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Many studies have applied fluorochrome tagging to examine the growth of animals with calcified skeletons,
but most of them have used only a single tag to determine the annual growth rate. We used sequential
fluorochrome tagging to study the seasonal growth of the purple sea urchin Heliocidaris crassispina in
Hong Kong waters from February 2012 to February 2013. Sea urchins ranging from 18.9 to 42.7 mm in
test diameter had a yearly growth from 0.6 to 13.0 mm. During that year, the sea urchins grew from 0.6
to 5.0 mm in test diameter during the first six months, and from 0.4 to 10.2 mm in test diameter in the
second six months. The seasonal differences in growth were confirmed using the von Bertalanffy model.
The growth was clear for young sea urchins, especially for individuals less than 5 years old, but was not
evident for sea urchins older than 7 years. The seasonal differences in growth were probably related to
the reproductive cycle and the seasonal differences in environmental conditions. Our empirical results
provide the first evidence of seasonal changes in growth for H. crassispina, demonstrating the usefulness
of sequential fluorochrome tagging in studying the growth of sea urchins in the field. We also identify
the problem of low recovery of tagged individuals and provide recommendations to improve the tagging
procedure.
Key words: Calcein, Calcein blue, Fluorochrome, Seasonal growth model, Sea urchin, Tagging.

(Stefánsson et al. 2017). Growth models provide
information on population dynamics, and their
parameters reflect environmental conditions and fishing
pressure. These models can predict population growth
rates and permit better management of biological
resources based on demographic parameters (Ebert
2013).
Different techniques have been used to estimate
the growth of sea urchins (review by Ebert 2020):
analysis of natural growth lines and size-frequency

BACKGROUND
Due to a high market demand, sea urchins are
widely harvested and many sea urchin stocks around
the world have declined (Stefánsson et al. 2017).
Heliocidaris crassispina is among the 20 sea urchins
species with the highest market demand worldwide; the
most exploited species are Mesocentrotus franciscanus
(previously as Strongylocentrotus franciscanus),
Strongylocentrotus pulcheriius, and S. intermedius
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distributions, use of internal tags (PIT tags) and invasive
tags (tethered through the test), and tagging skeletal
parts using fluorochromes. In field studies, internal
tagging using fluorochromes (e.g., tetracycline, calcein,
alizarin complexone) has been a widely adopted method
for studying the growth of sea urchins over the past
60 years, although most such studies have used only a
single fluorochrome (Campbell et al. 2001; Kobayashi
and Taki 1969; Russell and Urbaniak 2004; Stuart and
Smith 1992). Ellers and Johnson (2009) was the first
study to use polyfluorochrome tagging on invertebrates
(sea urchins), although the trials were conducted in
the laboratory only (Ellers and Johnson 2009; Johnson
et al. 2013). Several studies showed that the use of
tetracycline or calcein had little or no negative effect
(Ebert 1988; Kalvass et al. 1998) or only a transient
effect on sea urchin survival or growth (Gage 1991;
Russell and Urbaniak 2004). These fluorochromes
produce a growth mark on various calcified elements
(i.e., jaws and test ossicles) that can be seen using a
fluorescent microscope (Ellers and Johnson 2009).
Heliocidaris crassispina is a western Pacific
species with a wide latitudinal distribution (38°N to
19°N) and is found in intertidal and subtidal rocky
shores (usually up to 15 m deep) with strong wave
action. This edible species is the only sea urchin
commercially harvested in Hong Kong (Agatsuma
2007). Its overexploitation Chiu (1987), however,
highlights the need for a better knowledge of the
growth of H. crassispina for a better management of
this species. Information about seasonal growth rates
of sea urchins can help us understand their population
dynamics and responses to harvesting activities (Ebert
1999). There have been studies of the population
dynamics of H. crassispina in Hong Kong (Chiu 1987)
and Japan (Agatsuma 2013), as well as modelling of its
growth in these two places by counting and measuring
growth rings on genital plates (Chiu 1990; Yatsuya and
Nakahara 2004). Lau et al. (2011) estimated the annual
growth of H. crassispina (as Anthocidaris crassispina)
in Hong Kong waters by making one release of sea
urchins tagged with the fluorochrome calcein and
collecting them one year later. They found that the
Jolicoeur model provided a better fit for the growth of
H. crassispina at Nine Pins than did the von Bertalanffy
model. The seasonal growth model used in our study
was restricted to the von Bertalanffy model because
more complex models such as the Jolicoeur model with
seasonal growth have not been developed.
Using H. crassispina as the study animal, we
explored the use of sequential tagging with two
fluorochromes to examine the growth in the field for
the first time in sea urchins. Our aim was to determine
whether this technique can be used to study sea urchin
© 2021 Academia Sinica, Taiwan
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skeletal growth seasonality in the field.
MATERIALS AND METHODS
Study site
Our study was conducted in the Hong Kong
Special Administrative Region (HKSAR), situated
along the southeastern coast of the People’s Republic of
China (lat. 22°09–22°37N) within the Tropic of Cancer
(Fig. 1). Hong Kong has a tropical climate with a dry
season (i.e., winter) from November to April and a wet
season (i.e., summer) from May to October (Observatory
2013). Our study was conducted from February
2012 to February 2013 at Nine Pins (22°26'70.19"N,
114°34'60.89"E) in Mirs Bay, where the water is
characterized as oceanic with stable salinities of 32–33
PSU and water temperatures between 17°C in winter
and 28°C in summer (EPD 2012). The study site was
wave-exposed on a moderate sloped bottom, supporting
a rocky barrens community dominated by Heliocidaris
crassispina at 3 to 6 m water depth.
Polyfluorochrome sequential marking
We used calcein and calcein blue fluorescent tags
in this study. As the two fluorochromes have different
excitation peaks (495 nm for calcein and 360 nm for
calcein blue) and emission peak wavelengths (515 nm
for calcein and 445 nm for calcein blue), different filters
were used to observe the fluorescent marks (Pautke
et al. 2005): FITC (Fluorescein - Isothiocyanate with
an excitation peak of 490 nm and an emission peak
of 520 nm) for calcein (green color), and DAPI (4,
6-Diamidino-2-Phenylindole with an excitation peak
of 372 nm and an emission peak of 456 nm) for calcein
blue (blue color).
To evaluate the seasonal growth of H. crassispina,
we collected 827 individuals on 13 February 2012
(Season 1) from an area of ~47 m2 and tagged them with
calcein. On 30 August 2012 (Season 2), we collected
803 H. crassispina from the same location and tagged
them with calcein blue. Based on the results of Lau
et al. (2011), we estimated that these numbers of sea
urchins would provide enough tagged individuals to
construct reliable growth models. To evaluate growth
during the first six months we collected and dissected an
additional 50 sea urchins. Finally, on 26 February 2013
(~1 year after tagging), we collected 412 sea urchins
from the same location (individuals that may have had
both fluorochromes marks). All sea urchins collected
for tagging were transported to the Swire Institute of
Marine Science within 90 min and then temporarily
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maintained in outdoor aerated tanks (60 cm × 70 cm ×
90 cm) supplied with flow-through seawater (~200 sea
urchins per tank) and protected from direct sunlight by
an opaque roof (Fig. S1).
Before tagging, the sea urchins were placed in the
outdoor tanks with food (the macroalgae Ulva lactuca
and Sargassum hemiphyllum, and commercial lettuce)
for two days. The test diameter of each sea urchin was
measured to the nearest 0.1 mm using digital calipers.
Individuals > 20 mm in test diameter were tagged by
injecting 2.0 ml of the tagging solution (500 ppm of
fluorochrome in natural ﬁltered seawater buffered to
pH 8 with NaOH) into the coelom using a syringe
(Ellers and Johnson 2009; Johnson et al. 2013; Lamare
and Mladenov 2000) (Fig. S1). Smaller individuals
(≤ 20 mm test diameter) were placed in a fluorochrome

bath for 24 h (n = 86) with the same concentration
used for the injections (n = 1544) (Fig. S2). One day
after tagging, the sea urchins were returned to the
field collection site. The sea urchins behaved normally
and there was no mortality before they were released
back into the field. To facilitate the recapture, the area
of urchin release (47 m2) was marked by four steel
rods hammered into rock crevices. A previous study
indicated that this species of sea urchin has very little
mobility (Freeman 2003).
At the end of the experiment, the sea urchins were
collected, measured (using a digital caliper ± 0.1 mm),
their Aristotle’s lanterns extracted, and immersed in
bleach (sodium hypochlorite with 5% active chlorine)
for 24 h to remove the soft tissues. The demi-pyramids
(jaws) were then rinsed with freshwater and air-dried for

N
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Fig. 1. Map of Hong Kong showing the location of Nine Pins, the site where the sea urchin tagging study was conducted.
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several days. Calcein marks on the jaws were examined
under an Olympus SZX16 dissecting microscope
equipped with an X-Cite 120 automated fluorescent
light, and calcein blue marks were observed with a
Nikon Eclipse Ti-S compound microscope equipped
with a Leica Kubler - Codix fluorescent light. The jaw
sizes and seasonal jaw increments were measured using
the SPOT 5.0 Advanced Software (Fig. 2).
Jaw length at the time of tagging was defined
as the distance from the oral tip to the calcein and/or
calcein blue mark (Fig. 2A, B). For tagged sea urchins
collected after 376 d, the distance from the calcein mark
to the epiphysis junction was considered the 1-year jaw
increment (Fig. 2C), the distance from the calcein blue

A)

mark to the epiphysis junction was the increment during
Season 2 (Fig. 2D), and the distance between calcein
and calcein blue marks was the increment during Season
1 (Fig. 2E). In addition, the distance from the calcein
mark to the epiphysis was the jaw increment during
Season 1 (Fig. 2C) for the sea urchins collected 176 d
after tagging.
We applied analysis of covariance (ANCOVA) to
compare the mean sea urchin jaw growth among season
1, season 2 and the whole year. The response variable
refers to the sea urchin jaw growth and the predictor
to the main effects of the season and jaw size at the
beginning of the experiment.

Calcein Blue Tag

C)

Internal Edge
Oral Tip

Epiphysis

External Edge

Epiphysis
Junction

B)

1 year Growth

D)

Calcein Tag

Season 2 Growth

E)

Jt
Jt+1

∆J
1.0 mm

Season 1 Growth

Fig. 2. Jaw of Heliocidaris crassispina under ultraviolet illumination with A) calcein blue tag, B) calcein tag. Measurements showing increment
of jaw length (ΔJ), jaw length at the time of tagging with calcein (Jt) and jaw length at the time of recapture after one year (Jt+1). C) 1-year growth
increment (sea urchins collected 376 d after tagging) or Season 1 growth (sea urchins collected 176 d after tagging); marked with calcein. D) Season
2 growth, marked with calcein blue. E) Merged pictures of sequential marking showing seasonal growth over 1 year (376 d); distance between
the calcein blue mark and calcein mark is also the Season 1 growth (sea urchins collected 376 d after tagging). A–B: magnification 8.5x. C–E:
magnification of 50x.
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We used a derivation of the von Bertalanffy
growth model incorporating seasonal variation (Eqs.
1–4) to estimate the seasonal and non-seasonal (yearly)
sea urchin growth (Clasing et al. 1994; Somers 1988):

calcein and calcein blue tags, we transformed growth
parameters from jaw length (mm) into test diameter
(mm) using an allometric relationship between jaw
length (mm) and test diameter (mm) established from
all tagged sea urchins at the time of recapture with data
combined for only the annual tags:

Dt = D∞{1 - e-[K(t-t )-s(t)+s(t )]},(1)

TDt = αJ tβ,(4)

where Dt is the expected or average test diameter size at
time t, D∞ the model asymptote for the average length,
K the exponential rate of approach to the asymptotic
length (growth constant), and t0 the theoretical age when
Dt = 0. The term t0 is lost when a difference equation is
formed.

where α and β are constants calculated using a model
II linear regression. Data were log transformed when
necessary to meet the assumptions of normality and
homogeneity of variance. Normality was tested using
the Shapiro-Wilk’s test and homogeneity of variances
using the Levene test. All analyses were carried out
using R version 2.11 R environment version 3.6 (R
Development Core Team 2019). The data and script for
ﬁtting these models and reproducing the illustrations
of this study are available in the supplementary
information.
This seasonal model was previously used
to estimate the growth of the fishes Salmo salar,
Trisopterus esmarkii, Sciaenops ocellatus (Cubillos et
al. 2001; Pauly et al. 1992; Porch et al. 2002) and the
gastropods Venus antiqua and Nassarius reticulatus
(Chatzinikolaou and Richardson 2008; Clasing et
al. 1994). For sea urchins, the seasonal growth was
previously estimated with monofilaments and using
the size-frequency distributions of Strongylocentrotus
purpuratus based on monthly collected data over one
year (Ebert 2020 1968).

Modelling

0

0

For the von Bertalanffy growth model with seasonal
variation in (1), the change in average test diameter size
is given by
∆D = Dt+∆t - Dt
= (D∞ - Dt){1 - e-[K∆t-s(t)+s(t+∆t)]}(2)
where Dt is the original size, Dt+∆t the size after some
time period. ∆t = t2 - t1, where t1 is the time of tagging
and and t2 the time of measurement in Julian date since
1 January (Julian date description, Pritchett 1947). S(t)
indicates the seasonal growth pattern of the sea urchin
which is defined as
S(t) =

CK
sin2π(t - ts),(3)
2π

ts is the parameter that defines the beginning of the
sine wave (-0.5 ≤ ts ≤ 0.5). The starting point of the
oscillation with respect to t = 0 is the time between
time 0 and the start of the convex portion of the ﬁrst
sinusoidal growth oscillation (i.e., the inﬂection point).
t is the Julian date starting with 1 January as 0 (age at
which the length is 0). C is the amplitude of the growth
oscillation and corresponds to the proportion of the
decrease in growth at the depth of the oscillation (i.e.,
‘‘winter’’); when C = 0, there is no seasonal effect.
The non-seasonal result was obtained by
restricting C = 0 (no seasonal effect). To estimate the
parameters of seasonal and non-seasonal von Bertalanffy
models, the parameters of the allometric equation and
the parameters of seasonal and non-seasonal models of
test diameter, the Broyden-Fletcher-Goldfarb-Shanno
(BGFS) algorithm was applied to minimize the sum
of squared errors in the R environment version 3.6 (R
Development Core Team 2019).
To estimate the original test diameter (TD,
mm) from changes in jaw length (J, mm) based on

RESULTS
Recapturing sea urchins tagged with calcein
and calcein blue
The sea urchins tagged with calcein on 15
February 2012 ranged from 9.1 to 53.2 mm in test
diameter (n = 827) and those captured and tagged
with calcein blue on 30 August 2012 ranged from 7.2
to 48.3 mm in test diameter (n = 803). The size range
of the 50 individuals collected after six months on 30
August 2012 was 27.1 to 44.2 mm in test diameter,
and only three carried the calcein tag. Of the 412
individuals collected after one year on 26 February
2013 (18.9 to 42.7 mm in test diameter), 57 were tagged
(18.9 to 40.6 mm in test diameter); 34 of these carried
the calcein blue tag, 15 the calcein tag, and five both
tags. Growth of the latter five individuals was added to
growth analysis (or estimates) for Season 1, Season 2
and the whole year. Overall, the percentage of recovered
individuals with a fluorochrome tag was 5 to 6% (Fig. 3).
© 2021 Academia Sinica, Taiwan

Zoological Studies 60:38 (2021)

page 6 of 10

Allometric relationship between demi-pyramid
length and test diameter
The following equation describes the allometric
relationship between test diameter (TD, mm) and jaw
length (J, mm) (Fig. 4):
TD = 10.979J 0.561(R2 = 0.482, n = 57, p < 0.01)

(5)

Growth
Growth data were obtained from each individual
(18.9 to 42.7 mm in test diameter). Sea urchin jaw

growth was based on measurements of growth lines
of successfully tagged individuals except sea urchins
recovered tagged with both fluorochromes after 1-year
growth (Fig. 5). After applying ANCOVA, we found
that there was no homogeneity of regression slopes as
the interaction term was statistically significant at a
5% level, critical value F (2, 61) = 3.14 and p-value =
0.0004. The mean growth rate was 3.43 ± 0.73 mm in
test diameter (mean ± SE) during Season 1 and 2.23 ±
0.47 mm during Season 2. The mean increase in test
diameter over the year was 4.62 mm, less than the sum
of the mean growth rate (5.29 mm in test diameter) for
50
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40

Recaptured-Tagged
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20
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40
Test diameter (mm)
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Fig. 3. Size-frequency distribution of Heliocidaris crassispina
tagged with calcein and calcein blue (n = 1630). Solid bars represent
recaptured individuals with tags at the end of the experiment (n = 57).
The mean test diameter (TD) of the tagged and recaptured individuals
with tags was 33.0 and 34.0 mm, respectively.
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Fig. 4. Allometric relationship between jaw (demi-pyramid) length
and test diameter (TD) for all recovered Heliocidaris crassispina with
tags (n = 57).
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Fig. 5. Heliocidaris crassispina annual (n = 15) and seasonal growth: Season 1 (n = 8) and Season 2 (n = 39). Relationship between increment in jaw
length after 1 year in the field and jaw length at the time of tagging.
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sea urchins in the field. Our results show a lower growth
rate during September 2012–February 2013 (Season
2) than February–September 2012 (Season 1). Season
2 corresponded to the time when H. crassispina had a
lower mean gonadosomatic index (2.4) (compared to
4.3 in Season 1), indicating that slower somatic growth
coincided with slower gonadal growth in this sea urchin
10

a)

Jaw length (mm)

8
6

Seasonal
Non-seasonal

4
2

0
40

b)

30

Test diameter (mm)

the two seasons.
The parameters of the seasonal and non-seasonal
von Bertalanffy growth functions are shown in table 1.
The amplitude of the seasonal growth parameter in jaw
length is larger than 1, suggesting a difference in the
growth of Heliocidaris crassispina in the two seasons,
with a slower growth rate in Season 2 than Season 1.
The parameter C measures the size of seasonal variation
in growth. In particular, when C is greater than 1 or
less than -1, the sea urchins will shrink during the nongrowth season. When C is equal to 0, the growth of
sea urchins has no seasonal variation. The calculated
asymptotic values for both models were similar. The
predicted maximum (asymptotic) size was 38.2 mm
in test diameter based on the seasonal growth model
and 38.1 mm based on the non-seasonal model. The
slopes, represented by the growth constant K (year-1),
in the seasonal model was larger than in the nonseasonal model (0.57 vs. 0.42) and t0 (year) values were
also similar. Our estimations indicated that seasonal
variations in growth were greatest during the first five
years, and less for sea urchins older than seven years.
Growth of older sea urchins was similar in different
seasons and similar to that predicted by the nonseasonal growth model (Fig. 6).
We estimated the growth of test diameter with and
without seasonal variation separately, indicating that
test diameter growth curve with and without seasonal
variations may not be close to each other. Furthermore,
the test diameter growth curve included the randomness
due to the estimated allometric equation of jaw length
and test diameter.

20

10

DISCUSSION
Most studies of sea urchin growth have focused
on yearly growth, and have not taken seasonality
into account (Ebert 2020). Our sequential labeling
technique showed a seasonal change in growth of the
purple sea urchin Heliocidaris crassispina, illustrating
the potential applicability of using two fluorochromes
(calcein and calcein blue) to study seasonal growth of

0
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7
Age (years)

8
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10

Fig. 6. Seasonal (solid lines) and non-seasonal (dash lines) growth
for Heliocidaris crassispina described by the von Bertalanffy model
(n = 67) for jaw length (a) and test diameter (b).

Table 1. Growth parameters of tagged Heliocidaris crassispina collected at Nine Pins describing the von Bertalanffy
seasonal and non-seasonal growth for jaw length and test diameter
Model
Jaw length
Test diameter

Seasonal
Non-seasonal
Seasonal
Non-seasonal

D∞ (mm)

J∞ (mm)

K (year-1)

C

ts

t0 (year)

38.191
38.125

8.946
8.961
-

0.569
0.544
0.568
0.417

1.314
0
1.193
0

-0.021
0
-0.295
0

0.091
-0.005
-0.007
-0.013
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population (Urriago et al. 2016).
In Hong Kong, a large diversity and an abundance
of foliose, filamentous and encrusting algae are present
during most of Season 2, and these algae almost
completely disappear in Season 1 when the seawater
warms up (Kaehler and Kennish 1996). Our results
showed that the growth rates of H. crassispina were low
when algal production was high, which may indicate
that there is a lag between the time with high food
abundance and the time of somatic and gonadal growth
in this species of sea urchin.
Johnson et al. (2013) evaluated the growth of
2-month-old Strongylocentrotus droebachiensis sea
urchins using sequential tagging in the laboratory
by batch-marking via immersion in baths containing
fluorochromes tetracycline, calcein, calcein blue, and
alizarin complexone. Neither growth nor survival
were affected by marking, and the internal marks were
subsequently seen in 99% of the tagged individuals after
1 year. Also, 92% adults of S. droebachiensis injected
with the four fluorochromes recovered after two years
showed visible tags. Since internal fluorochrome marks
have been detected after 3.9 years in sea urchins (Lamare
and Mladenov 2000) and after at least 10 years in corals
(Rosenfeld et al. 2003), they have the potential for use
in studies of seasonal growth of sea urchins lasting more
than one year.
Despite the potential of sequential fluorochrome
tagging, in our study the percentage of tagged sea
urchins captured was low, which limited the effective
use of these data in modelling urchin growth and
mortality. A previous study using calcein as the growth
marker also found that the tagging success for this
species was low (Lau et al. 2011). In this study, we fed
the sea urchins in the laboratory during the tagging
process and kept them under observation for 24 h after
tagging, and increased the number of sea urchins tagged
and recaptured, but the results were still not satisfactory.
Since food availability may promote calcification and
thus tagging success, if the tagging is conducted when
food is abundant in the field (i.e., November to March),
perhaps the adults could be injected with fluorochrome
in situ to reduce the potential for physiological stress
caused by transporting and rearing sea urchins.
Alternatively, the fluorochrome concentration used for
injection into adults, and exposure time for bathing
juveniles for this species could be increased. The
fluorochrome concentration and exposure time we
adopted have worked well in a few other species of sea
urchins (Ellers and Johnson 2009; Haag et al. 2013;
Johnson et al. 2013), but they may not be appropriate
for H. crassispina. Of course, one has to bear in
mind that increasing the fluorochrome concentration
and exposure time may cause physiological stress
© 2021 Academia Sinica, Taiwan
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or even death, therefore small scale trials should be
conducted in the laboratory in order to come up with an
optimal tagging procedure for this species. Moreover,
knowledge of whether the urchins could successfully
attach to the rocks and the extent to which this sea
urchin moves around after tagging would be useful.
Although a previous study has indicated that this sea
urchin has very limited locomotive capability with a
daily activity range confined to 5 m (Freeman 2003), it
is not known whether some of the tagged individuals
in our study were washed away by waves and currents
before they could firmly attach to the rocky substrate.
So, collecting tagged H. crassispina beyond the tagging
zone may increase the chance of capturing tagged sea
urchins. Ebert and Russell (1993) evaluated the growth
and mortality of the sea urchin Strongylocentrotus
franciscanus by tagging individuals with tetracycline
in the field. They had a similar problem of capturing
a small number of tagged sea urchins, suggesting that
their low capture rate of tagged animals was due to the
movement of the tagged sea urchin out of and untagged
S. franciscanus into the tag area.
CONCLUSIONS
The present field experiment is the first to provide
information on the seasonal growth of the purple
sea urchin Heliocidaris crassispina using sequential
fluorochrome tagging. This species showed slower
growth rates during Season 2 compared with Season 1.
The slower growth in Season 2 was probably related
to the reproductive cycle, which coincided with slow
gonadal growth in this sea urchin population. Our study
revealed the potential of using sequential fluorochrome
tagging to study the seasonal growth of H. crassispina
as well as other echinoderms and shellfish in the
field. We recommend small-scale trials to evaluate
the marking success before conducting full-scale
experiments.
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Supplementary Materials
Fig. S1. A) Heliocidaris crassispina (> 20 mm in test
diameter) tagging by injecting 2 ml of calcein solution
into the coelom (500 ppm of calcein in natural ﬁltered
seawater). B) Outdoor tanks with a continuous flow
of sea water where sea urchins were fed for 3 d after
tagging. (download)
Fig. S2. Heliocidaris crassispina late juveniles
(< 20 mm in test diameter) bathed in the fluorochrome
calcein solution (500 ppm of calcein in natural ﬁltered
seawater). Sea urchins were fed in aerated seawater.
(download)
DataSet. The data below were used to create figures 5
and 6 and parameters in table 1. Yearly data (t = 1 and
dt = 1), Season 1 data (t = 1.5 and dt = 0.5), Season 2
data (t = 1 and dt = 0.5, initial jaw size in mm (JS_start),
final jaw size in mm (JS_end), final test diameter in mm
(TD_end). (download)

