1943) and so our study was done at a loca-
tion that included individuals that were within 90% of the reported maximum. The 
significance is that growth and/or survival estimates presented here may represent 
maximum values for this species.

Size structure differed between Castle harbour and Cox’s Bay (Fig. 4) and a promi-
nent mode of small individuals was present at Castle harbour. The mode was esti-
mated to be 13.8 mm in 2005 and 31.6 mm in 2006 using the algorithm of Macdonald 
and Pitcher (1979). These two values, with a time difference of 1 yr, were used as 
part of estimating growth parameters and presented in a following section. No clear 
mode of small individuals was evident at Cox’s Bay in either year. The mode for large 
individuals in both years was about 65 mm at Cox’s Bay and 55 mm at the combined 
Castle harbour sites Fig. 4). Means of the distributions for each year, combined with 
growth parameters, were used to estimate survival.

Gonad Allometry and Size when Gonads Begin to develop.—All E. l. 
lucunter that were dissected had gonads. The smallest individual was from Castle 
harbour and had a test length of 19.6 mm, total wet weight of 4.19 g, and a gonad 
weight of 0.01 g (Fig. 5A). The size when gonads begin to develop, parameter c in Eq. 

Figure 3. Maximum reported length (L) of Echinometra lucunter lucunter as a function of lati-
tude (D); 1 Bermuda (Mortensen, 1943); 2 this study; 3 Florida (McPherson, 1969); 4 Florida 
(Mortensen, 1943); 5 Florida (Kier and Grant, 1965) reported value was 100 mm but included 
spines (Kier, pers. comm.) and so was converted using Fig. 2B; 6 U.S. Virgin Is. (Kunz and Col-
lins, 1974); 7 Puerto Rico (Cameron, 1986); 8 Dominica (D. Pawson, Smithsonian Institution, 
pers. comm.); 9 Barbados (Lewis and Storey, 1984); 10 Panama (Ebert, unpubl. data); 11 St. Hel-
ena (Mortensen, 1943); 12 Brazil (Ventura et al., 2003); 13 Brazil (Pawson, pers. comm.).
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3 using either test length or total wet weight, was estimated with data from Castle 
harbour and Cox’s Bay combined. There are different errors associated with using 
test length or total wet weight and errors in measuring length were described above. 
Errors in using weight include variation in spine mass because sea urchins vary in 
spine size probably associated with differences in recent levels of spine damage and 
associated stages of spine repair (cf Fig. 2A). Thus, total wet weight differences may 
not reflect accurately the internal body volume. Analyzing gonad data both with test 
length and total wet weight provide estimates to aid in selecting a reasonable size at 
first reproduction.

The estimate of c using length (Table 1A) was 16.06 mm with 95% confidence lim-
its of 11.66–20.46 mm. Using total wet weight for c (Table 1B), the estimate of c was 
3.42 g with 95% confidence limits of 2.18–4.66 g. For comparison with the length (l) 
estimate for c, total weights (t) can be transformed into length using a regression of 
lnl vs lnt (N = 29, r2 = 0.98),

. . ,ln lnL T2 459 0 352= +

so 3.42 g is equivalent to a test length of 18.0 mm and is within the 95% confidence 
limits for l as calculated using gonad weight vs length. 

The estimate of 16.06 mm for c was subtracted from each length (l) measure-
ment and both this corrected length and gonad weight (Gn) were transformed using 
natural logarithms. An ANCOvA analysis used lnGn as the dependent variable, Site 
(Cox’s Bay and Castle harbour) as a grouping variable, ln(l − c) as a covariate, and 
an interaction term of Site × ln(l − c). The interaction term was not significant (F1,25 
= 0.510, P = 0.48) so slopes are homogeneous. The analysis was redone without in-
teraction to test for significance of site differences. Gonad weights were not different 
between sites (F1,26 = 3,495, P = 0.07).

Figure 4. Size structure of Echinometra lucunter lucunter at two sites in Bermuda; measurements 
made of sea urchins collected and tagged with calcein in 2005 and the collection made in 2006; 
modes of small sea urchins in 2005 and 2006 (arrows) determined using the algorithm of Mac-
donald and Pitcher (1979).
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Similar results were obtained using total wet weight (t) rather than test length 
as the independent variable. Using an ANCOvA with ln(t − c) as the independent 
variable, the interaction term of Site × ln(t − c) was not significant (F1,25 = 0.002, P 
= 0.96). The analysis was repeated without interaction and sites are judged to be the 
same (F1,26 = 1.208, P = 0.28). we conclude that gonad development is similar at the 
two sites and so indicates similar nutritional states. The regression equation for the 
combined sites is

. .Gn L0 0053 16 06 .2 438= -] g

Figure 5. Gonad weight and body size of Echinometra lucunter lucunter at two sites in Bermuda 
based on dissections in 2006; Castle Harbour N = 19; Cox’s Bay N = 10; A: Gonad weight vs test 
length; fitted line determined using Eq. 2 with C = 16.06 mm and then back transformation to 
show low values for individuals at Cox’s Bay with lengths > 60 mm; B: Logarithmic transformed 
gonad weight and total wet weight with line fitted after subtracting C = 3.42 g from total wet 
weight; note the reduction in variance for large sea urchins.
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for gonad weight vs test length and

. .Gn T0 0152 3 42 .1 276= -] g

for gonad weight vs test weight.

Predicting Test Length from Jaw Length.—The aim of the following analysis 
was to estimate test length from jaw length to convert jaw growth to growth of the 
test. Both of these measurements contain error, δ, but jaws were measured cleaned 
and dry and certainly had less measurement error than test length measured wet. we 
assume that the mean of errors for jaw measurement, δx, is zero. The mean of error 
for length, δY, however, is not zero (Fig. 1) but also does not have a trend (slope = 0). 
In such a case, warton et al. (2006) recommend a linear regression as unbiased for 
predicting Y from X. 

The relationship between test length and jaw length was examined to determine 
whether there was a difference between sites. Jaw (J) and test length (l) from 2006 
were transformed using natural logarithms and then used in an ANCOvA with Site 
(Cox’s Bay and Castle harbour) as a grouping variable, lnJ as a covariate, and an 
interaction term of Site × lnJ. The interaction term indicated that slopes were homo-
geneous (F1,118 = 0.060, P = 0.81) and so the ANCOvA was repeated without interac-
tion and showed that sites were not different (F1,119 = 0.073, P = 0.79) with respect to 
body length:jaw allometry. The ranges of the data are similar and overlap is complete 
(Fig. 6). Based on work with other species (Ebert, 1980; Black et al., 1984; Levitan, 
1991) differences in test:jaw allometry indicate differences in food availability and so 
together with the results of the gonad analysis, we conclude that available food was 
similar at Cox’s Bay and Castle harbour; growth would be expected to be similar. 
The regression equation of lnt vs lnJ (N = 122) had r2 = 0.96 with slope (β) = 0.932 ± 
0.017 SE and intercept 1.430 ± 0.047 SE. The allometry equation for test length as a 
function of jaw length is

.L J4 180 .0 933=

Table 1A. Estimation of C, the size at which gonads begin to develop in Echinometra lucunter 
lucunter using Eq. 2 with NONLIN (SYSTAT, 1992): lnGn = A + β ln(X−C) where X can be either 
length (A) or total wet weight (B); data from Castle Harbour (N = 19) and Cox’s Bay (N = 10) 
combined. Test length at which gonads begin to develop; r2 = 0.89; the estimate of −7.537 for A 
equals α = 0.0005 in Eq. 1.

Parameter Estimate SE Lower (< 95%) Upper (> 95%)
A −7.537 1.603 −10.832 −4.243
β 2.438 0.412 1.592 3.284
C 16.062 2.142 11.660 20.465

Table 1B. Total wet weight at which gonads begin to develop; r2 = 0.88; the estimate −4.184 for 
A equals α = 0.0152 in Eq. 1

A −4.184 0.588 −5.392 −2.976
β 1.276 0.142 0.984 1.576
C 3.421 0.601 2.185 4.656
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and this relationship is used in the next section to convert jaw growth to growth in 
test length.

Growth and Survival.—Growth takes place at both ends of the jaw (demipyra-
mid) but the part closest to the mouth, the labial end, shows much less growth than 
the more internal or esophageal end. The sum of the esophageal and labial incre-
ments is the total growth increment, ∆J, and so the jaw at the time of collection, 
Jt+∆t, minus ∆J is jaw size at the time of tagging in 2005, Jt. The increment, ∆jaw, can 
be converted to ∆test length, ∆l, by using the allometric relationship,

.L J Jt t taD = -D+ b b^ h

The growth increment for length as a function of original test length measured for 
live sea urchins (Fig. 7A) was augmented with the change in the position of the small 
mode at Castle harbour from 2005 to 2006 (Fig. 4) before estimation of Tanaka pa-
rameters (Table 2). The Tanaka parameters can be used to construct a growth curve 
if the curve can be fixed with a size at some time. we selected 10 mm as size at 1 yr 
(Fig. 7B), based on the mode of small individuals at Castle harbour in 2005. The sug-
gested spawning time of August–September (harvey, 1947) would make these small 
sea urchins not less than 1 yr old; they of course could be older. The growth curve 
has an inflection point where the instantaneous growth rate is maximum, which is 
22.75 mm using Eq. 6. This is at a size of 24.57 mm (Eq. 7), which would be at about 
an age of 2 yrs.

Estimates of annual survival, e–M yr–1, differed for the two sites (Table 3). The high-
er survival estimate at Cox’s Bay probably is because of the recruitment pulse evident 
at Castle harbour. The estimate of survival assumes a stable and stationary popula-
tion and so survival rate is underestimated for Castle harbour and probably overes-
timated for Cox’s Bay. A reasonable approach is to use a mean estimate for the two 

Figure 6. Test length as a function of jaw (demi-pyramid) length for Echinometra lucunter lucunt-
er at two sites in Bermuda based on collections in 2006; Castle Harbour N = 49; Cox’s Bay N = 
44.
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Figure 7. (A) Change in length as a function of original test length for Echinometra lucunter 
lucunter at two sites in Bermuda with a time interval of 1 yr; Castle Harbour N = 15, Cox’s Bay 
N = 11; + is change in position of the first mode at Castle Harbour from 2005 to 2006 shown in 
Figure 4; fitted line is the Tanaka function. (B) Growth curve for E. l. lucunter in Bermuda based 
on fitted Tanaka parameters and with an assumed length of 10 mm at age 1.

Table 2. Tanaka parameters for growth of Echinometra lucunter lucunter at two sites in Bermuda 
2005–2006; data combined for Cox’s Bay N = 11 and Castle Harbour N = 15 plus the shift in 
modes at Castle Harbor from 2005 to 2006 N = 1; all data combined; r2 = 0.88

Parameter Estimate SE Lower (< 95%) Upper (> 95%)
f 0.0148 0.0041 0.0063 0.0233
d 61.886 4.858 51.859 71.913
a 0.0019 0.0007 0.0005 0.0033
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sites and both years combined. with a mean annual survival of 0.93, mean longevity, 
1/M, is about 13 yrs and 5% of the population would be expected to be ≥ 40 yrs old. 
Sample sizes are small for the estimation of growth as well as for size structure and 
so the survival estimates should be viewed with caution. 

Recovery of Tagged Urchins.—A limitation of the present study of E. l. lucunt-
er was the low recovery success of individuals tagged with calcein. Furthermore, the 
total numbers collected at both Castle harbour and Cox’s Bay was lower in 2006 than 
in 2005 (Table 4). The proportions of sea urchins collected in 2006 to those collected 
in 2005 over the same areas were not significantly different at α = 0.5 but the trend 
was for a higher proportion to be collected at Castle harbour (Table 4A). whether 
this was a result of less damage during collection is unknown. The fraction of sea 
urchins collected in 2006 that showed a calcein tag, however, did not differ between 
sites (Table 4B). There are at least three possible explanations for the low recovery 
of tagged sea urchins: (1) emigration of tagged individuals from the study sites and 
immigration of untagged individuals; (2) lack of 100% tagging success with calcein 
in 2005; and (3) high mortality of individuals during the tagging process combined 
with missing many sea urchins in 2005. 

Reported movement rates of E. l. lucunter are low (hunt, 1969; Grünbaum et al., 
1978) and although some movement out of a cavity may occur, individuals usually 
return to their original cavity (Abbott et al., 1974). Furthermore, cavities are de-
fended against intruders. Grünbaum et al. (1978) found that when an individual was 
removed from a cavity and then returned together with another individual of equal 
size, the original occupant usually was the winner of the agonistic encounter; there 
was what appeared to be recognition of the home cavity. These results suggest that E. 
l. lucunter only rarely moves from its home cavity and so argues against movement 
of individuals into and out of the study site. 

Laboratory tagging studies of S. purpuratus have spanned all seasons and have 
shown 100% success with tetracycline (e.g., Fansler, 1983; Russell, 1987; Ebert, 1988a). 
On the other hand, Gage (1991) had only partial success in tagging Psammechinus 
miliaris (Gmelin, 1778) from November through March and Taki (1971) found maxi-
mum uptake by Strongylocentrotus intermedius (A. Agassiz, 1863) in winter and little 
or zero during summer. There are no laboratory studies of tagging success with Echi-
nometra spp. and only limited work using calcein other than with small Strongylo-
centrotus droebachiensis (Müller, 1776) where tagging success was 100% (Russell and 
Urbaniak, 2004).

The reduced number of sea urchins found at each site in 2006 relative to the number 
tagged in 2005 probably reflects damage done during initial collecting. Spine dam-
age alone, however, should not have accounted for increased mortality or changes in 
test growth based on a laboratory study of S. purpuratus (Edwards and Ebert, 1991). 

Table 3. Survival rate of Echinometra lucunter lucunter at two sites in Bermuda based on Tanaka 
parameters and mean length with 15 mm as S0; mean longevity is 1/M years.

Area Year N Mean length mm M yr–1 Annual survival Mean longevity
Castle Harbour 2005 107 46.91 0.128 0.880
Castle Harbour 2006 76 47.56 0.120 0.887
Cox’s Bay 2005 102 63.41 0.024 0.976
Cox’s Bay 2006 59 61.45 0.030 0.970
Mean 0.075 0.928 13 yrs
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Some E. l. lucunter were punctured during collecting but were tagged and returned; 
for some the puncture may have led to mortality. Sea urchins are capable of repair-
ing substantial test damage (Moore, 1974, pers. obs.) and so a puncture need not 
be fatal. Also, we can not rule out increased loss due to displacement of individuals 
from their original cavities but damage seems most likely as the cause of decreased 
numbers in 2006. 

Missing individuals during collection in 2005 certainly must have occurred but 
the large numbers of untagged individuals at both sites in 2006 makes it unlikely that 
this was the major reason for poor tag recovery. we suggest that the most reasonable 
explanation for low recapture rate was due to poor tagging success. The reason for 
this may be a seasonal effect of variation in calcification but there may also have been 
problems with the administration of calcein. The problem is unresolved and requires 
additional laboratory study.

Comparison of Echinometra Species.—Comparison of E. l. lucunter with the 
congener, Echinometra mathaei (Blainville, 1825) indicates that estimates both of 
growth and survival are reasonable. Growth of E. mathaei at Rottnest Island, west-
ern Australia, has been analyzed previously using the Richards function (Ebert, 
1982). These data have been reanalyzed with the Tanaka function (Table 5) to make 
a direct comparison with the growth of E. l. lucunter. The scatter of data points for 
E. mathaei together with E. l. lucunter and fitted Tanaka lines (Fig. 8) indicate that 
the pattern of growth is similar for the two species and that E. l. lucunter in Bermuda 
grows more rapidly and to a larger size.

Mean sizes for E. mathaei at Rottnest Island were smaller than mean sizes of E. l. 
lucunter at Bermuda and the differences in growth resulted in an estimate of lower 
survival for E. mathaei (Table 5) with mean longevity of about 7 yrs and with 5% of 
the population expected to attain ≥ 20 yrs. Given the problems of small sample size 
of E. l. lucunter and lack of stable size-frequency distributions, the survival rates may 
not be different. 

Resource allocation is important in determining survival probability, and relative 
weight of the body wall in sea urchins, approximated by α in Eq. 1, has shown a 
positive relationship with survival (Ebert, 1982). Body weight relative to total wet 
weight (Fig. 9) for E. l. lucunter is similar to other Echinometra species. The general 

Table 4A. Analysis of recovery of Echinometra lucunter lucunter at two sites in Bermuda 
2005–2006; “Missed in 2006” is the number released in 2005 minus the number collected in 2006. 
Is the proportion collected in 2006 independent of site?

Site Collected 2006 Missed in 2006 Released in 2005
Castle Harbour 76 29 105
Cox’s Bay 59 41 100
Total 135 74 209
χ2 = 3.505, df = 1, P = 0.06 (with Yate’s correction)

Table 4B. Is the number with a calcein tag in the 2006 collection independent of site?

Site No Tag Tag Total
Castle Harbour 61 15 76
Cox’s Bay 48 11 59
Total 109 26 135
χ2 = 0.026, df = 1, P = 0.87 (with Yate’s correction, χ2 = 0.000)
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conclusion is that E. l. lucunter is a relatively long-lived species and so is similar to 
other species in the family Echinometridae. Using six species in this family (Ebert, 
1982, 2007) plus E. l. lucunter from this study, the mean α (Eq. 1) is 0.77 ± 0.13 Sd 
and mean annual survival rate, e–M, is 0.87 ± 0.10. The estimates of α and e–M for E. l. 
lucunter are 0.73 and 0.93 yr–1, respectively.

Telomeres and Telomerase Activity.—Telomere lengths measured as termi-
nal restriction fragments (TRF) showed a lack of telomere shortening with test size in 

Figure 8. (A) Comparison of growth of Echinometra lucunter lucunter in Bermuda (this study) 
and Echinometra mathaei from Rottnest Is., Western Australia (Ebert, 1982); N = 27 for Bermuda 
(includes the shift in modes from 2005–2006); N = 166 for Rottnest Island. (B) Comparison of 
body wall weight vs total wet weight for E. l. lucunter in Bermuda (N = 29), E. mathaei for two 
samples combined: Hawaii (N = 14) and Enewetak Atoll (N = 17), and Echinometra oblonga 
(Blainville, 1825) from Hawaii (N = 8) (Ebert, 1988b).
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all of the sampled tissues, both somatic and gonadal (Fig. 9). An ANCOvA was used 
with TRF as the dependent variable, tissue type as a grouping factor, and size as a 
covariate. The interaction term of tissue × size was not significant (F5,34 = 0.5818, P = 
0.71) and so the analysis was redone without interaction. Tissue type was not signifi-
cant (F5,39 = 0.6411, P = 0.67) nor was size (F5,34 = 1.2102, P = 0.28). The overall mean 
TRF for all tissues and sizes was 6647 bp ± 139 SE (N = 46) and there was no decrease 
in telomere length with increasing size. with the estimated growth parameters it is 
possible to estimate ages for the sea urchins that were analyzed, which reveals that 
there is no reduction in telomere length over a span of possibly as much as 50 yrs. 

Table 5A. Tanaka parameters for (A) growth and (B) survival for Echinometra mathaei at 
Rottnest Island, W. Australia; tagged 10 April 1976, collected 25 April 1977 (Ebert, 1982). Tanaka 
parameters

Parameter Estimate SE Lower (< 95%) Upper (> 95%)
f 0.0261 0.0026 0.0211 0.0312
d 47.7062 1.2101 45.3165 50.0959
a 0.0026 0.0003 0.0020 0.0031

Table 5B. Survival estimation using Tanaka parameters and Eq. 10.

Year N Mean length mm M yr–1 Annual survival Mean longevity
1976 464 35.29 0.184 0.832
1977 480 40.94 0.100 0.905

0.141 0.869 7 yrs

Figure 9. Terminal Restriction Fragment (TRF) length measured in base pairs (bp) for 6 tissues 
as a function of test length for Echinometra lucunter lucunter collected at Spittal Pond Nature 
Reserve, Bermuda, 14 November 2005; approximate ages based on parameters in Table 2 and 
Figure 7B.
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Telomerase activity was detected in both somatic and gonadal tissues of E. l. 
lucunter (Fig. 10) and indicates that the molecular mechanism is in place to main-
tain telomere length following repeated cell divisions. The presence of telomerase 
and lack of size-specific changes in telomere length suggest that E. l. lucunter has 
mechanisms that could avoid telomere senescence and so support the choice of the 
exponential model (Eq. 9) for survival, which is based on the assumption of no age 
affect in survival probability.

Telomeres and the Theory of Ageing.—An important observation of the 
work with telomere length is the lack of size-specific change in length, coupled with 
the presence of telomerase activity. These findings are consistent with the lack of age-
related telomere shortening found in the tissues of two other sea urchin species, l. 
variegatus and S. franciscanus (Francis et al., 2006). Further, these authors reported 
that the short-lived species l. variegatus had telomeres > 20 kb whereas in the long-
lived species S. franciscanus telomeres averaged only 5.2 kb. Echinometra l. lucunter 
reported here had a mean telomere length of 6.6 kb. The significance of the inverse 
relationship between telomere length and longevity for these three sea urchin spe-
cies is unknown. Moreover, these data indicate that telomere length cannot be used 
for age and longevity estimates in these sea urchins and so our results do not fit pat-
terns suggested by haussmann and vleck (2002) or haussmann et al. (2002).

The broader aspects of the work with telomeres and telomerase in sea urchins re-
late to the current general theory of ageing that focuses on somatic mutations and 
free radicals. Free radical theory (Beckman and Ames, 1998) addresses the source of 
damage and somatic mutations lead to a reduction in cell function, cell death, or pro-
gression to cancer (reviewed by vijg, 2007). The model that has placed these theories 
in an evolutionary context is known as the disposable soma theory (kirkwood, 1977; 

Figure 10. Telomerase activity in tissues of Echinometra lucunter lucunter analyzed by the te-
lomeric repeat amplification protocol (TRAP). TRAP analyses were conducted on tissue homo-
genates using the indicated amount of input protein. Lanes 1–2: gut (GUT, 2 µg protein), Lanes 
3–4: Aristotle’s lantern muscle (ALM, 2 µg protein), Lanes 5–6: esophagus (ES, 2 µg protein), 
Lanes 7–8: ampullae (AMP, 2 µg protein), Lanes 9–10: gonad (GON, 1 µg protein), Lanes 11–12: 
positive control 293 cells (1000 cell equivalents). In lanes 2, 4, 6, 8, 10, and 12 the homogenates 
were heat inactivated prior to TRAP analyses (HI). The internal control for the TRAP reaction is 
indicated with the arrow (IC).
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drenos and kirkwood, 2005) and an assumption in the theory is that organisms age. 
The evolutionary argument is that resources are used for maintenance in the con-
text of growth and reproduction to maximize fitness. The relationship between fit-
ness and allocation of resources to maintenance mechanisms is dome-shaped and 
so there is an optimal investment to maintenance; selection will favor the optimal 
investment and not more. The result is that individuals possess maintenance mech-
anisms to reach the age where their reproductive contribution maximizes fitness, 
but past this age maintenance mechanisms are not adequate and ageing progresses 
and this is evident not only in decreased survival but also in decreased reproductive 
output and senescence. As currently constructed, the disposable soma theory does 
not include the possibly of species where individuals do not age but it also has been 
recognized that somatic cell lineages are not inevitability predestined to senescence 
and a number of invertebrate species have been reported to have very long life-spans 
and no reduction in reproductive capacity (Finch, 1990). There still, however, may 
be a slow decline in function, which Finch (1990) refers to as negligible senescence. 
These species, which include some molluscs and lobsters (homarus), of course, may 
not senesce at all. Of possible significance is the observation that lobsters (homarus 
americanus, h. Milne-Edwards, 1837) show telomerase in all of their tissues (klap-
per et al., 1998).

A model of resource allocation to growth, reproduction, and maintenance was de-
veloped to try to explain differences in life span of sea urchins (Ebert, 1975, 1982) 
but, unlike the disposable soma model, without the assumption of senescence. Life 
span differences in this model focused on the annual probability of recruitment suc-
cess and built on work by Murphy (1968) and Gadgil and Bossert (1970). differences 
in survival rate among sea urchin species was related to differences in the probability 
of successfully leaving offspring at each reproductive episode. If the probability is 
high, then selection would favor allocation of resources to growth and reproduction 
and fewer resources to maintenance. If, on the other hand, the probability of leaving 
offspring that live long enough to reproduce is very low, then selection would favor 
more resources to maintenance at the expense of growth and reproduction. Ageing 
was not included in this analysis.

Presence of telomerase and lack of telomere shortening in E. l. lucunter and other 
sea urchins that have been studied so far (Francis et al., 2006) represent an important 
step in understanding species that may lack or show negligible senescence. Other 
cellular aspects of ageing have not been specifically studied in sea urchins although 
there are few reported cases of neoplasms in sea urchins (Sparks, 1985) including 
only four potential cases listed in the Registry of Tumors in Lower Animals (RTLA) 
(www.pathology-registry.org). Thus it appears that sea urchins may have protective 
mechanisms that at least inhibit certain forms of cell damage. Red sea urchins, S. 
franciscanus, may attain ages over 100 yrs (Ebert and Southon, 2003) and gonad and 
spawn weights have been shown to increase with size with no indication of a decline 
(kramer and Nordin, 1975). Sea urchins do not appear to show senescence and so 
evolutionary constraints on their longevity appear to lie outside the disposable soma 
theory.
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