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Chapter 1. Introduction

Climate change mainly presented by global warming has caused increase in seawater temperature.
It potentially propels extension of marine organisms to high latitude areas. Sea urchin is one of the
ecologically important species. A few studies revealed high water temperature extended the range of
some sea urchin species poleward. Heliocidaris crassispina is originally distributed in intertidal and
shallow subtidal rocky reefs in southern Japan from Ibaraki in the Pacific Ocean and Akita Prefecture
in the Sea of Japan. In August 2014, the dense habitation of H. crassispina was found in Toga Bay
along the Oga Peninsula in the Sea of Japan. In contrast, Mesocentrotus nudus, which was predominant
there until a couple of years ago, disappeared. This study aims to figure out (1) the driver of the range
extension (2) temperature on replacement of sea urchin species and (3) reproductive adaptation of new

extender. It is the first time to study on a new sea urchin population extended during the last decade.

Chapter II. Gonad development and population structure

Spawning of H. crassispina is in July to August in southern Sea of Japan. To figure out the driver
of the range extension, and to explore the differences in the gonad development in spawning season
and population structure of H. crassispina between extended and central ranges, the gonad
development by sex, sex ratio and age composition of ~100 H. crassispina, which collected in a
Sargassum siliquastrum bed at the depths of 3—5 m in Toga Bay (extended range) in August 2014, and
on a barren at a depth of 3 m off Shitsumi, Fukui (central range) in August 2018, were investigated.
Age compositions showed a persistent juvenile recruitment in both the localities. The sex ratio was
skewed to female in Toga Bay, in contrast, balanced between sexes off Shitsumi. Ovaries were in the
partly spawned and the spent stages in both localities. Testes were in the growing and premature stages
in Toga Bay, in contrast, in the premature and mature stages off Shitsumi (Fig. 1). Thus, testicular
development in both localities were delayed compared to ovarian development. But, testicular
development in Toga Bay was more delayed than that off Shitsumi. Male H. crassispina may be more
vulnerable to low water temperature in the extended range and to low food availability in the central
range than females. Long-term water temperature data suggested that the range extension of H.
crassispina from historic habitat was due to an increase in the temperature, particularly, during the

summer spawning season.
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Chapter II1. Reproductive cycle and nutrient accumulation

To verify the delayed spermatogenesis of H. crassispina in Toga Bay, and identify its specific
cause, seasonal changes in the gonad development and body (gonad, gut and gut content) indexes in
relation to temperature and the carbon and nitrogen contents (C and N) and C/N ratio of the gonad, gut
tissues, and gut contents were investigated. Thereby, the nutritional accumulation of the range-
extended sea urchins was evaluated by sex. A defined gametogenic cycle with a single spawning per
sex was found. The ovaries were in the premature—mature stages during June—July. The spent stage
was mainly in August and September. In contrast, the testes were in the growing—mature stages from
June to July and in the partly spawned stage from July to August, indicating that spermatogenesis was
one month delayed compared to oogenesis (Fig. 2). Thus, spawning was partially synchronized
between sexes. Meiotic cell divisions are the bases of spermatid and spermatozoa production. Low
temperature inhibit cell proliferation, and alter spermatogenic process. A long-term warming trend in
Toga Bay was observed in annual average and May—August, indicating that H. crassispina is subjected
to the low temperature, particularly during winter in new habitat (Table 1). Past studies reported that
higher protein content in testes than that in ovaries from the recovery to growing stages. However,
there was no sexual difference in N content of gonad in H. crassispina (Fig. 3), indicating that the
protein content accumulated in testes was insufficient at low water temperatures in winter. The
suppressed meiotic cell divisions for spermatid and spermatozoa production and insufficient protein

content in the testes for spermatogenesis might be the causal factors of delayed spermatogenesis.

Chapter IV. Effect of temperature on early life stage

To explore the effect of temperature (T) on behavior and feeding of juveniles of H. crassispina
and M. nudus collected in Toga Bay and Shizugawa Bay, respectively, in June and December 2018
(Exp. 1), and on the early development from fertilization to larvae from adult H. crassispina collected
in Toga Bay (Exp. 2) were investigated. In Exp.1, righting response, lantern reflex and feeding rate of
10 urchins of each species were measured every 7 days under T increasing and decreasing rate of
2.5 °C week™!. In Exp. 2, the fertilization, and hatching and development rates at 10 different T (8—
35°C) were measured.

The optimal T ranges for behavior and feeding were, respectively, 10.3-31.0°C and 10.3-33.4°C
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in H. crassispina, and 6.1-26.6°C and 11-24°C in M. nudus, suggesting that H. crassispina tolerate
higher T but do not tolerate lower T than M. nudus. The T increasing rate of 2.5 °C week™! is more
acute than that of ~3 °C month™! in the wild, suggesting the high T limits of H. crassipina (33.3 °C)
and M. nudus (30.5 °C) are 5-10°C higher than those in the wild. However, no information of
defference in the low temperature limits from the T decreasing rates and in the wild is available.
Between 26-31°C, the feeding rate significantly increased in H. crassispina, but decreased in M. nudus
(Fig. 4), suggesting that high T in summer drove the replacement of M. nudus by H. crassispina in
Toga Bay. The optimum T for larvae of H. crassispina ranged 16.8-29.0°C (Fig. 5), indicating

possibility of adaptation in Toga Bay.

Chapter V. Conclusion

In adult H. crassispina in Toga Bay, the results of female-skewed sex ratio, partially synchronized
spawning, and delayed spermatogenesis would lower the possibility of self-reproduction in the newly
extended population. However, the results of a persistent juvenile recruitment, and adjustment of high
temperature for juveniles suggest the possible adaptation in Toga Bay. In addition, the optimum
temperature range of fertilization to larvae associated with increasing seawater temperature may
indicate that the population in Toga Bay is acting as larval sinks or sources in the metapopulation.
During the last 100 years, increased temperature in the central Sea of Japan was 1.7°C, which was the
highest in all sea areas around Japan. Also, a long-term warming trend during summer in Toga Bay
suggests that H. crassispina will further extend to the north. Overgrazing of large fucoid beds by the
range extender would be a potential threat because of the loss of spawning bed for sandfish stock,
which is commercially important species in Akita Prefecture. The assessment of densities of the
extended population to clarify whether low population size producing a reduction of fitness by Allee
effect is needed. In addition, to demonstrate the mechanism of delayed spermatogenesis, the sexual
differences in food consumption, digestive enzyme activity and digestibility at low water temperature

are needed to be clarified.
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Fig. 3. Seasonal changes in nitrogen contents of gonad in female and male Heliocidaris crassispina
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Fig. 4. Changes in daily feeding rate of Heliocidaris crassispina and Mesocentrotus nudus along with
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