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Abstract Reproduction and recruitment in high-latitude
coral populations in Japan have been little studied. A
comprehensive study of the reproduction and early life
history was conducted on nine common scleractinian
coral species in Amakusa, southwestern Japan (32°N)
from 2001 to 2003 including; (1) fecundity (the propor-
tion of colonies with mature eggs), (2) timing and syn-
chrony of spawning, (3) initial larval settlement pattern,
(4) recruitment, (5) post-settlement mortality. The
fecundity was high (76.7-100%) in six of seven species
examined in 2002 and 2003. Annual spawning of the
seven species occurred from mid July to August in 2001—
2003, when seawater temperature was at the annual
maximum. Spawning was highly synchronised among
conspecific colonies and species in 2002 and 2003, with
five species spawning five to nine nights after the full
moon and another two spawning around the new moon.
Temporal patterns of larval settlement of three spawning
species during the first 10 days after spawning were
similar to those of other spawning species from low
latitudes. The number of scleractinian recruits on set-
tlement plates, deployed from July to October (the ma-
jor recruitment period at the study site), was low
(2 recruits/m?) for the three consecutive years. Post-
settlement mortality of 1-1.5 month old spat of five
species ranged between 88 and 100% over 3—10 months
in the field, similar to the values reported for both high
and low latitude species (>94-99%). Among the key
stages examined, the low recruitment rate may be the
most important step in limiting successful reproduction
and recruitment of these high-latitude scleractinian
populations. The low recruitment rate may be attribut-
able to (1) the reduced influx of larval supply from other
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coral populations, which are smaller and more isolated
at high-latitudes and (2) the longer precompetent larval
phase of broadcast-spawning corals which results in an
increased chance of larvae being dispersed away from
parent populations.

Introduction

Scleractinian coral species have a wide latitudinal range
of distribution. While they exhibit a distinct biogeo-
graphical pattern of reduced biodiversity with increasing
latitude, most coral reefs are also restricted to the tropics
despite the occurrence of many coral communities with
extensive coral cover at higher latitudes (Stehli and
Wells 1971; Veron 1995, 2000). A number of biophysical
factors have been proposed as influencing the latitudinal
limits of coral and coral reef distribution, including
water temperature, light availability, competition with
other biota including macroalgae and failure in repro-
duction and/or recruitment (reviewed in Veron 1995;
Kleypas et al. 1999; Harriott and Banks 2002).

Reproduction and recruitment are two crucial pro-
cesses for the development and maintenance of coral
populations. Although early theories suggested that
lower water temperatures restricted reproduction in
high-latitude coral populations (Yonge 1940; Wells
1957; Veron 1974), recent studies have documented
successful gametogenesis and subsequent broadcast-
spawning in many scleractinian species at high latitude
locations (e.g. Shlesinger and Loya 1985; Yeemin 1991;
Babcock et al. 1994; van Woesik 1995; Shlesinger et al.
1998; Harii et al. 2001; Thamrin et al. 2001; Tioho et al.
2001; Goffredo et al. 2002; Wilson and Harrison 2003).
However, the pattern and timing of reproduction in
high-latitude coral populations varies greatly and there
have been only a few studies of coral reproduction on
limited number of species at high latitudes in Japan
(Yeemin 1991; Harii et al. 2001; Thamrin et al. 2001;
Tioho et al. 2001).
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With respect to the coral recruitment, there appears
to be a decline in recruitment with increasing latitude,
especially in broadcast-spawning corals (see review in
Hughes et al. 2002). Although proximate factors causing
this pattern have not fully been elucidated, recent studies
suggest the direct influences of lower water temperatures
on various stages of recruitment process, e.g. reduced
larval development rates (Wilson and Harrison 1997),
extended larval pre-settlement-competency periods
(Wilson and Harrison 1998; Nozawa and Harrison
2002) and reduced larval settlement rates (Wilson and
Harrison 1997; Y. Nozawa and P.L. Harrison, unpub-
lished data).

In order to test the hypotheses that the failure of
coral reproduction and/or recruitment processes in high-
latitude scleractinian populations limits population
growth, the present study examined the following key
stages on nine common scleractinian coral species in a
high-latitude coral community in Amakusa, southwest-
ern Japan (32°N) from 2001 to 2003; (1) fecundity (i.e.
the proportion of colonies with mature eggs), (2) timing
and synchrony of broadcast spawning, (3) initial larval
settlement pattern, (4) recruitment, (5) post-settlement
mortality. In addition to these, the minimum reproduc-
tive size was also examined, since it was likely to be
negatively affected by harsh environmental conditions at
high-latitudes (see review in Harvell and Grosberg
1988).

Materials and methods
Study site and environmental variables
The present study was conducted in a high-latitude coral

community (ca. 5 m in depth) at Satsukigaura, Ama-
kusa, southwestern Japan (32°10°N, 130°02°E) (Fig. 1).

Fig. 1 Map of Amakusa, 128" E

A total of 98 scleractinian coral species have been re-
corded from Amakusa (Veron 1992; Nishihira and
Veron 1995). At the study site, scleractinian corals form
a patchy community, growing on the upper part of
rocky substrata, where sand and pebbles fill the benthos
between rocky outcrops. A total of eight common
broadcast-spawning scleractinian species (Acropora cf.
hyacinthus, Acropora solitaryensis, Cyphastrea serailia,
Echinophyllia aspera, Favia favus, Hydnophora exesa,
Montastrea valenciennesi, Platygyra contorta) and one
brooding scleractinian species (Alveopora japonica) were
used in the present study. Coral species were identified
from sections of colonies using Veron (2000). Percentage
cover for these species at the study site ranges between
0.3 and 3.9% (Y. N., unpublished data). Seawater
temperature at the study site was monitored at 2-h
intervals for the 3-year study period using Optic Stow-
Away Temp data loggers (accuracy: +£0.2°C) (Onset
Computer Corporation, Pocasset, MA, USA).

Reproduction
Fecundity and minimum reproductive size

This survey was conducted in 2002 on five broadcast-
spawning scleractinian species (4. cf. hyacinthus,
C. serailia, E. aspera, F. favus, M. valenciennesi) and
repeated in 2003 with an addition of two species,
H. exesa and P. contorta. Minimum reproductive size
and fecundity [the proportion of colonies that contain
mature (pigmented) eggs] (after Hughes et al. 2000)
were determined simultaneously. Eighteen to 50 colo-
nies of various sizes were sampled for each species by
measuring diameter just before the predicted annual
spawning periods in 2002 and 2003 (Yeemin 1991) (for
sampling dates, refer to Table 1, Fig. 4). More samples
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Table 1 Sampling dates (lunar month) for annual fecundity esti-
mates in 2002 and 2003

Species Lunar 2002 2003
month

Acropora cf. hyacinthus July NM —
Cyphastrea serailia July NM FM
Echinophyllia aspera July 5 dAFM 2 dAFM
Favia favus August 1 dAANM —
Montastrea valenciennesi July FM 1 dAAFM
Platygyra contorta July — FM

were taken from smaller size classes to determine the
minimal reproductive size (for the number of colonies
in different size classes, refer to Fig. 2). Each colony
was photographed with a scale and three section

Acropora cf. hyacinthus

Cyphastrea serailia
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samples (including >3 polyps) were taken with a
hammer and a chisel from the inner part of each col-
ony to avoid sterile zones. For small colonies, a whole
colony was sampled. The presence of mature eggs was
examined in >3 polyps in each of the section samples,
or in all polyps for small colonies, under a dissecting
microscope. Colonies were scored as fecund when
mature eggs were observed in at least one of three
section samples from each colony, or in a single polyp
for small colonies. Relative colony-size (i.e. projected
area) was determined from the photographs using
Scion Image software (Scion Corp.). For the five spe-
cies examined in 2002 and 2003, minimum reproductive
size was determined from a pool of the two years’ data
of each species. Annual fecundity was calculated only
from colonies larger than minimum reproductive size.
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Fig. 2 Fecundity (the proportion of colonies with mature eggs) of seven broadcast-spawning scleractinian corals in different size ranges
(em?, log scale). Note that the scale is different for each graph. Data were pooled from 2002 and 2003, except for Acropora cf. hyacinthus

where only data from 2002 were used
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Timing and synchrony of spawnings

This survey was conducted on the seven species exam-
ined for fecundity. Annual spawning of the species has
been confirmed by Yeemin (1991) with monthly or bi-
monthly examinations at Kuwashima, near the study
site (Fig. 1). A preliminary survey on the timing of
spawning was done in 2001 with six species, A. cf. hya-
cinthus, C. serailia, E. aspera, F. favus, M. valenciennesi
and H. exesa based on the previous records of spawning
under laboratory conditions (Yeemin 1991). For each
species, the approximate timing of spawning in the field
was determined by approximately weekly examinations
of ten middle-sized colonies chosen haphazardly at each
examination. Three section samples (including >3 pol-
yps) were taken from the inner part of each colony and
examined under a dissecting microscope for the presence
of mature eggs.

In 2002, a more detailed survey on the timing and
synchrony of spawning among conspecific colonies was
performed on six broadcast-spawning species. These
included five of the six species studied in 2001, A. cf.
hyacinthus, C. serailia, E. aspera, F. favus, M. valen-
ciennesi and P. contorta. For each species, ten colonies
with mature eggs, separated by a distance of 5-10 m
from one another, were haphazardly chosen approxi-
mately 1 week before the predicted spawning period. An
‘egg-capture’ device, consisting of the top-half of a
transparent plastic bottle and a transparent vinyl tube
with one opening, was deployed by anchoring it with
lines and nails to the base of a colony, which was floated
a few centimetre above the colony with a small amount
of air in the vinyl tube. Spawning of each colony was
monitored by checking the presence of spawned eggs in
the egg-capture device every morning. When spawned
eggs were present, an approximate quantity of eggs was
examined visually and recorded. The monitoring was
continued until a few days after the last spawning night
and then the monitored colony was examined for the
presence of mature eggs by taking three section samples
(including >3 polyps) from the inner region of the
colony.

In 2003, this survey was repeated with four species,
C. serailia, E. aspera, M. valenciennesi and P. contorta.
Additional 30 middle-sized colonies were haphazardly
chosen after the spawning period and examined for the
presence of mature eggs. In E. aspera and P. contorta,
this examination was done twice in July and August
spawning periods due to split-spawning observed in the
species in 2003 (for sampling dates, refer to Table 2,
Fig. 4).

Recruitment process

Initial larval settlement pattern

An experiment to determine the larval precompetent
period and initial larval settlement rates was done on

Table 2 Sampling dates for the proportion of spawned colonies
during spawning periods in 2003

Species Lunar month

Cyphastrea serailia July 4 dANM
Echinophyllia aspera August 4,11 dAAFM
Montastrea valenciennesi July 2 dANM
Platygyra contorta August 4,11 dAAFM

three broadcast-spawning scleractinian species, A. soli-
taryensis  (relatively branched basal plate type)
(cf. completely fused basal plate type), C. serailia and
F. favus in 2002. Spawned gametes of A. solitaryensis
were collected directly from the water surface just after
spawning one night after the new moon (nANM) in
August at Ooshima (Fig. 1), where A. solitaryensis was
a dominant species. Subsequent observation on some
features (size, colour and behaviour) of larvae devel-
oped from the gametes confirmed few larvae of other
species being mixed in the sample. For C. serailia and
F. favus, spawned gametes were obtained using ‘larvae-
capture’ devices in the field. Five colonies of each
species with mature gametes were collected just before
the predicted spawning period and placed under a
‘larvae-capture’ device, which is a large, pyramidal,
transparent plastic bag with some air at the top, being
anchored to the sea bottom at four points of its
opening with strings and stones. Spawned gametes of
C. serailia and F. favus were collected on the fifth night
after the full moon (nAFM) in July and the fourth
nANM in August, respectively.

For each species, six to eight groups of 200 larvae
were counted and placed into separate plastic aquaria
(10x9x15 cm?)  (settlement aquaria) 2 days after
spawning. The size of 10-15 larvae of each species was
also measured under a dissecting microscope (x20
magnifications) with a calibrated eyepiece micrometer
(the minimum scale of 50 pm). Each aquarium con-
tained an artificial slate plate (hereafter settlement
plate) (5x5x0.4 cm?) that had been conditioned at the
study site for a month. The plates were checked prior
to experiments to ensure that no coral spat were
present. The plate was placed horizontally 1 cm above
the bottom of the aquarium by putting a conical plastic
support glued onto the bottom of the aquarium
through a centre hole of the plate. Each settlement
aquarium was aerated by an air-stone to supply oxygen
and create gentle currents. Settlement aquaria were
placed in a large tray with running seawater to main-
tain temperature close to ambient seawater tempera-
ture. Temperatures during the experimental periods
were recorded with a maximum-minimum thermometer
and ranged 26.5-28°C for C. serailia and 23.5-27.5°C
for A. solitaryensis and F. favus. Seawater in the set-
tlement aquaria was carefully changed every 3 days by
gently siphoning out the old seawater while retaining
larvae with a 115 uym plankton-mesh filter submerged
in the aquaria.



The plates were examined every day until 10 days
after spawning (i.e. 8 days after the start of experi-
ments). Each plate was transferred into a shallow tray of
seawater and the numbers of attached and settled larvae
on two plate surfaces (top and bottom) were counted
under a dissecting microscope (x10—15 magnifications).
Larvae were counted as (a) ‘attached’, when they were
firmly attached to the settlement plate by the aboral end
before undergoing metamorphosis and (b) ‘settled’,
when they had begun to metamorphose (pumpkin-
shaped appearance as against pear-shaped), with little or
no possibility of active detachment and further migra-
tion. Settled larvae were marked with a fine line nearby
on the plate surface using a sharp pencil to distinguish
them in subsequent examinations. Larvae that had de-
tached during the examination were collected by filtering
through a 100 pm mesh plankton net and returned to
the settlement aquarium.

Recruitment

A total of 50, 100 and 50 settlement plates
(10x10x0.4 cm?) were deployed at the study site in 2001,
2002 and 2003, respectively. Each plate was fixed hori-
zontally by bolts and nuts 2-3 cm above the substratum
and >10 cm away from the nearest corals. The plates
were submerged for 3 months, from July to October,
covering the major recruitment period of scleractinian
corals at the study site (Yeemin 1991; Tioho et al. 2001;
Thamrin 2001). The top and bottom plate surfaces were
examined under a dissecting microscope (x10-15 mag-
nifications), and coral recruits were counted and iden-
tified to family or genus level where possible (after Baird
and Babcock 2000; Babcock et al. 2003; Y. N. unpub-
lished data).

Post-settlement mortality

A preliminary experiment was conducted with F. favus
and H. exesa in 2001-2002. For each species, larvae were
obtained on the fifth nANM in August 2001 from
spawnings of colonies that had been collected before the
predicted spawning period. Larvae were maintained
with running seawater in a laboratory until being used.
Ten groups of 300 larvae were counted and placed into
separate settlement aquaria (20x12x12 cm?), each con-
taining a settlement plate (10x10x0.4 cm?). The settle-
ment aquaria were maintained in the same manner as in
the settlement experiment. After one and a half months,
each plate was examined for the number of spat on the
top and bottom surfaces and tagged with a small plastic
plate and a plastic line. The plates with spat were care-
fully transferred to the study site and fixed in the same
manner as in the recruitment experiment. The plates
were retrieved after 10 months, and the number of sur-
viving spat was counted under a dissecting microscope.
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A more detailed experiment was conducted with three
broadcast-spawning species, A. solitaryensis, C. serailia
and F. favus and a brooding species, A. japonica in 2002—
2003. For the three spawning species, larvae that had
settled during the settlement experiment were used. The
plates with spat were placed vertically and maintained in
large trays with running seawater under indirect natural
light until being used in the experiment. For A. japonica,
planula larvae that were released on the ninth day after
the new moon (dANM) in September (Thamrin et al.
2001) were collected from ten colonies in the laboratory.
Larvae were placed in a tray with gently overflowing
running seawater containing five settlement plates
(5%5x0.4 cm?) that had been conditioned for a month in
the study site. Each plate was placed horizontally on a
small piece of plastic to make a gap for larval settlement
on the bottom plate surface.

For each species, the number of spat on the top and
bottom surfaces of each plate was counted under a dis-
secting microscope (x10-15 magnifications) at 3-4 week
post-settlement. The plates with spat were tagged with
small plastic plates and plastic lines, carefully trans-
ferred to the study site and fixed 2-3 cm above the
substrata and >10 cm away from the nearest corals.
The plates were deployed vertically to prevent the
influence of sedimentation that may have caused high
mortality of spat in the preliminary experiment. The
plates were retrieved approximately every month to
count the number of surviving spat and returned to the
site until three months after the start of the experiments
when most spat on the plates had died. At each exami-
nation, the size (maximum diameter) of spat was also
measured under a dissecting microscope (x20 magnifi-
cations) with a calibrated eyepiece micrometer (the
minimum scale of 50 pm). Three to 20 spat, depending
on the available number of surviving spat that looked
healthy and were isolated from other spat, were chosen
haphazardly for the measurement.

Statistics

Statistical analyses were done with Statistica software. A
logistic regression analysis was used to test whether
colony-size (independent variable) influenced the pres-
ence of mature eggs (dependent variable). Data were
pooled from 2002 and 2003 prior to the analysis, except
for A. cf. hyacinthus where only data from 2002 were
used. A one-way ANOVA was used for the comparison
of spat sizes among species. A Tukey HSD test was used
for the multiple comparisons. Homogeneity of variance
was tested using Bartlett’s test. Where variances were
not homogeneous (P <0.05), a Kruskal-Wallis test was
used to compare survivorship among species with mul-
tiple comparisons tested using a Dunn’s test. Propor-
tional survivorship data were arcsine transformed before
applying statistical tests.
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Results
Reproduction
Fecundity and minimum reproductive size

Fecundity of the six scleractinian species examined was
quite high (76.7-100%), except for A. cf. hyacinthus
(47.8 and 0% in 2002 and 2003, respectively) (Table 3).
Few immature eggs, i.e. eggs of white or pale colour,
were observed during the examination. Minimum
reproductive size varied among the seven species,
ranging from 6 cm® for C. serailia to 193 cm? for
A. cf. hyacinthus (Table 3). The fecundity increased with
colony size (logistic regression with Bonferroni’s
correction; P<0.001 for A. cf. hyacinthus, C. serailia,
H. exesa, M. valenciennesi; P<0.01 for F. favus,
P. contorta; P<0.05 for E. aspera) but the pattern was
different among the species (Fig. 2). While the fecundity
in the six species increased to ca. 100% in colonies
>64 cm?, the fecundity in A. cf. hyacinthus increased
gradually with increasing colony size to the largest
size-class (> 2,048 cm?).

Timing and synchrony of spawnings

Annual spawning of the seven scleractinian species
occurred from mid July to August in 2001-2003 (except
A. cf. hyacinthus in 2003 due to zero fecundity), when
seawater temperature was at the annual maximum at the
study site (Figs. 3, 4). In six of the seven species, syn-
chronous spawning among conspecific colonies was con-
firmed on a daily basis for two to four consecutive days in
2002 and 2003 (Fig. 4). Spawning of the four species, A4. cf.
hyacinthus, E. aspera, M. valenciennesi and P. contorta
occurred synchronously from the seventh to ninth nAFM
in July 2002. This synchronous spawning was repeated in
July 2003 (the seventh to eighth nAFM) among three of
the four species, i.e. M. valenciennesi and some colonies of
E. aspera and P. contorta, plus C. serailia.

There were two separate spawning periods for
E. aspera and P. contorta in 2003, occurring synchro-

Table 3 Fecundity (percent colonies with mature eggs) and mini-
mum reproductive size in seven scleractinian corals

Species Minimum Fecundity

reproductive

size (sz) 2002 2003
Acropora cf. hyacinthus 193 47.8 (46) 0 (30)
Cyphastrea serailia 6 90.9 (43)  96.7 (30)
Echinophyllia aspera 11.3 959 (49) 86.7 (30)
Favia favus 16 88.5 (26) 100 (15)
Hydnophora exesa 24.5 — 76.7 (28)
Montastrea valenciennesi ~ 36.1 97.7 (44)  96.7 (30)
Platygyra contorta 20.4 — 81.8 (33)

The number of colonies above the minimum reproductive size that
were used for the calculation of fecundity was shown in parenthesis

Temperature (°C)
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Fig. 3 Seawater temperature at 5 m depth at Satsukigaura,
Amakusa in 2001-2003. Grey zone indicates spawning season at
Amakusa. Values represent weekly average £ SD

nously between the two species at the seventh to eighth
nAFM in July and the seventh to ninth nAFM in
August (Fig. 4). Section samples indicated that the
majority of colonies spawned during the second
spawning period in both species. All 30 colonies of
E. aspera and 22 of 30 colonies of P. contorta had ma-
ture eggs after the first spawning period but no colony
contained mature eggs after the second spawning period.
For C. serailia and M. valenciennesi, the occurrence of a
second spawning period by a small proportion of colo-
nies was also suggested in August 2003, as eight of 30 C.
serailia colonies and seven of 30 M. valenciennesi colo-
nies had mature eggs after their spawning period in July.

Recruitment process
Initial larval settlement pattern

Fertilized eggs of the broadcast-spawning corals,
A. solitaryensis, C. serailia, F. favus became pear-shaped
mobile larvae within 48-72 h after spawning. Larvae
measured 863.3+154.1 um long and 390 +68.7 um wide
(mean = SD, n=15) for A. solitaryensis, 380 £35 um
long and 230 £25.8 pm wide for C. serailia (n=10) and
559.1+£58.4 um long and 250 £0 um wide for F. favus
(n=11). For the three species, larval attachment rate
was initially high and decreased gradually with time
(Fig. 5a). For C. serailia and F. favus, some settled
larvae were observed on day three (Fig. 5b). Mean daily
larval settlement rates of these species peaked at
3—4 days after spawning, and decreased gradually to the
end of the experiments. In contrast, some larvae of
A. solitaryensis began to settle 3—4 days after spawning
with a peak occurring at 67 days (Fig. 5b). Cumulative
settlement rate over the 8-day experimental period was
15.94£8.0% (mean £ SD)in C. serailia, 18.3+11.1% in
F. favus and 13.6£10.4% in A. solitaryensis.
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Fig. 4 Timing and daily synchrony of broadcast-spawning in seven
scleractinian corals at Satsukigaura, Amakusa in 2001-2003.
Species names, lunar cycle (open circle full moon, closed circle
new moon) and dates (a thin column a single day) are shown in each
year’s diagram. For 2001, each horizontal bar denotes a period
over which spawning may have occurred with the number of
colonies (out of ten) with mature eggs observed on a particular
sampling date. In 2002 and 2003, a horizontal bar denotes a
monitoring period for a single colony. Disconnected part of the line
means disruption due to device malfunctioning. Filled circles on the
lines denote the presence of spawned eggs in capture devices (closed

circle many, grey shaded circle few). Marks at the end of the lines
show the presence (p) and absence (crosses) of mature eggs in
monitored colonies at termination. Grey cells show dates of
sampling of additional colonies for annual fecundity estimates
(before spawning) or to determine the proportion of population
that had spawned (after spawning in 2003). For Echinophyllia
aspera and Platygyra contorta in 2003, asterisks indicates colonies
without mature eggs after the July monitoring were replaced with
new colonies for the August monitoring. Note that the smaller
number of eggs observed in July 2003 may be due to malfunction-
ing of the device under rough sea conditions
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Fig. 5 Proportion (%) of larvae
attached (a) and settled (b) on
the plates (n=28 replicate
aquaria for Cyphastrea serailia
and Favia favus and 6 for
Acropora solitaryensis).
Average = SD are shown
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experimental period. b Change in maximum diameter of recruits
[n=6-20 (Acropora solitaryensis), 20 (Alveopora japonica), 20
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shown

Recruitment

There were only one or two scleractinian recruits ob-
served on a total of 50-100 plates deployed every year
from 2001 to 2003. In 2001, one recruit (species
unidentified, 750 pm diam.) was found on the bottom
plate surface among 50 plates. In 2002, two recruits were
found on two separate plates among 100 plates. One of
them was a spawning Acropora sp. (1.5 mm diam.) set-
tled on the top plate surface and the other was a
brooding Alveopora sp. (2 mm diam.) settled on the
bottom surface. In 2003, one recruit of a spawning
Acropora sp. (1.3 mm diam.) was found on the top
surface among 50 plates.

Post-settlement mortality

In the preliminary experiment conducted in 2001-2002,
none of 498 F. favus spat and 86 H. exesa spat survived
until the first examination 10 months after being placed
in the study site. A more detailed experiment conducted
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in 2002-2003 showed high mortality at the initial post-
settlement stages in the three broadcast-spawning spe-
cies, A. solitaryensis, C. serailia and F. favus, and the
brooding species, A. japonica (Fig. 6a). At the end of the
3-month experimental period, the survivorship of
A. solitaryensis was significantly higher than that of
C. serailia and F. favus (P <0.05). The numbers of spat
surviving at the end of the experiments were three out of
117 A. japonica spat, 35 of 238 A. solitaryensis spat, zero
of 200 C. serailia spat and six of 269 F. favus spat.

Spat size

The size of A. japonica larvae was 1,660 £229.6 um in
length and 562 £48.5 pm in width (mean £ SD, n=25)
(see the previous section for the other spp.). Spat of the
four species were significantly different in size (max.
diam.) at the start of experiment (ca. 3—4 week post set-
tlement); A. japonica (1.59+0.13 mm: mean + SD, n=
25) > A. solitaryensis (1.24+0.09 mm, n=24) > F. fa-
vus  (0.75+£0.12 mm, n=25) > C. serailia (0.65%
0.08 mm, n=26) (P<0.05) (Fig. 6b). Spat sizes of
A. solitaryensis and F. favus increased 255 and 186% on
average for the next 3 months, attaining 3.17£0.96 mm
(mean £ SD) (n=6) and 1.38+£0.47 mm (n=3),
respectively.

Discussion and conclusion
Reproduction
Fecundity and minimum reproductive size

The six scleractinian corals examined, except A. cf.
hyacinthus, showed high fecundity (76.7-100%) at the
high-latitude study site (32°N) where the annual mean
water temperature ranged from 15 to 27°C (Fig. 3).
Wilson and Harrison (1997) also reported high fecundity
in 21 scleractinian corals from the Solitary Islands (30°S)
where the annual water temperature was 16.6-26.6°C.
Hence, these studies confirmed that many scleractinian
corals are capable of producing gametes in the low
temperature ranges at high-latitudes.

Low fecundity of A. cf. hyacinthus (0-47.8%) ob-
served in 2002-2003 may not be a general feature of the
species at the study site, since high fecundity (80%) was
observed in the preliminary survey in 2001 (Fig. 4). Low
fecundity may be attributable to split-spawning (re-
viewed in Baird et al. 2000), i.e. colonies had spawned
their gametes before the observed spawning period in
July, and/or to environmental disturbances (reviewed in
Ward and Harrison 2000).

It is unlikely that spawning was triggered in June
prior to examination as water temperatures were around
2-3°C lower than July. However, environmental dis-
turbances were experienced in 2002-2003. Typhoons
occurred a few times per year in 2002-2003, and in 2003
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an outbreak of a seaweed Colpomenia sinuosa occurred
from the end of March to the beginning of April which
covered most colonies for a couple of weeks. Although
these events did not cause high whole colony mortality,
significant physical and tissue damage (e.g. partial tissue
death or bleaching) was observed in colonies of some
vulnerable species such as Pocillopora damicornis and
acroporid corals (Y. N., personal observation).

Although there are few published data on the mini-
mum reproductive size of scleractinian coral species, the
values for the four faviid species in this study (6—
36.1 cm?) are similar to values reported for other faviids
at low latitude sites (ca. 7-50 cm~) (Babcock 1984, 1991;
Sakai 1997; Hall and Hughes 1996). In contrast, 4. cf.
hyacinthus had a much larger minimum reproductive
size (193 cm?) than other coral species examined in this
study, and published values for other acroporid species
from low latitude sites (38-59 cm?) (12°S) (Hall and
Hughes 1996). This may be due to reduced fecundity
during the study as a result of environmental stressors.

The positive relationship between colony-size and
fecundity found in the seven species in the present study
is consistent with other published studies (Babcock 1984;
Hall and Hughes 1996; Kapela and Lasker 1999). This
may be due to differential resource allocation between
growth and reproduction among colonies of different
sizes. Smaller colonies may allocate more resources to
growth in order to escape the higher risk of mortality
(Harvell and Grosberg 1988; Babcock 1991) and they
may use up resources for survival under stressful con-
ditions or disturbances, thus becoming non-reproduc-
tive. This hypothesis also suggests that the minimal
reproductive size for each species may vary at different
times and locations, depending on the extent of stresses
and disturbances experienced (see also review in Harvell
and Grosberg 1988).

Timing and synchrony of spawnings

Water temperature is a significant factor determining the
general timing of annual spawning at high-latitudes (e.g.
Shlesinger and Loya 1985; van Woesik 1995; Wilson and
Harrison 2003; but see Babcock et al. 1994). In this
study, reduced water temperature in July 2003 was
associated with split spawning in all four species exam-
ined. Wilson and Harrison (2003) also observed less
synchronous sporadic spawning among conspecific col-
onies in many scleractinian corals at the Solitary Islands,
where colonies experience highly variable water tem-
peratures during the spawning season.

Recruitment process

Initial larval settlement pattern

The pre-settlement competency periods of larvae of
A. solitaryensis, C. serailia and F. favus from the present

study site (24 days) were much shorter than those re-
ported for broadcast-spawning species from high-lati-
tudes (6—12 days) (Shlesinger and Loya 1985, 1991;
Wilson and Harrison 1998). However, these values were
comparable to those reported from lower latitudes (1—
7 days) (Babcock and Heyward 1986; Heyward et al.
1987; Baird 2001; Schwarz et al. 1999; Nozawa and
Harrison 2002, 2005; Miller and Mundy 2003). The
patterns of larval attachment and settlement in the three
species were similar to those for other species from low
latitudes (Nozawa and Harrison 2002, 2005; Miller and
Mundy 2003), except the larval settlement pattern of
A. solitaryensis (Fig. 5). A. solitaryensis showed a
delayed peak in settlement which may result in more
larvae being swept away from natal populations and
contribute to lower local recruitment.

Recruitment

The recruitment rate of 2 m~2 in this study was con-
siderably lower than values reported from low-latitude
areas in the Pacific (574,590 recruits/m?) (reviewed in
Glassom et al. 2004). Yeemin (1991) reported a similar
number of scleractinian recruits at Kuwashima, near the
present study site (Fig. 1). On a total of 490 settlement
tiles (10x10x2 cm®), consisting of five types of tiles;
ceramic tiles, beach rock, rhyolite rock, Takiron and
shell, deployed from 1988 to 1990, only two recruits of
the brooding species, P. damicornis were observed in
1988. These recruitment rates were consistent with val-
ues from high latitude sites in eastern Australia, except
that there, brooding species were the dominant recruits
(Harriott 1992, 1999; Harriott and Banks 1995; Harriott
and Simpson 1997; Hughes et al. 2002). Tioho et al.
(2001) observed ca. 70 recruits of the brooding coral
P. damicornis on 90 ceramic tiles (10x10x2 cm?) every
year for 2 years, which were deployed within a distance
of 10 m from P. damicornis colonies at Ooshima, near
the present study site (Fig. 1). Hence, low recruitment
rates of brooding species at the present study site may
be due to low density of brooding species (Y. N.,
unpublished data). The plate material is unlikely to be
the cause, since many larvae settled on the plates in
laboratory experiments in the present study.

Probable factors creating the general pattern of
recruitment at high-latitude may be (1) reduced larval
supply from other coral populations, which are smaller
and more isolated at high-latitudes, and (2) different
larval dispersal patterns of broadcast-spawning and
brooding coral species. Short precompetent period of
brooding larvae results in high contribution to local
recruitment (Harriott 1992; Smith 1992; Tioho et al.
2001). In contrast, longer precompetent period in
broadcast-spawned larvae means they are vulnerable to
passive drift and may recruit some distance from parent
colonies (reviewed in Harrison and Wallace 1990).
Similar results (i.e. low recruitment in highly fecund
broadcast-spawning coral populations) reported from



another high-latitude site, the Solitary Islands suggest
that the pattern may not be a local phenomenon (Har-
riott 1999; Wilson and Harrison 1997).

Yeemin (1991) examined juvenile scleractinian corals
(£ 50 mm in diameter) on natural rocky substrata at
Kuwashima (Fig. 1) and found 188 juveniles in an area
of 52.5 m? (3.58 juveniles/m?). Given that juvenile corals
may include a number of cohorts, the density of coral
recruits recorded in the present study for 1 year (2 re-
cruits/mz) may reflect natural levels of recruitment onto
the natural substrata in the study site. Harriott (1999)
reported similar densities of coral recruits on settlement
panels and of juvenile corals on natural substrata
(2.3 recruits/m?/year) in the Solitary Islands and slightly
lower mortality rates of the juveniles tracked over
5 years (2.0 corals/m?/year). She concluded that the low
recruitment rates must be sufficient to maintain the high-
latitude coral communities.

Post-settlement mortality

Post-settlement mortality of five scleractinian corals
ranged 88—100% over the 3-month period in the present
study. Similar values were reported from other high-
latitude sites (>94-99%) (Shlesinger and Loya 1991;
Wilson 1998; Fairfull and Harriott 1999) and also from
a low latitude site (>94-98%) (Babcock 1985; Babcock
and Mundy 1996). Hence, high mortality appears to be a
general feature of scleractinian recruits in the first year
of settlement with little difference between low and high
latitude sites.

A positive correlation between colony-size and sur-
vivorship has been reported for the two scleractinian
corals, Platygyra sinensis and Oxypora lacera during the
period of four to nine month post settlement (Babcock
and Mundy 1996). Results of the present study largely
supported the correlation where the survivorship of
larger spat (i.e. 4. solitaryensis) was higher than those of
smaller spat (i.e. C. serailia and F. favus). In contrast,
Babcock (1985) reported a slightly higher mortality in
A. millepora (86%) than in Goniastrea aspera (66%) and
P. sinensis (74%), even though the spat of A. millepora
were three to four times larger than those of G. aspera
and P. sinensis. The reason why the correlation was not
always observed among species may be species-specific
tolerance to various environmental stresses and distur-
bances affecting their survivorship. The study site
of Babcock (1985) had relatively high sedimentation
(cf. Babcock and Mundy 1996), which may reduce
the survivorship of recruits of species vulnerable to
sedimentation such as acroporids.

Conclusion

The present study examined the several key stages in the
reproduction and recruitment processes of scleractinian
corals in high-latitude coral populations. Among the key
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stages examined, synchrony of spawning and recruitment
were identified as key stages which may limit successful
reproduction and recruitment. Synchrony of spawning
among conspecific colonies may be disturbed by unusu-
ally low or variable water temperature, resulting in a
reduction of locally produced larval supply. The low
recruitment recorded at high-latitude sites may limit the
formation and development of coral populations. Hence
these results support the argument that the processes of
population replenishment may be a significant factor
influencing the latitudinal limit of coral distribution.
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