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Variation in Embryonic Temperature Sensitivity among Groups of
the Sea Urchin, Hemicentrotus pulcherrimus,
which Differ in their Habitats

Hirosuke Fuiisawa

Faculty of Education, Saitama University, Saitama 338, Japan

ABSTRACT—The sea urchin, Hemicentrotus pulcherrimus, spawns during winter and spring in Kagoshima, Aomori and
Kanagawa. The seawater temperature during the spawning season ranges from about 16 to 19°C at Sendai, Kagoshima,
from about 12 to 15°C at Misaki, Kanagawa, and from about 5 to 7°C in Mutsu Bay, Aomori. Among the groups of this
species differing in their habitats, optimal temperature ranges for development were found to differ significantly and the
difference corresponded to the difference in seawater temperature during the spawning season. Despite the difference in
the optimal temperature range for development among the groups, the relationship between developmental speed and
temperature within the common optimal temperature range for these groups was nearly constant.

The thermotolerance of embryos produced by cross-fertilization between the group from Kagoshima and that from
Aomori was also examined. These embryos showed maternal inheritance of embryonic thermotolerance.

INTRODUCTION

The sea urchin, Hemicentrotus pulcherrimus, is one of
the most widely distributed indigenous echinoids in Japan.
The northern limit of its distribution is around the southern
coast of Hokkaido, while the southern limit is Kagoshima
Prefecture except for the southernmost area including the
Satsuma and the Osumi Peninsula.

This species usually spawns during winter and early
spring; from January to early April at Sendai, Kagoshima, as
well as at Misaki [19], and from January to early May in
Mutsu Bay, Aomori. Although the spawning seasons are
nearly the same in both areas, the seawater temperatures
during the seasons are significantly different; from 16 to 19°C
in Sendai, compared with 5 to 7°C in Mutsu Bay. The
difference in seawater temperature between the areas during
the spawning season is as high as 12°C.

In general, distribution and spawning season depend on
species-specific embryonic thermotolerance [10]. A typical
example is the thermotolerance of the sea urchin Diadema
setosum. This sea urchin spawns from May to November in
the Ryukyus, throughout the year near the equator [12, 22,
23, 26], while only for one or two weeks in late August at the
northern limits of its distribution such as Sagami Bay and
Suruga Bay [29]. The distribution and the span of the
spawning season have been reported to depend on the
seawater temperature being above about 25°C for at least one
month in a year [20, 21]. In contrast, H. pulcherrimus
spawns during winter and early spring irrespective of the
latitudinal difference of its habitats. Therefore it seems
probable that embryonic thermotolerance of this species may
be different among individuals differing in their habitats.

The present study examined the difference in embryonic
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thermosensitivity among individuals of H. pulcherrimus in-
habit at Sendai, Misaki and in Mutsu Bay.

MATERIALS AND METHODS

Specimens of H. pulcherrimus from Mutsu Bay were supplied by
Asamushi Marine Laboratory, Tohoku University. Specimens from
Misaki, Kanagawa, were obtained from Misaki Marine Laboratory,
University of Tokyo, and those from Sendai, Kagoshima, were
gifts from Prof. Junzo Tsukahara, Kagoshima University. The sea
urchins from Mutsu Bay were kept at 8 to 10°C, those from Misaki at
12°C, and those from Sendai at 20°C in a laboratory at Saitama
University.

For comparison of embryonic temperature dependence of the
species, other three other species of sea urchin, Echinometra mathaei
(A type), Anthocidaris crassispina, and Strongylocentrotus
droebachiensis were used.  E. mathaei was collected in Okinawa and
used in August. A. crassispina was supplied by Misaki Marine
Laboratory and used in July. These two species were kept at room
temperature in a laboratory at Saitama University. S. droebachien-
sis was collected in Puget Sound, Washington, USA, and used at
Friday Harbor Laboratories, University of Washington.

Seawater temperatures were taken from data recorded at the
Kagoshima Prefectural Fisheries Experimental Station, the Misaki
Marine Biological Station, University of Tokyo, in Sagami Bay, and
the Aomori Agriculture Center, Mutsu Bay.

Eggs and sperm obtained by injecting acetylcholine (0.1 M in
seawater) into the body cavity were washed with artificial seawater
(Jamalin U) and divided into groups. Each group was suspended in
seawater in a 50-ml vessel, preincubated at a given temperature for 1
min., and then inseminated. The seawater temperature in each
vessel was adjusted using temperature-controlled water baths (Aqua,
Tokyo) with an accuracy of 0.3°C.

The optimal temperature for sea urchin embryogenesis was
defined as the temperature at which the embryos were able to
develop into gastrulae without any deformities [9, 10]. At tempera-
tures which the embryos were able to develop into normal gastrulae,
further developmental stages showed any morphological abnormali-
ties. The upper and lower limits of the optimal temperature range
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for the embryos were determined by culturing embryos at tempera-
tures increasing and decreasing at intervals of 1°C.

At each temperature, the times after insemination for 50% of
embryos to develop into the 2-cell, 4-cell, 8-cell and 16-cell stages
were measured at counting intervals of 5 min.

Relative developmental speed was calculated from the formula
defined as the ratio (1/7,)/(1/T,,), where T, is the time required to
attain a stage at a temperature within the optimum temperature
range and T, is the time required to attain the stage at the upper limit
of the range [9].

RESULTS

Seawater temperatures during the spawning season of
Hemicentrotus pulcherrimus

The spawning season of H. pulcherrimus in the three
areas examined was from winter to spring. The seawater
temperatures during the spawning season, however, were
significantly different between Mutsu Bay and Sendai. As
seen in Figure 1, the temperature during the spawning season
in Mutsu Bay ranged from 5 to 7°C, while at Sendai it ranged
from 16 to 19°C. The difference in seawater temperature
between the two areas was as high as 12°C on average. This
difference is significantly high in comparison with the range of
seawater temperature during the spawning season in Mutsu
Bay or at Sendai.
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Fig. 1. Annual changes in seawater temperature at Asamushi,
Mutsu Bay, Aomori, and at Sendai, Kagoshima. Dotted lines
indicate. the temperatures during the spawning season. Clear
circles, Asamushi; solid circles, Sendai.

Embryonic temperature tolerance of H. pulcherrimus collected
from Mutsu Bay and Sendai

The optimal temperature ranges for the embryogenesis
of H. pulcherrimus collected from Mutsu Bay (Aomori
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group), Misaki (Kanagawa group) and Sendai (Kagoshima
group) were examined by culturing the embryos from fertil-
ized eggs to gastrulae at temperatures increasing and decreas-
ing at intervals of 1°C in temperature-controlled water
baths. Table 1 shows the temperature ranges optimal for
development and the seawater temperature during the
spawning season. It is clear that in each group, the ranges of
seawater temperature during the spawning season were with-
in the optimal temperature ranges. It is also evident that the
optimal temperature range for the Aomori group was lower
than that for the Kagoshima group. The differences of both
the upper and lower limits of the optimal temperature range
between the two groups were as high as 3°C.

TaBLe 1. Temperature ranges optimal for development of
Hemicentrotus pulcherrimus embryos and seawater tempera-
ture during the spawning season

Temperature (°C)

Group Optimal range Seawater temperature
for development during spawning season

Kagoshima 8-24 16-19

Aomori 5-21 5-17

Kanagawa 5-23 12-15

Developmental times and relative developmental speed of early
cleavage stages

The timing of the 2-cell, 4-cell, 8-cell and 16-cell stages of
embryos in the three groups was measured. Intervals be-
tween the 2-cell and 4-cell, 4-cell and 8-cell, and 8-cell and
16-cell stages were nearly the same at each temperature as
shown in Table 2. Average cleavage times shown in Table 2
are the means of these three intervals at each temperature.
Slight differences in developmental time were found among
these groups, being especially conspicuous at lower tempera-
tures within the common optimal temperature range. The
embryos in the Aomori group developed considerably faster
than those in the other two groups below 12°C, while the
embryos developed only slightly more slowly above 20°C.
Differences in the developmental time of early cleavages
were also conspicuous at lower temperatures within the
common optimal temperature range. However, these dif-
ferences were relatively small in comparison with the de-
velopmental times of other species. Average early cleavage
times for the Aomori and Kagoshima groups are plotted
against temperature in Figure 2, together with plots of the
cleavage times for other species, Echinometra mathaei,
Anthocidaris  crassispina  [10] and  Strongylocentrotus
droebachiensis (unpublished data), for comparison. These
results suggest that the temperature dependence of early
cleavage time is fixed and species-specific.

Relative developmental speed in Table 3 was calculated
based on the data in Table2. T,, was taken as the time
required to attain the stage at 24 °C, the upper limit of the
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TaBLE2. Developmental times (min) of H. pulcherrimus
embryos in the Aomori, Kagoshima and Kanagawa groups

Aomori group
Temperature (°C)

Stage 5 10 12 15 20 21
2-cell 313+ 3 150+ 0 118+ 3 93+ 3 68+ 3 6343
4-cell 475+ 5 238+ 3 185+ 0 145+ 3 103+ 3 9843
8-cell 648+ 3 318+ 3 250+ 0 193+ 3 138+ 3 13343
16-cell 8304+ 5 395+ 3 318+ 3 243+ 3 178+ 3 168+3
Average
cleavage 172+14 8+ 8 67+ 2 50+ 3 374+ 4 3540
time
Kagoshima group

Temperature (°C)
Stage 8 10 12 15 20 24
2-cell 200+ 5 158+ 3 1284+ 3 93+ 3 65+ 0 5540
4-cell 323+ 3 250+ 5 203+ 3 145+ 0 100+ 0 85+0
8-cell 443+ 3 333+ 3 268+ 3 193+ 3 133+ 3 11843
16-cell 545+ 5 425+ 5 3284+ 3 248+ 3 173+ 3 14343
Average

cleavage 115+15 89+ 7 67+11 52+ 5 36+ 5 2946
time

Kanagawa group
Temperature ("C)

Stage 5 10 12 15 20 23

2-cell 343+ 8 163+ 8 1284 3 90+ 0 65+ 0 60+0
4-cell  513+13 245415 188+ 8 138+ 3 97+ 3 9040
8-cell  703+13 325415 260+15 193+12 135+ 5 12343
16-cell  880+40 413+25 330+15 240+10 1704+10 155+5

Average
cleavage 182+15 83+ 6 67+ 9 50+ 6 35+ 4 32+2
time

Numbers indicate the average +SD for two separate experiment

optimal temperature range for Kagoshima group. As is
clearly seen in Table 3, relative developmental speed was
stage-nonspecific, being dependent only on temperature.
Averages of relative developmental speed in Table 3 are
plotted in Figure 2. It was found that relative developmen-
tal speed against temperature for three groups could be
plotted approximately on a quasi-linear curve.

Embryonic temperature sensitivities of embryos produced by
cross-fertilization between the Kagoshima and Aomori groups

Cross-fertilized H. pulcherrimus embryos were made
using eggs and sperm from the Aomori and Kagoshima
groups. The optimal temperature range for Kagoshima (%)
X Aomori( {') embryos, i.e., eggs from the Kagoshima group
fertilized with sperm from the Aomori group, was 8-24°C,
the same as that of Kagoshima X Kagoshima embryos. Also
the optimal temperature range for Aomori (%) x Kagoshima
(&) embryos was 5-21°C, the same as that of Aomorix
Aomori embryos. These results confirm that the thermo-
tolerance of embryos is determined only by the eggs, and not
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FiG. 2. Average early cleavage times of sea urchin embryos. Clear
circles, H. pulcherrimus, Aomori group; solid circles, H. pul-
cherrimus, Kagoshima group; clear squares, Echinometra
mathaei; solid squares, Anthocidaris crassispina; dotted squares,
Strongylocentrotus droebachiensis.

by sperm, i.e., the thermotolerance is maternally inherited.

Developmental time of these embryos was also examined
(Table 4). The average early cleavage times of 2-cell, 4-cell,
8-cell and 16-cell embryos of Kagoshima ()X Aomori ( ')
were plotted on a curve representing the relationship between
temperature and the average early cleavage time of Kagoshi-
ma X Kagoshima embryos (Fig. 4A). Also the average early
cleavage time of Aomori ()X Kagoshima ( ') was plotted
on a curve representing the relationship between temperature
and the average early cleavage time of AomoriX Aomori
embryos (Fig. 4B). Both results indicated that the tempera-
ture dependence of early cleavage time is also maternally
inherited.

DISCUSSION

The spawning season of the sea urchin H. pulcherrimus is
nearly constant, irrespective of the wide range of its habitats.
The difference in seawater temperature between the north-
ernmost and southernmost areas of its distribution during the
spawning season is as high as 12°C, far higher than the range
of local fluctuation of seawater temperature during the sea-
son. For embryos of this sea urchin living at Misaki, the
range of optimal temperature was 5 to 21°C. The average
seawater temperature during the spawning season in Sendai is
near the upper limit of this range, while that during the
season in Mutsu Bay is near the lower limit. In general, sea
urchins spawn when the seawater temperature is completely
within the optimal temperature range. Diadema setosum,
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TaBLE 3. Relative developmental speed of H. pulcherrimus embryos in the Aomori, Kagoshima and
Kanagawa groups

Aomori
Temperature (°C)

Stage 5 10 12 15 20 21
2-cell 0.18+0.00 0.374+0.00 0.47+0.01 0.59+0.02 0.81+0.04 0.87+0.04
4-cell 0.184+0.00 0.36+0.00 0.46+£0.00 0.59+0.01 0.834+0.02 0.87+0.03
8-cell 0.184+0.01 0.37+£0.01 0.47+0.01 0.614+0.02 0.85+0.03 -0.89+0.03
16-cell 0.17+0.01 0.36+0.01 0.45+0.01 0.59+0.01 0.80+0.02 0.85+0.02
Average 0.18+0.01 0.37+0.01 0.46+0.02 0.60+0.03 0.82+0.06 0.87+0.06
Kagoshima

Temperature (°C)

Stage 8 10 12 15 20 24
2-cell 0.28+0.01 0.35+0.01 0.43+0.01 0.59+0.02 0.8540.00 1
4-cell 0.26+0.01 0.34+0.01 0.42+0.01 0.59+£0.01 0.8540.00 1
8-cell 0.27+0.01 0.35+0.01 0.44+0.01 0.61+0.02 0.88+0.03 1
16-cell 0.26+0.01 0.34+0.01 0.44+0.01 0.58+0.01 0.83+0.02 1

Average 0.27+0.02 0.35+0.02 0.43+0.02 0.59+0.03 0.85+£0.04 1

Kanagawa

Temperature ("C)

Stage 5 10 12 15 20 23
2-cell 0.16£0.01 0.34+0.02 0.43+£0.01 0.61+0.00 0.85+0.00 0.92+0.00
4-cell 0.17+0.01 0.35+0.02 0.45+0.02 0.62+0.01 0.88+0.03 0.9440.00
8-cell 0.17+£0.01 0.36+0.02 0.45+0.03 0.61+0.04 0.8740.04 0.96+0.03
16-cell 0.17+0.01 0.354+0.02 0.434+0.02 0.60+0.03 0.84+0.05 0.92+0.03

Average 0.1740.02 0.354+0.04 0.44+0.04 0.61+0.05 0.86+0.07 0.94+0.04

Numbers were based on the data in Table 2 according to the formula (1/T,)/(1/T,,), where T, is the time required to
attain a stage at a temperature within the optimal temperature range and T, is the time required to attain the stage at
247, the uppermost optimal temperature for embryos of the Kagoshima group. Numbers indicate the average +

SD
TaBLE4. Developmental times (min) of H. pulcherrimus
embryos produced by cross-fertilization between the Aomori
and Kagoshima groups
a 10 Aomori (§£)xKagoshima (')
@ - Temperature ("C)
n — Stage 5 10 12 15 19
—
= - 2-cell 310 150 125 95 75
5 — 4-cell 470 235 190 145 115
Z 05| 8-cell 650 320 255 195 155
9 | 16-cell 830 410 320 250 195
g Average
i — cleavage 173+16 87+4 6510 52+4 4010
[a) time
W -
E | _ Kagoshima (%)X Aomori (')
ﬁ 0 | | | Temperature (°C)
& 0 5 10 15 20 25 Stage 9 11 14 20
2-cell 175 140 115 65
TEMPERATURE ('C) 4ocell 275 220 170 105
Fic. 3. Relationship between temperature and relative develop- 8-cell 380 300 230 140
mental speed f’f H. pulcherr'zmus .emb.ryos with dlffgrent habi- 16-cell 480 380 285 175
tats. Clear circles, Aomori; solid circles, Kagoshima; clear A
: verage
squares, Kanagawa. Data based on Table 3. Vertical bars cleavage 10244 8040 5744 3744

indicate SD.
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Fic. 4. Temperature dependence of average cleavage time of H. pulcherrimus embryos. Data are based on Table 4. (A) Clear squares, eggs
from the Aomori group cross-fertilized with sperm from the Kagoshima group; clear circles, embryos from the Kagoshima group. (B) Solid
squares, eggs from the Kagoshima group cross-fertilized with sperm from the Aomori group; solid circles, embryos from the Kagoshima

group.

for example, spawns from late spring to autumn in the
Ryukyus (T. Uehara, personal communication) and through-
out the year in the tropics [12, 22, 23, 26], while at the
northern limits of its distribution on the Pacific side of Japan,
at sites such as Suruga Bay and Sagami Bay, the spawning
season is restricted to one or two weeks in late August, when
the seawater temperature is highest [10, 29]. It has been
suggested that this sea urchin is distributed where seawater
temperatures are above 25°C for at least one month in the
year [20, 21, 23]. H. pulcherrimus is different from this
species because its spawning season is nearly the same despite
its different latitudinal distribution. The optimal tempera-
ture ranges for embryogenesis were found to differ signif-
icantly between the Kagoshima and Aomori groups. The
difference was found to correspondent well to the difference
in local seawater temperature during the spawning season.
This phenomenon leads to the problem of whether the
embryonic thermotolerance of this species is genetically fixed
or whether this species is able to acclimatize its eggs to a given
thermal environment. I am now examining whether this
species is able to adapt its eggs to changes in external
temperature.

The relationship between cleavage interval and tempera-
ture was also examined in this study. Within the common
optimal temperature range for both the Aomori and Kagoshi-
ma groups, it was possible to plot the cleavage interval against

Downloaded From: https://bioone.org/journals/Zoological-Science on 21 May 2024
Terms of Use: https://bioone.org/terms-of-use

temperature approximately on one curve. This suggests that
the relationship between developmental time schedule and
temperature for H. pulcherrimus embryos is not affected as
much by differences in the thermal environment as by the
optimal temperature range. It is noteworthy, however, that
especially at lower temperatures within the optimal tempera-
ture range, the cleavage periods as well as the times of each
stage were shifted; embryos of the Aomori group developed
slightly faster than those of the Kagoshima group at lower
temperatures. It is uncertain why the embryos from indi-
viduals acclimatized to cold seawater were able to develop
slightly faster at lower temperatures.

An example contradictory to this case has been reported
for Paracentrotus lividus [13, 14]. The reproductive season
and embryonic thermosensitivity of this species have been
reported to differ; individuals living in the Mediterranean
have been considered to spawn several times throughout the
year, although individuals living at Roscoff, in Brittany,
spawn only once a year during the summer. Embryos
produced from winter and summer eggs from individuals
collected at Naples have been reported to show marked
differences in thermosensitivity. It will be necessary to
confirm whether each individual living in the Mediterranean
is able to spawn several times throughout the year, or once at
a different season in a year.

In this work, I also examined developmental time and
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relative developmental speed. As is clear in Table 3, rela-
tive developmental speeds were stage-nonspecific, i.e., de-
pendent only on temperature. [ have already reported that
this stage-nonspecificity of developmental times also holds for
other stages, such as the times of onset of mesenchyme
ingression and gastrulation [9]. The relationship between
relative developmental speed and temperature is depicted in
Figure 3. The curve shows that the relationship is quasi-
linear. With regard to the dependence of developmental
speed on temperature, several early embryology studies
investigated whether the Arrhenius law could be applied, but
it has become evident that the law can scarcely holds for this
relationship, and that instead the relationship can be repre-
sented as a sigmoidal curve, the major proportion of which is
linear [1,2,7, 16, 18,24, 25,27,28]. Several equations have
been proposed to describe the effect of temperature on
developmental speed [3, 8, 15, 17]. However, the precision
adopted for theoretical considerations is not always matched
in experimental procedures, and these approaches have been
unsuccessful in revealing the underlying mechanisms of the
thermal effect on developmental speed [5].

The quasi-linear relationship between relative develop-
mental speed and temperature suggests the existence of a
structure which may be sensitive to temperature and suppress
any exponential increase of biochemical reaction rates to
quasi-linear thermal dependence. Such a structure may also
determine species-specific optimal temperature ranges, as
well as enabling embryos of individuals adapted to cold
seawater to develop faster than those acclimatized to warm
seawater at lower temperatures within an optimal tempera-
ture range. The cell membrane is one candidate for such a
structure because of its delicate thermosensitivity [4-6]. 1
am now examining the possibility that membrane physico-
chemical properties may be relevant to embryonic tempera-
ture sensitivity.

The present work has also confirmed that embryonic
thermotolerance is inherited maternally. Maternal inheri-
tance of embryonic thermotolerance has been confirmed in an
experiment using hybrids produced between Dendraster ex-
centricus X Strongylocentrotus purpuratus, which differ in
embryonic thermotolerance [11]. In comparison with these
interspecific hybrids of different subclasses, the present mate-
rial is thought to be more suitable for proving the maternal
inheritance of embryonic thermotolerance.

ACKNOWLEDGMENTS

1 wish to express my appreciation to Drs. J. Tsukahara, Kagoshi-
ma University, K. Kyozuka, Asamushi Marine Biological Station,
Tohoku University, as well as to Dr. S. Amemiya and Misaki Marine
Biological Station, the University of Tokyo, for supplying sea
urchins. I also wish to thank M. Yui, M. Sasaki, T. Ishikawa, N.
Kimura, E. Honda, T. Nagashima, Y. Tanaka, N. Mizunuma and M.
Togashi for their technical assistance.

Downloaded From: https://bioone.org/journals/Zoological-Science on 21 May 2024
Terms of Use: https://bioone.org/terms-of-use

10

11

12

13

14

15

16

17

18

19

20

21

22

23

REFERENCES

Atlas M (1935) The effect of temperature on the development
of Rana pipiens. Physiol Zool 8:290-310

Bachmann K (1969) Temperature adaptations of amphibian
embryos. Am Nat 103: 115-130

Beélehradek J (1957) Physiological aspects of heat and cold.
Ann Rev Physiol 19: 59-82

Cossins AR, Bowler K (1976) Resistance adaptation of the
fresh-water crayfish and thermal inactivation of membrane-
bound enzymes. J Comp Physiol 111: 15-24

Cossins AR, Bowler K (1987) Effect of temperature on repro-
duction, development and growth. In “Temperature Biology
of Animals” Chapman and Hall. London. pp. 248-293

Cossins AR, Prosser CL (1978) Evolutionary adaptations of
membranes to temperature. Proc Natl Acad Sci USA 75:
2040-2043

Crozier WJ (1926) On curves of growth, especially in relation
to temperature. J Gen Physiol 10: 53-73

Davidson J (1944) On the relationship between temperature
and the rate of development of insects at constant temperatures.
J Animal Ecol 13: 26-38

Fujisawa H (1989) Differences in temperature dependence of
early development of sea urchins with different growing seasons.
Biol Bull 176: 96-102

Fujisawa H, Shigei M (1990) Correlation of embryonic temper-
ature sensitivity of sea urchins with spawning season. J Exp
Mar Biol Ecol 136: 123-139

Fujisawa H (1993) Temperature sensitivity of a hybrid between
two species of sea urchin differing in thermotolerance. Dev
Growth Differ 35: 395-401

Hori R, Phang VPE, Lam TJ (1987) Preliminary study on the
pattern of gonadal development of the sea urchin' Diadema
setosum off the coast of Singapore. Zool Sci 4: 665-673
Horstadius S (1973) Sea urchin gametes: where, when, and
how? In “Experimental Embryology of Echinoderms” Oxford
University Press, London. pp 25-28.

Horstadius S (1975) A note on the effect of temperature on sea
urchin eggs. J Exp Mar Biol Ecol 18: 239-242

Janisch E (1927) Das Exponentialgesetz als Grundlage einer
vergleichenden Biologie. Abh Theorie Org Entwicklung 2: 1-
371

Krogh A (1914) On the rate of development and CO, produc-
tion of chrysalides of Tenebrio molitor at different temperatures.
Z Allg Physiol 16: 178-190

McLaren IA (1965) Temperature and frog eggs. A reconsid-
eration of metabolic control. J Gen Physiol 48: 1071-1079
Moore JA (1942) Embryonic temperature tolerance and rate
of development in Rana catesbeiana. Biol Bull 83: 375-388
Mori T, Tsuchiya T, Amemiya S (1980) Annual gonadal
variation in sea urchins of the orders Echinothuridea and
Echinoidea. Biol Bull 159: 728-736

Mortensen T (1937) Contribution to study of the development
and larval forms of the echinoderms. III. Mém de I’Academie
Royale des Sciences et des Lettres de Danemark, Copenhague,
Section des Sciences, 9me série t. VII. No. 1: 1-65

Mortensen T (1938) Contribution to study of the development
and larval forms of the echinoderms. IV. Mém de I’Academie
Royale des Sciences et des Lettres de Danemark, Copenhague,
Section des Sciences, 9me série t. VII. No. 3: 1-59

Pearse JS (1968) Patterns of reproductive periodicities in four
species of Indo-Pacific echinoderms. Proc Ind Acad Sci 68B:
247-279

Pearse JS (1974) Reproductive patterns of tropical reef anim-



24

25

26

Variation in Theromosensitivity of Sea Urchin Embryo 589

als: three species of sea urchins.
1: 235-240

Ryan FJ (1941) Temperature change and the subsequent rate
of development. J Exp Zool 88: 25-54

Stephens RE (1972) Studies on the development of the sea
urchin Strongylocentrotus droebachiensis. 1. Ecology and nor-
mal development. Biol Bull 142: 132-144

Tuason AY, Gomez ED (1979) The reproductive biology of
Tripneustes gratilla Linnaeus (Echinodermata; Echinoidea),
with some notes on Diadema setosum Leske. Proc Int Symp

Proc 2nd Int Coral Reef Symp

Downloaded From: https://bioone.org/journals/Zoological-Science on 21 May 2024
Terms of Use: https://bioone.org/terms-of-use

27

28

29

Mar Biogeog Evol So Hemisphere Auckland, New Zealand 2:
707-716

Tylar A (1936) On the energetics of differentiation. III.
Comparison of the temperature coefficients for cleavage and
later stages in the development of the eggs of some marine
animals. Biol Bull 71: 59-81

Volpe EP (1953) Embryonic temperature tolerance and rate of
development in Bufo valliceps. Physiol Zool 30: 164-176
Yoshida M (1952) Some observations on the maturation of the
sea urchin Diadema setosum. Annot Zool Jpn 25: 265-271



