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ABSTRACT: The Ezo abalone Haliotis discus hannai is the only species of abalone inhabiting the
coastal waters affected by the cold Oyashio current in the Pacific waters of northern Honshu, Japan.
Overwinter mortality of young-of-the-year (YOY) Ezo abalone was examined for 2000, 2001, and
2003 to 2006 year classes in Kadonohama Bay, northern Japan, to test the hypothesis that winter sea-
water temperature controls recruitment fluctuation of this northernmost abalone and regulates their
distribution limit. Eggs of Ezo abalone hatch between late summer and mid-autumn, and grow to a
size of 2 to 8 mm in shell length by winter. Overwinter mortality rates varied among years (range: 0 to
97.4 %), and there was a strong negative relationship between the instantaneous mortality rate and
the winter temperature. High mortalities of YOY abalone were observed in February 2001 and March
2006, respectively. In both cases, the Oyashio current extended south to the study area, and the mean
temperature fell to below 5°C. High mortalities were not observed in the other years when the mini-
mum temperatures were higher than 6°C, as the Oyashio current did not extend to the study area.
The differences in shell length between early winter and post-winter suggest that the low tempera-
ture tolerance of YOY abalone may be size-dependent. Although not conclusive, the winter seawater
temperature is an important factor affecting the survival of YOY and is the principal factor for the
variation in the recruitment of Ezo abalone and the limit of their northward distribution.
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INTRODUCTION

The survival and growth of marine invertebrates at
their early life stages are considered to be important
factors affecting population dynamics through the pro-
cess of recruitment (reviewed by Gosselin & Qian
1997). Because of a greater surface area to body vol-
ume ratio (Vermeij 1972), younger individuals with
smaller body sizes are generally more susceptible to
thermal stresses (Gosselin & Chia 1995, Gosselin &
Qian 1997) and thus may be more intensively affected
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by low seawater temperature than older individuals
with larger sizes (Strand & Brynjeldsen 2003). Over-
winter mortality during early life stages is a potentially
important factor in population dynamics, especially for
geographically marginal populations of benthic ma-
rine invertebrates (e.g. Dekker & Beukema 1993).
About 10 species of abalone inhabit Japanese coastal
waters. The Ezo abalone Haliotis discus hannai is the
only abalone species found in waters affected by the
cold Oyashio current (Ino 1952) and forms the northern
limit of the abalone distribution along coastal Pacific
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waters (Geiger 1999). The Ezo abalone is also among
the most economically valuable and important com-
mercial fisheries resources in Japan. The annual catch
of this species has declined from a maximum of about
3200 t in 1969 to the current levels of around 1000 t.
Despite the annual release of millions of artificially
produced abalone seed for stock enhancement, aba-
lone resources have not increased for many years.

The main spawning season of the Ezo abalone is
from late summer to mid-autumn. Veliger larvae settle
onto boulders or bedrock covered with crustose
coralline algae (CCA) and metamorphose as post-
larvae with initial shell lengths (SL) of ~0.28 mm. They
grow for at least several months on CCA (Saito 1981,
Sasaki & Shepherd 1995, 2001) to become early juve-
niles of ~2 to 8 mm SL by their first winter. The distrib-
ution of Ezo abalone has been thought to be limited by
low water temperatures (Saito 1979). In its northern
range boundary on the Pacific coast, annual variation
in the recruitment of Ezo abalone has been suggested
to correlate with the water temperature in winter
(Saido 2002). The abundances of age-1 juveniles ex-
amined in autumn tended to decrease when juveniles
were exposed to low temperature seawater during
their first winter (Saido 2002). However, this year-to-
year variation may include variation in their subse-
quent mortality during spring and summer. Fluctua-
tions in the larval settlement intensity and subsequent
survival before winter also mask the correlation be-
tween the degree of overwinter mortality and the
abundance of age-1 abalone in autumn. The effect of
the winter water temperature on the survival of young-
of-the-year (YOY) abalone should be directly exam-
ined to elucidate the importance of overwinter mortal-
ity on population dynamics. However, the assessment
of newly settled abalone has been problematic be-
cause field sampling of post-larvae and early juveniles
of several mm SL has previously been limited (Saito
1981, Sasaki & Shepherd 1995, 2001). To our knowl-
edge, no published data are available on natural mor-
tality during the early juvenile stages of Ezo abalone.

We hypothesized that seawater temperature during
winter is the principal factor controlling recruitment
fluctuation of this northernmost abalone and regulat-
ing its distribution limit. For the present study, we
found a site where YOY Ezo abalone can be readily
and consistently observed in relatively high densities
in Kadonohama Bay, Iwate Prefecture. Surveys exam-
ining the abundance of YOY individuals in early win-
ter and post-winter from 2000 to 2007 were carried out
at this site in order to investigate the relationship
between winter water temperature and the overwinter
mortality of YOY abalone. We discuss the possible
influence of global climate change on long-term fluctu-
ations in the Ezo abalone stock and the degree of

southward intrusion of the cold Ovyashio current on
their northern limit of distribution.

MATERIALS AND METHODS

Sampling site. Abalone were sampled in the rocky
shore area at 6 to 12 m water depth in Kadonohama
Bay, Iwate Prefecture, Japan (38°59.0'N, 141°44.4'E,
Fig. 1). The bottom was composed of irregularly
shaped boulders (ca. 20 to 80 cm in diameter) resting
on the bedrock. CCA were dominant on these boulders
and bedrock.

Measuring larval settlement intensity. To measure
the larval settlement intensity of the 2000 year class,
pre-grazed plates (Kawamura et al. 2005) were pre-
pared as larval collectors. The pre-grazed plate me-
thod is effective to induce rapid and complete meta-
morphosis of larval abalone, and such settlement
plates are used in many Japanese hatcheries (Seki
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Fig. 1. Haliotis discus hannai. Sampling sites at which the
density of young-of-the-year abalone was surveyed and the
site at which the temperature sensor was deployed. NL and
SL: northern and southern limit, respectively, of the distribu-
tion of H. discus hannai along the Pacific coast of Japan
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1980) and as larval collectors in the field (Nash et al.
1995). Transparent plastic plates (30 x 30 cm) were sub-
merged in an open-air tank supplied with sand-filtered
running seawater for 2 wk to allow the development of
naturally occurring microalgal films. The plates were
then transferred to another aerated tank supplied with
20 pm filtered running seawater, and 30 to 50 juvenile
Haliotis discus hannai (20 to 30 mm SL) per plate were
added to graze the microalgae on the plates for several
weeks. The grazing pressures by the juvenile abalone
produced biofilms dominated by the benthic diatoms
Cocconeis spp. and the green alga Ulvella lens. The
combination of cues from abalone trail mucus and
biofilm remnants is highly effective at inducing settle-
ment, with metamorphosis often exceeding 90 % for
H. discus hannai (Seki & Kan-no 1981, Takami et al.
1997). These pre-grazed plates were then placed in the
study area from late July to mid-October 2000. Three
plates were attached to a buoyed line, with approxi-
mately 1 m between each plate, at a depth of 4 to 6 m,
and the bottom plate was 3 m from the anchor. One lar-
val collector, composed of 3 pre-grazed plates, was
used at the study site. Plates were collected and
replaced at approximately 2 wk intervals. The col-
lected plates were transported in sealed plastic bags to
the laboratory for sorting. After immersion in 5% sea-
water formalin, the plates were gently brushed with a
soft brush to collect the attached larval and post-larval
abalone. All abalone individuals on the plates were
counted, and SL was measured to the nearest 10 pm
using a video camera system with an image analyzer
connected to an inverted microscope.

Recruitment surveys. For the 2000 year class, sur-
veys of YOY abalone were carried out by SCUBA
diving at monthly intervals from December 2000 to
March 2001. Divers haphazardly placed 2 X 2 m qua-
drats (n = 4 to 5) on the bedrock, and all abalone in the
quadrats were collected by visual searching. The loca-
tions of all quadrats were recorded by underwater
photography for each survey to avoid repeat sampling.
We searched for YOY abalone in every crevice by
overturning boulders and removing large epibiota.
YOY usually occurred on exposed surfaces of CCA and
green microalgae often attached to their shell surfaces,
so they were easily distinguishable (Fig. 2). Individuals
were carefully removed from CCA surfaces and trans-
ferred to a sampling bottle with fine tweezers. To test
whether winter mortality is size-dependent, the size
distribution of YOY from early winter and post-winter
was compared. The SLs of the collected abalone were
measured to the nearest 0.1 mm using a video camera
system with an image analyzer connected to a dissect-
ing microscope in the laboratory.

For the 2001 and 2003 to 2006 year classes, surveys
of YOY were carried out in early winter (December or

Fig. 2. Haliotis discus hannai. Underwater photo of a young-of-

the-year abalone (~5 mm shell length) inhabiting the surface

of crustose coralline algae. Green microalgae are attached to
the shell surface. Photo: Takahiro Saido

January) and post-winter (February, March, or June)
using 2 X 2 m quadrats (n = 6 to 11) as described above.
We were unable to conduct sufficient recruitment sur-
veys in post-winter of 2003 due to continuous rough
sea conditions at the sampling site.

Temperature monitoring. The changes in seawater
temperatures were recorded at hourly intervals with a
battery powered sensor (Optic StowAway Temp, Onset
Computer) throughout the winter. The sensor was
deployed at a depth of 5 m in an area allowing some
degree of protection from waves, approximately
2 km from the sampling site in Kadonohama Bay
(38°59.6'N, 141°43.2"E, Fig. 1).

The surface water temperature maps around the
sampling site provided by the Tohoku National Fish-
eries Research Institute, Fisheries Research Agency
(http://tnfri.fra.affrc.go.jp/kaiyo/temp/temp.html) were
used to evaluate winter oceanographic conditions on a
large scale, such as changes in the extent of the intru-
sion of the cold current.

Data analyses. The average density of YOY (ind.
m~?) derived from quadrat data was calculated for each
sampling date. The instantaneous mortality rate (M) of
abalone during each winter was calculated using the
equation

M = In (Dy/Dy) / -t

where t is the specific time interval in days; D; is the
density of abalone sampled in post-winter after a spe-
cific time interval (¢); and D, is the density of abalone
sampled in early winter. Comparison of the density of
abalone between early and post-winter is based on the
assumptions that samples are representative of the
population, and that there is no migration out of the
study area and that no or minimal growth occurs dur-
ing the period.
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Table 1. Haliotis discus hannai. Total number, mean shell
length (SL, ym, +SE), and mean density (ind. m™2, +SE, n =3
plates) of post-larvae attached to the larval collectors (com-
posed of three 30 x 30 cm settlement plates) on each sampling

date in 2000
Date Total SL Density
10 August® 15 480 + 3.7 37 +30.6
23 August 31 457 £ 2.1 78 +11.0
7 September 15 665 + 6.0 37 +£8.8
21 September 68 289 0.7 171 + 54.7
5 October 443 848 + 0.6 1118 + 273.8
19 October 4 895 +4.0 10+ 2.5
4Collector was deployed on 28 July

Density and SL of YOY in early winter and post-winter
for each year class were compared by a Wilcoxon rank
sum test, as the data were non-normally distributed.

RESULTS

Larval settlement intensity of the 2000 year class.
Although small-scale larval settlements were observed
from early August, most of the post-larvae were
collected on 21 September and 5 October 2000 from
the pre-grazed plates (Table 1). As the larval SL of Ezo
abalone is ca. 280 pm (Hayashi 1983), abalone col-
lected on 21 September (289 + 0.7 pm) were assumed
to be newly metamorphosed individuals. The mean SL
of post-larvae collected on 5 October
was 848.4 + 0.6 pm, which apparently
indicates a single cohort (Table 1).

The mean growth rate (40 um d?)

600
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200+

Density of post-larvae (ind. m2)
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Aug

Sep

Oct

Fig. 3. Haliotis discus hannai. Larval settlement intensity of
the 2000 year class during the spawning season. The larval
settlement date and the initial density of settlers were esti-
mated by the regular recovery (at ca. 2 wk intervals) of larval
collectors deployed at the sampling site at depths of 4 to 6 m

Densities of each year class. The results of sequen-
tial surveys of abalone density for each year class are
given in Table 2. In the 2000 year class, low survival of
YOY was observed during winter. On 28 December
2000, YOY were collected as a single cohort. Consider-
ing the results of larval settlement monitoring, this
cohort mainly originated from the larvae recorded in

quadrats in each year class on each sampling date

Table 2. Haliotis discus hannai. Mean shell length (mm, +SE), total number, and
mean density (ind. m~2, +SE) of young-of-the-year juveniles sampled by 2 X 2 m

and instantaneous mortality rate

(0.0322 d°!) on the pre-grazed plates Year class Date Shell length ~ Total Density No. of
suspended at the sampling site were quadrats
obtained from a preliminary experi-

t (T. Said t al bl. data) i 2000 28 Dec 2000 3.3+0.12 46 2.30 £1.28 5
ment (T. Saido et al. unpubl. data) in 23 Jan 2001°  3.9+0.17 30 1.50+0.69 5
which growth and survival rates in the 23 Feb 2001 - 0 0 4
field were estimated by using plates 22 Mar 2001 7.6 1 0.06 5
with artificially settled newly metamor- 2001 26 Dec 2001 3.4 +0.37 8  018x0.10 1
phosed abalone of a known number 25 Mar 2002 33+0.32 3 0.13+0.08 6

. . 2003 11 Dec 2003 2.5+0.10 43 1.19+£0.31 9
and size. The date on which larvae 20 Feb 2004 35+0.11 71 1.97 + 0.81 9
settled and the initial density of newly 2004 27 Dec 2004 3.0+0.10 114 4.75 + 0.96 6
metamorphosed individuals on the 7 Jun 2005 4.7+0.75 5 0.21+0.11 6
plates were tentatively back-calculated 2005 20 Jan 2006 28+0.12 95 229053 6
. th b tants. The 1 1 16 Mar 2006 4.7 +0.50 12 0.50 £0.13 6
using the above constants. 1he larval 2006 17 Jan 2007 3.4+037 20 0.63+0.21 8
SL of 280 pm for Haliotis discus hannai 9 Mar 2007 3.2+0.31 11 0.45 + 0.18 6
(Hayashi 1983) was used for the settle-
ment size. The back-calculation “The shell length distributions and the mean densities obtained on these
: : sampling dates were used for the comparison of shell length distributions
showed that, in 2000, a single large between early winter and post-winter in Fig. 4 and for the calculation of the
peak of larval settlement occurred instantaneous mortality rate in Fig. 7 in each year class, respectively
around 21 September (Fig. 3).
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Fig. 4. Haliotis discus hannai. Comparison of shell length distributions of young-of-the-year juveniles between early winter (top
row) and post-winter (bottom row)

late September. Although this cohort was still obser-
ved on 23 January 2001, no individuals of this cohort
were observed on 23 February, and only a single juve-
nile was collected on 22 March.

We found no significant differences in the YOY den-
sities between early winter and post-winter in 2001,
2003, and 2006 year classes (Wilcoxon rank sum test,
p > 0.6). In contrast, YOY densities in post-winter of
2004 and 2005 year classes were significantly lower
than those in early winter (Wilcoxon rank sum test, p <
0.01).

Difference in SL composition between early and
post-winter. The SL composition of collected abalone
of each year class was compared between early winter
and post-winter (Fig. 4). The only juvenile of the 2000
year class collected in post-winter (March 2001) was
much larger than juveniles sampled in early winter
(January 2001). In the 2001 and 2006 year classes, we
found no significant differences in SL of YOY between
early winter and post-winter (Wilcoxon rank sum test,
p > 0.2). In contrast, SL of 2003, 2004, and 2005 year
classes in post-winter were significantly larger than
those in early winter (Wilcoxon rank sum test, p <
0.01).

Changes in seawater temperature. The changes in
seawater temperature near the sampling site during
winter are shown in Fig. 5. The water temperatures
from late February to March in 2001 and 2006 were
lower than those in the other years. In 2001, the tem-

perature sharply dropped within 4 d from 8.0°C on
31 January to 5.2°C on 4 February, and the minimum
temperature of 4.2°C was recorded on 15 February. In
2006, a pronounced decrease was also recorded within
2 wk from 7.3°C on 30 January to 4.9°C on 12 Febru-
ary, and the minimum temperature of 4.6°C was
recorded on 15 March. The minimum winter tempera-
tures in the other years ranged between 5.8 and 7.9°C.
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Fig. 5. Changes in water temperatures in Kadonohama Bay
during the winter
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The Oyashio cold current flows offshore of the North
Pacific coast of Japan, and the degree of southward
penetration of the Ovyashio front in winter varies
between years (Fig. 6). Surface water temperature
maps around the sampling site in February and March
of 2001 showed that the Ovyashio front reached the
coastal area, and the water temperature around the
sampling site was less than 5°C (light to dark blue
area, Fig. 6). In February and March of 2006, the low
surface temperature (4 to 5°C) front also reached the
sampling site. In the other years, in contrast, e.g. in
2007, the Oyashio front was farther north and east of
the study area, and the sampling site was surrounded
by relatively warm waters (>5°C, yellow to light green
area, Fig. 6).

Relationship between abalone mortality and water
temperature. The mortality rates of YOY differed
markedly among years and ranged from 0 to 97.4 %
during winter (Table 2). The relationship between the
instantaneous mortality rate and winter seawater tem-

Jan

Fe_b

perature is shown in Fig. 7. Here, the winter tempera-
ture indicates the minimum moving mean temperature
for 19 d observed between field surveys of abalone
density in each winter, because exposure to low tem-
peratures (<5°C) for ca. 19 d negatively affects survival
of YOY (see 'Discussion’). The mortality rate of YOY
observed between December 2004 and June 2005 was
not plotted, as it may have included mortalities in
spring and early summer. The instantaneous mortality
rate of YOY and the winter temperature had an inverse
correlation.

DISCUSSION
Effect of winter temperature on mortality
Our results indicate that winter seawater tempera-

ture is the principal factor controlling the recruitment
intensity of YOY Ezo abalone at Kadonohama Bay,

Mar

Fig. 6. Sea surface temperatures along the
Pacific coast of northern Japan from Janu-
ary to March of 2001 and 2007 provided
by the Tohoku National Fisheries Research
Institute (http://tnfri.fra.affrc.go.jp/kaiyo/
temp/temp.html). Red circles in February

and March 2001 indicate where the ex-
tremely low temperature seawater derived
from the Oyashio current reached the
coastal area, including the sampling site of
young-of-the year Haliotis discus hannai
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North Pacific coast of Honshu, Japan. We found clear
evidence showing that sporadic low temperatures led
to low survival of YOY, particularly in January and
February 2001. Large-scale spawning of Ezo abalone
is often induced by typhoons or heavy storm events
(Sasaki & Shepherd 1995). The only large peak of lar-
val settlement in 2000 that occurred around 21 Sep-
tember (Fig. 3) probably originated from the large-
scale spawning induced by the typhoon ‘Sonamu,’
which passed the study area between 17 and 18 Sep-
tember. Individuals of this cohort grew to more than
3 mm SL by winter and showed relatively high survival
from 28 December 2000 to 22 January 2001. However,
between 22 January and 23 February, the density of
this cohort dramatically decreased (Table 2). During
this period, the battery-powered sensor deployed near
the sampling site recorded a sharp decrease in temper-
ature within 4 d, which dropped from 8.0°C on 31 Jan-
uary to 5.2°C on 4 February and then fluctuated
between 4.2 and 5.0°C until 25 February (Fig. 3). This
suggests that the exposure to temperatures below
5.0°C, lasting for ca. 19 d (4 to 23 February), had a neg-
ative effect on the survival of YOY Ezo abalone.
Similarly, the low survival of YOY during the winter
of 2006 can be explained by the extremely low seawa-
ter temperature (<5.0°C) between January and Febru-
ary 2006. The mortality rate during winter of 2005 was
also relatively high. However, this may have included
mortalities in spring and early summer because the
post-winter survey was conducted in June 2005. In
addition, juveniles may become cryptic by June, and
this could have decreased the search efficiency of the
summer survey. High mortalities were not observed in
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Fig. 7. Haliotis discus hannai. Relationship between seawater

temperature and instantaneous mortality rate of young-of-

the-year juveniles during their first winter. The seawater tem-

perature indicates the minimum moving mean of temperature

for 18 d observed during each winter. The numbers indicate
survey years

the other winters, which experienced minimum sea
water temperatures higher than 6°C (Fig. 7).

Minimum temperatures (4 to 5°C) recorded in 2001
and 2006 at our study site may have indirectly affected
the mortality of YOY Ezo abalone, because YOY
potentially are tolerant of seawater temperatures be-
low 1 to 3°C (Kan-no & Kikuchi 1962, Saito 1981). Low
seawater temperatures likely reduce the pedal adhe-
sive strength to substrata in young juveniles (H. Yam-
aguchi & N. Inoguchi unpubl. data). This, in turn, may
increase their vulnerability to predators and may also
increase the probability of dislodgement from suitable
habitats by the seawater turbulence. When we con-
ducted an additional survey at the sampling site in
May 2006, after high winter mortality was observed, a
dense patch of YOY abalone (maximum: 3.25 ind. m™?,
mean + SE: 0.71 + 0.52 ind. m™2%, n=6 quadrats) was
detected. We speculate that these juveniles may have
survived by inhabiting refuges from the effects of wave
action and/or predators.

Size-dependent mortality

Our results indicate that the low temperature tolerance
of YOY Ezo abalone in their natural habitat may be size-
dependent. This could be attributed to the greater sur-
face area to volume ratio, the inferior ability to reduce
energy consumption under conditions of thermal stress,
and incompletely developed protective adaptations in
smaller individuals (e.g. Hunt & Scheibling 1997). The
only juvenile found in post-winter of 2001 was much
larger than the juveniles collected in early winter. The
mean SL of YOY in post-winter of 2006 was significantly
larger than that in early winter (Fig. 4).

The comparison of early winter and post-winter
juvenile size to identify size-specific mortality patterns
is based on the assumptions that samples are represen-
tative of the population, the population is resident and
not migratory, and no growth occurs during winter
(Hales & Able 2001). Since YOY abalone occurred at
high densities in a limited area, the samples of this
study were apparently not biased, and the same popu-
lation was surveyed between early winter and post-
winter. Although individuals collected in post-winter
of 2001 and 2006 were larger than those in early win-
ter, growth was unlikely to have occurred between the
2 surveys, because a laboratory experiment showed
that early juvenile Ezo abalone could not grow when
the water temperature was below 7.6°C (Uki et al.
1981), and seawater temperatures during these winters
were predominantly below 6°C (Fig. 5).

YOY of the 2003 year class probably grew during the
relatively warmer winter of 2004. In YOY of the 2004
year class, juveniles probably grew during spring and



210 Mar Ecol Prog Ser 367: 203-212, 2008

early summer; therefore, the mean SL was significantly
larger in post-winter than in early winter. The method
to calculate mortality rate does not take into account
the search efficiency of the divers when surveying 2 X
2 m quadrats. Although growth during the winter
period is considered to be minimal, if some growth of
juveniles occurred between the first and the second
survey, the efficiency of finding smaller juveniles in
the first survey may have been lower than finding
slightly larger juveniles in the second survey. How-
ever, this would make the estimates of winter mortality
conservative.

The size-dependent mortality implies that growing
larger before winter is important for YOY abalone to
survive the winter, especially when water tempera-
tures are low. The food availability in post-larval and
juvenile habitats, such as density and species composi-
tion of benthic diatoms and juvenile macroalgae on
CCA, influences post-larval and juvenile growth rates
(Kawamura et al. 1998). In addition, individuals that
hatched earlier in the spawning season have increased
chances of growing larger before winter. The timing of
typhoons and storms that impact abalone habitats and
induce synchronous spawning may affect recruitment
success. Some small-scale spawning occurred from
early August to mid September (Fig. 3) in 2000 prior to
the large-scale spawning induced by the typhoon
‘Sonamu,’ and individuals from these earlier spawning
events may have grown larger before winter than
those from the later large-scale spawning. However,
there is a possibility that larvae and post-larvae hatch-
ing early in the spawning season are at a disadvantage
in terms of survival compared to those hatching later.
This is because Ezo abalone have the capacity for mul-
tiple ovulations during a spawning season (Fukazawa
et al. 2007), and the lipid and protein contents of eggs,
which are related to larval and post-larval survival, are
lower in eggs produced early in the spawning season
than in those produced in the middle of the spawning
season (Fukazawa et al. 2005). However, as early
spawned eggs will have more potential to grow to
larger sizes prior to the onset of winter and thus be bet-
ter adapted to survive low temperatures, these early
spawnings of low quality eggs may be an adaptation to
variable winter conditions.

The underlying mechanisms causing increased mor-
tality of YOY abalone at lower than normal winter tem-
peratures were not clearly elucidated in this study. An
increased vulnerability to predators and/or seawater
turbulence can be considered an important indirect
factor in the field. Winter mortality caused by these
factors may be size-dependent. Further investigation is
needed on the effects of low seawater temperature on
physiological stress and reduction of pedal adhesive
strength, in addition to the size-dependent tolerance.

Impact of cold water movement on abalone
population dynamics

In the last 10 yr, natural recruitment of Ezo abalone
has markedly increased, which has been reflected by
the increase in catch (Fig. 8). Relatively high seawater
temperatures in winter since the early 1990s are sug-
gested to be a main factor increasing the natural
recruitment of Ezo abalone (Saido 2002). However,
even in recent years, unusually low seawater temper-
atures in winter, such as in 2001, caused high mortali-
ties in YOY Ezo abalone. Since the age at first catch of
Ezo abalone is 4 to 5 yr (Sasaki 1999), the sharp
decline of the commercial catch in 2005 (Fig. 8) can
be attributed to recruitment failure of the 2000 year
class caused by the low winter water temperature in
2001. This decline in the catch also suggests that the
cold winter of 2001 mainly affected the survival of the
YOY 2000 year class rather than older year classes,
because the catch remained relatively constant
between 2001 and 2003.

When the Oyashio front reached our sampling site,
water temperatures sharply decreased and YOY
abalone experienced high mortalities (Table 2, Figs. 5
to 7). In contrast, the approach of the Oyashio leads to
increases in kelp biomass, because the cold and nutri-
ent-rich Oyashio waters facilitate the growth of algae
and decrease the grazing pressure of herbivores (Kiri-
hara et al. 2006). After winters with very low water
temperatures, the food availability for adult abalone
becomes favorable due to flourishing kelp species.
This accelerates the gonad maturation of adult abalone
(Uki & Kikuchi 1982), potentially increasing their
reproductive output. Hence, the larval settlement in-
tensity may be strong for the year classes after a cold
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Fig. 8. Haliotis discus hannai. Recent changes in the commer-
cial catch along the Pacific coast of northern Honshu Island,
Japan
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winter, although we did not observe higher recruit-
ment for the 2001 and 2006 year classes (Table 2),
which occurred after cold winters.

The anomalous southward intrusion of the Oyashio
is associated with global changes in the atmospheric
circulation. Prior to the occurrence of the strong intru-
sion of the Oyashio, the southward formation of the
Aleutian Low Pressure in mid-winter was commonly
observed (Sekine & Suzuki 1991). A significant nega-
tive correlation has been noted between the Aleutian
Low Pressure Index (ALPI) and the winter sea surface
temperature along the Pacific coast of northern Japan
(Nakamura et al. 2005). Furthermore, a significant
negative correlation is also observed between the
trend of fluctuations in the commercial catch of Ezo
abalone and ALPI (Hayakawa et al. 2007), indicating
that the abundance of abalone decreases during low
temperature regimes. Our results imply that the nega-
tive correlation between the fluctuation in the Ezo
abalone catch and ALPI can be explained by the
change in the survival rate of YOY abalone, which is
strongly affected by the water temperature in winter.
Since the early 1990s, the recruitment of Ezo abalone
in Pacific coastal waters of northern Japan has
markedly increased due to the relatively warm winter
water temperature in the low ALPI regime, as reflected
by the increasing catch, with a delay of several years.
However, the increase in catch has not occurred every-
where in the area. The increase in recruitment has
been observed only in a few limited areas. It is hypoth-
esized that the natural recruitment has not yet begun
to increase in areas with low adult densities (Kawa-
mura & Takami 2005). Overfishing of abalone brood-
stocks influences reproductive output, which may
hinder the recovery of stocks when the environmental
conditions improve sufficiently to allow successful
recruitment.

Factors limiting abalone distribution

The sporadic influx of the Oyashio front leads to re-
cruitment failure of YOY Ezo abalone. The Ezo abalone
has the northernmost distribution along the west Pacific
coast of Honshu Island (Fig. 1), and its distribution may
be limited by cold water from the Oyashio current. The
Pacific coast of Hokkaido, the geographically nearest
northward coastal area to the distribution limit of Ezo
abalone, is constantly surrounded by the cold Oyashio
current during winter, as shown in Fig. 6. The results of
this study imply that YOY Ezo abalone may frequently
fail in overwintering under such severe winter condi-
tions, and this species is unable to establish a popula-
tion in coastal areas where the Oyashio current pre-
dominates during winter.

Ezo abalone are thought to have descended from a
once amphipacific species that radiated from Califor-
nia and subsequently became disjunct (Lee & Vacquier
1995). The pinto abalone Haliotis kamtschatkana is the
northernmost species along the eastern coast of the
North Pacific. Although no data have been published
on overwinter mortality in early life stages of this
abalone species, we think that the recruitment process
of this counterpart to H. discus hannai may also be con-
siderably affected by winter conditions near the north-
ern range boundary.
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