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INTRODUCTION

Abalone (Haliotis diversicolor) is one of the impor-
tant commercial shell species in Taiwan, as well as
a precious marine resource in the world. The distri-
bution of abalone extends along Japan, south of
Korea, south of China and Taiwan. Locally in
Taiwan, abalone are mainly found along the north-
eastern, eastern and southern coast, as well as in
the Penghu islands.1,2 In north-eastern Taiwan,
abalone are chiefly caught by fishermen and
poachers for sale and by amateur divers for plea-
sure; however, there is not yet any systematic col-
lection of such catch data. Declining stock, as a
result of exploitation of this species in the 1970s,
has prompted the Taiwanese government to set up
protection zones along the coast. In addition to
conserving the abalone population, a department
responsible for culturing and releasing abalone was
also established for stock-enhancement purposes.

Studies on tagging and marking abalone had
been performed but failed to obtain satisfactory

results. In some cases, the tagging or marking
made was far from ideal (RJ Tzeng, unpubl. data,
1996) and the marking may result in lower growth
speed (RJ Tzeng, unpubl. data, 1997). Because it is
difficult to distinguish between cultured and wild
abalone in the sea, the effects of the release
program remain unknown and the total abalone
population has never been assessed.

Stable isotope profiles have been used to study
environmental factors influencing the habitat of
gastropod shells5 and fish,4 to explore the physical
and metabolic processes of ecosystems5 and to
examine dietary changes in birds,6 as well as for the
identification and discrimination between popula-
tions of migratory birds9 and fish.8 The oxygen
isotope values of shells vary with the temperature
of the water and isotope values of water mass. It
has been found that the higher the water temper-
ature, the lower the oxygen isotope values will be.9

Generally speaking, the isotope values of seawater
are more stable than those of freshwater because
freshwater is usually subjected to geographic and
hydrologic influences. Oxygen isotope values of
seawater are also dependent on salinity. That is, the
higher the salinity, the higher the oxygen isotope
values.10 In addition, mineral crystallization can
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isotope values, the carbon isotope values of arago-
nite are usually higher than those of calcite. Some
studies have shown that the carbon isotope values
of fast-growing shells are lower than those of shells
that are slower growing.22 Definitely, the physiology
of living organisms can affect the fractionation of
stable isotopic profiles, but the mechanism behind
such influences is very complicated and much
remains to be understood.3

The aim of the present study was to distinguish
cultured abalone from wild abalone and to esti-
mate stock size in Mao Aw Gulf, north-eastern
Taiwan using stable carbon and oxygen isotope
analyses with quadrate surveys.

MATERIALS AND METHODS

In order to estimate the density and abundance of
abalone in Mao Aw Gulf, north-eastern Taiwan, the
area of the gulf was divided into five experimental
sites (Fig. 1). Site I is situated near the harbor, is
shallow and is mainly made up of sand. Sites II and
IV are at the opposite sides of the gulf and have
many reefs. Site III is located at the estuary of the
gulf and is relatively deeper. Towards the tip of the
estuary, the water becomes shallower and there are
many reefs. Finally, site V is at the outer left of the

affect isotope values. In general, aragonite has
higher oxygen isotope values than calcite.11

The carbon isotope values of shells also vary
with the temperature of the water and isotope
values of water mass. However, the effect of water
temperature remains unclear. Some studies have
found that the higher the water temperature, the
higher the carbon isotope values will be,12-14

whereas other studies have revealed conflicting
results.9 In some studies, water temperature was
found to have little influence upon carbon isotope
values.15 Apart from the possible effects of water
temperature, the carbon isotope values of seawa-
ter are mainly influenced by an interaction
between seawater and atmosphere,5 the photosyn-
thesis of plankton,5 the decomposition of organ-
isms,16 upwelling17,18 and influx of freshwater.3,19,20

The surface seawater usually has higher carbon
isotope values because [12C], being much lighter
than [13C], is consumed by plankton for photosyn-
thesis. However, seawater at a deeper level has
lower carbon isotope values because much [12C] is
released by the decomposition of organisms. In
upwelling areas, water mass at a deeper level is
taken up to the surface.9,21 As a result, the carbon
isotope values in upwelling areas are lower. In con-
trast, the carbon isotope values of freshwater are
influenced by soil and plants.3,19,20 Like oxygen

Fig. 1 Sampling locations in Mao
Aw Gulf, North-eastern Taiwan.
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gulf, where there are also many reefs. Moreover,
area less than 1 m in depth at site I1,2 and areas
greater than 15 m in depth in sites II and III23 were
excluded when estimating the total habitat area of
abalone. This is because abalone are rarely found
in these areas. Abalone were sampled monthly
from July 1997 to September 1998, with the excep-
tion of August 1997, January–February 1998 and
August 1998 because of bad weather. In addition,
samples were taken in March 1999. At all five
experimental sites, duplicate samples were taken
from water of both greater and less than 5 m in
depth. Live abalone and dead shells were collected
by divers with an 80 ¥ 80 cm frame. Ten frames were
used for each sampling. Overall, there were five
samplings in 1997, six samplings in 1998 and one
sampling in 1999. Environmental factors, includ-
ing water temperature, salinity, pH value and dis-
solved oxygen were also measured at the same time
as each sampling. The following formulae and
variables were used for stock estimation.

Using the hypothsis that the distribution of wild
and released abalone follows a binomial distri-
bution, let wi, Wi and pi be the observed number
per quadrant of wild abalone in the i – th site, the
estimate of the total number of abalone and the
proportion of wild abalone, respectively. Then, 
the point estimate of Wi and the variance of the
estimate were calculated as follows.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

where i = 1, 2, … 5 site, j = 1, 2, … Ai sampling time
at the i – th site, yi,j is the observed live wild abalone
at the i – th site and the j – th sampling time, is 
the mean density at the i – th site, ni is the sampling
area at the i – th site, Ŝ2

i ; is the variance at the i – th
site, Ni is the sea area at the i – th site and Ŷ; is the
estimated wild stock abundance at the i – th site
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(i.e. the mean density of an 80 ¥ 80 cm frame mul-
tiples the sea area at the i – th site). Similarly, we
can estimate the stock amount and variance of the
released abalone.

As for sample preparation, shells were first
scraped and then soaked in 10% NaClO for 24 h to
remove any encrusting organisms. Shells were then
washed with 1 M HCl and rinsed with excluded ion
water. When dry, the shells were drilled with a 
0.5 mm dental burr (Fig. 2). Shell materials were
taken from holes drilled parallel to the growth lines
at intervals of 2 mm and, from each hole, 3–6 mg
powder was collected.3 The powder was reacted at
70°C with phosphoric acid and the evolved CO2

was analyzed on a Finnigan Delta plus mass spec-
trometer (Global Headquarters, San Jose, CA, USA).
Carbon and oxygen isotope values are reported in
standard permillage notation (d) relative to the
PDB carbonate standard, a Cretaceous belemnite
(Belemnitella americana) from the Peedee Forma-
tion of South Carolina, USA, as defined by the 
following equation:6

where R is the mass ratio ([13C]/[12C] or [18O]/[16O])
of the sample or standard. Analytical precision of
the reported measurements is ± 0.03‰ (1 SD) or
better.24

RESULTS AND DISCUSSION

Stock discrimination

The present study analyzed the stable carbon
isotope profiles of abalone samples from the 
culturing pools (one specimen in April 1998, two
specimens in June 1998 and one specimen in Sep-
tember 1998) and from the gulf (one specimen in
September 1997, one specimen in April 1998, three

d = -( )¥R Rsample standard 1 1000

Fig. 2 Holes drilled along the growth line of abalone.



Isotope discrimination of abalone FISHERIES SCIENCE 1023

specimens in June 1998 and one specimen in
March 1999). The d [13C] profiles of samples from
the culturing pools showed that the mean carbon
values were 0.72 in April 1998, 0.30 and 0.31 in June
1998 and 0.02 in September 1998. The highest
value was 1.06, whereas the lowest value was –0.89
(Fig. 3). In contrast, data from the gulf showed that
the mean carbon values were 1.69 in April 1998 and
1.80 and 1.58 in June 1998. Among these three
samples, the highest value was 2.17 and the lowest
was 1.02 (Fig. 4). As for the three other specimens
from the gulf, they showed a different pattern,
revealing two stages in their profiles. The values
near the shell apex were lower than those far from
the shell apex. The mean carbon values near the
shell apex were 0.53, 0.52 and 0.53, whereas those
far from the shell apex were 1.48, 1.85 and 1.69 for
specimens obtained in September 1997, June 1998
and March 1999, respectively (Fig. 5). The mean
stable carbon isotope values of all specimens were

Fig. 3 Carbon isotope values along the growth line of
cultured abalone.

Fig. 4 Carbon isotope values along the growth line of
wild abalone.

Fig. 5 Carbon isotope values along the growth line of
some abalone from the gulf show that the values near the
shell apex were lower than those far from the shell apex.
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analyzed statistically using Scheffé’s method.25 This
showed that the carbon isotope values of the three
wild abalone and those for samples taken far from
the shell apex of three other abalone from the gulf
are not significantly different (P > 0.01). However,
values of the four pools culturing abalone and
those for samples taken near the shell apex of the
three other abalone from the gulf are different, the
former six mean values being significantly differ-
ent compared with the latter seven mean values (P
< 0.01; Table 1). Therefore, we can conclude that the
three other specimens from the gulf had lived in
two different environments, first probably in the
culturing pool and then in the sea. In addition, the
average length near the shell apex, which showed
lower carbon values, was 23 mm for these three
specimens. This coincides with the length of hatch-
ery produced abalone released to sea farms, which
is generally between 20 and 30 mm. The above data
indicate that these three specimens had been cul-
tured in pools and then released into the sea. In
other words, they should be released abalone.
Hence, the difference in carbon isotope values on
the same specimen may shed light on its identity
and life history. In the future, a simple verifying test
should be undertaken. Some cultured abalone will
be released to a protective area in the gulf for a
period of time and then these abalone will be ana-
lyzed to determine whether the carbon isotope
patterns along the growth line are similar to those
shown in Fig. 5.

Furthermore, we can also distinguish released
abalone from wild abalone by measuring their
carbon isotope values at approximately 23 mm
from the shell apex (Fig. 6). Lower values indicate
that specimens are cultured abalone, whereas
higher values indicate that they are wild abalone.
Not only can stable carbon isotope analysis be
used to distinguish cultured species from wild
types, but it can also be performed with only a tiny
amount of material and requires no external
tagging or marking. Specifically, this method can
effectively improve the previous tagging and/or
marking studies (RJ Tzeng, unpubl. data, 1996,
1997). Thus, examining the carbon isotopic profiles
proves to be a practical and feasible method for
stock discrimination. Studies showing evidence 
of variation in isotope values for living organisms
in different environments can be found in the 
literature.18,19,26

Abundance estimation

There were four, eight, seven, two and seven indi-
viduals observed in 1997 for sites I–V, respectively,
and nine, 29, 27, four and 43 in 1998, respectively.Ta
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Pan, pers. comm., 1999), the survival rate of
released abalone was approximately 3.59%. In
1998, the estimated abundance of released abalone
over the total population in the gulf was approxi-
mately 5.90%. Compared with the 400 000 previ-
ously released abalone, the survival rate was
approximately 5.13%. Hence, the average survival
rate of released abalone in these 2 years was
approximately 4.36%.

Climatic changes

The temperature of the gulf decreased from
November 1997 to January 1998, increased from
February 1998 to July 1998 and finally decreased
again from August 1998 to January 1999, showing a
seasonal periodic cycle. In addition, the local water
temperature of the gulf showed a trend similar to
that of the seasonal climatic variation. Although
complete seasonal data for water temperature are
unavailable, the changing trend of the air temper-
ature serves as a helpful source of information for
analysis (Fig. 7a).

Of the two specimens cultured between Novem-
ber 1998 and January 1999, their isotopic profiles
were found to decrease with the rise in tempera-
ture and increase with the drop in temperature
(Fig. 7b,c). That is, when compared with the tem-
perature profiles, it can be seen that the higher the
temperature, the lower the oxygen values will be
and vice versa. There exists an inverse relationship
between temperature and oxygen isotope values.

In 1997, the estimated density per 0.64 m2 was
0.208 for wild abalone and 0.107 for released
abalone. In addition, the estimated abundance was
134 473 for wild abalone and 16 176 for released
abalone. Therefore, the total density and popula-
tion of abalone in the gulf was 0.315 per 0.64 m2

and 150 649 individuals (Table 2). Similarly, in
1998, the estimated density per 0.64 m2 was 0.507
for wild abalone and 0.032 for released abalone. In
addition, the estimated abundance was 327 390 for
wild abalone and 20 513 for released abalone. Thus,
the total density and population of abalone in the
gulf was 0.539 per 0.64 m2 and 347 903 individuals
(Table 3).

In 1997, the estimated abundance of released
abalone over the total population in the gulf was
approximately 10.74%. Furthermore, compared
with the 450 000 previously released abalone (MS

Fig. 6 Carbon isotope frequencies for wild and released
abalone at sea.

Table 2 Estimated mean densities and amount of wild
and released abalone in Mao Aw Gulf, North-eastern
Taiwan in 1997

No. individuals Sea area Amount of 
Site (/0.64 m2) (¥ 104 m2) abalone

Wild abalone
I 0.150 ± 0.150 20.70464 48 527 ± 75 762
II 0.400 ± 0.112 6.98411 43 651 ± 12 222
III 0.350 ± 0.109 1.87547 10 256 ± 3194
IV 0.100 ± 0.069 8.25347 12 896 ± 8898
V 0.350 ± 0.131 3.50054 19 144 ± 7165
Total 0.208 ± 0.080 41.31823 134 473 ± 103 059

Released abalone
I 0.250 ± 0.250 20.70464 16 176 ± 22 515
II – 6.98411 –
III – 1.87547 –
IV – 8.25347 –
V – 3.50054 –
Total 0.107 ± 0.025 41.31823 16 176 ± 14 763

Data are the mean ± SD.

Table 3 Estimated mean densities and amount of wild
and released abalone in Mao Aw Gulf, North-eastern
Taiwan in 1998

No. individuals Sea area Amount of
Site (/0.64 m2) (¥ 104 m2) abalone

Wild abalone
I 0.286 ± 0.101 20.70464 92 524 ± 61 737
II 1.000 ± 0.212 6.98411 109 127 ± 30 026
III 0.929 ± 0.170 1.87547 27 224 ± 7177
IV 0.143 ± 0.067 8.25347 18 441 ± 8640
V 1.464 ± 0.270 3.50054 80 075 ± 19 721
Total 0.507 ± 0.068 41.31823 327 390 ± 113 730

Released abalone
I 0.036 ± 0.036 20.70464 11 646 ± 9239
II 0.036 ± 0.036 6.98411 3929 ± 1009
III 0.036 ± 0.036 1.87547 1055 ± 290
IV – 8.25347 –
V 0.071 ± 0.050 3.50054 3883 ± 815
Total 0.032 ± 0.020 41.31823 20 513 ± 7767

Data are the mean ± SD.
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The effects of temperature on oxygen and carbon
isotopes have been discussed by Grossman and
Ku.9 Therefore, on the basis of the specific temper-
ature of each month and the inverse relationship
between oxygen isotope values and temperatures,
we can estimate the age of the specimens sampled.
Using stable oxygen isotope analysis to estimate
the ages of molluscs is usually read in studies of
fossil gastropods.9,20,26 Among all released speci-
mens from the gulf, the oldest specimen was esti-
mated to be 3.24 years of age. This proves that
some of the juvenile abalone released many years
ago have survived.

The relationship between mean density and
environmental factors at the five sites is shown in
Fig. 8. The relationship between mean density and
pH values is positive (i.e. the higher the pH value,
the higher the mean density will be). The coeffi-
cient of correlation (r) for this relationship is 0.9073
(P < 0.05). However, the relationship between mean
density and dissolved oxygen shows a negative

trend (i.e. the higher the dissolved oxygen, the
lower the mean density), with r = –0.5844, but the
difference is not significant (P > 0.05). In addition,
the relationship between mean density and tem-
perature, as well as the relationship between mean
density and salinity, also shows no significant
trends.

To address the issue of declining stocks and with
the purpose of enhancing abalone resources, many
coastal district governments have been involved in
the culture and release of abalone seeds. So far, the
results of such efforts remain unknown because of
the difficulty of stock estimation. In particular, it
was difficult in the past to make any distinction
between released and wild abalone. Nevertheless,
such problems can now be overcome by using
isotope analysis. Discrimination can be easily
made between released and wild abalone by mea-
suring their carbon isotope values at approxi-
mately 23 mm from the shell apex. In this way, the
respective populations can also be estimated.

Fig. 7 Relationship between oxygen isotope values and
temperatures. (a) Climate temperatures and local water
temperatures from November 1997 to January 1999. (b,c)
Oxygen isotope values along the growth line of two cul-
tured abalone.

Fig. 8 Relationship between mean density and envi-
ronmental factors at the five experimental sites.
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