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Studies on survivorship and the reproductive 
ability of transplanted coral fragments are important 
for coral reef restoration (Okubo et al. 2005, 
Forsman et al. 2006).  It is especially important to 
determine the ideal collection time and minimum 
fragment size that are necessary for successful 
propagation.  This is because the maximum 
survival rate with the possibility of spawning needs 
to be established in order to develop successful 
restoration techniques.  For example, aquariums try 
to establish coral breeding facilities and nurseries 
using sexually reproducing corals.  The smallest 
fecund fragments should be collected to avoid 
stress to the donor corals and their environments 
(e.g., Petersen et al. 2005), and mature transplants 
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fragments of Acropora nasuta.  Zoological Studies 48(4): 442-447.  The survival rate and sexual reproduction 
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were monitored over a 3 yr period.  Oocyte development was influenced by both fragment size and season of 
transplantation.  In smaller fragments, oocytes were resorbed, while development continued in larger fragments, 
suggesting that smaller fragments could not afford to invest in sexual reproduction and converted resources 
from oocytes into growth/survival.  Oocytes of July-transplanted fragments (in the early vitellogenic stage) were 
resorbed, while oocytes of Feb.-transplanted fragments (in the late vitellogenic stage) continued to develop.  
This may have occurred because of the large amount of energy needed for further oocyte development in July-
transplanted fragments until spawning in June of the following year.  Transplanted fragments spawned in the 
1st year; none, except for 1 fragment, spawned in the 2nd year; and no gametes were produced in the 3rd year, 
indicating that fragments reallocated energy resources, and that infertility occurred for a certain period of time.  
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may enhance sexual recruitment.  Larvae from 
transplants can be introduced to sites where very 
little natural larval recruitment is expected due to 
damage to existing field colonies (Cowen et al. 
2000, Mathews 2007).  Furthermore, this study can 
also contribute to knowledge of various aspects of 
coral biology, including size-dependent survivorship 
of fragmented corals and diverse reproductive 
modes of colonies.  The coral genus Acropora is 
widespread throughout the tropical Indian, Pacific, 
and west Atlantic Oceans, and typical colony 
shapes include arborescent, corymbose, and 
tabular forms (Wallace 1999).  However, Acropora 
species are currently so rare that they are the first 
corals on the ESA threatened species list (http://
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ecos.fws.gov/tess_public/SpeciesReport.do).
Although several reports have stated that 

naturally or artificially occurring fragments reduce 
fecundity or stop gonad development, those 
studies were performed only once or just a few 
times after fragmentation (e.g., Smith and Hughes 
1999, Zakai et al. 2000).  Survivorship and growth 
of transplanted fragments have been surveyed 
and discussed (e.g., Rodgers and Cox 2003, Yap 
2004), but the spawning of fragments has never 
previously been reported.  Fecundity may differ 
depending on the developmental stage of oocytes 
at fragmentation (e.g., Schreck et al. 2001), and the 
reduction in colony size due to fragmentation may 
affect reproductive output (Sebens 1982).  Connell 
(1973) postulated that the occurrence of sexual 
reproduction in a colony is determined by the size 
of the colony or age of the polyps comprising the 
colony.  Few data are available, especially on 
the corymbose form, on physiological responses 
of fragments after transplantation, and fragment 
growth and physiological response are thought 
to be species-specific.  Furthermore, Cumming 
(2002) described injury, including fragmentation, 
as a highly significant predictor of colony decline 
(shrinkage or death) for corymbose acroporids, 
but not for arborscent acroporids.  In the present 
study, we report long-term observations on the 
survivorship, oocyte development, and spawning 
versus fragment size and timing of fragmentation/
transplantation in the corymbose coral Acropora 
nasuta.

MATERIALS AND METHODS

This study was conducted at Majanohama 
Beach, Akajima I., Okinawa, Japan (26°3'52''N, 
127°5'30''E).  Oocytes of A. nasuta are usually 
observed in the mesoglea in Oct., and spawning 
generally takes place in May or June of the 
following year (Hayashibara et al. 1993).  In 
total, 288 fragments of A. nasuta were randomly 
trimmed from 42 large donor colonies (each 
ca. 15 cm in height and ca. 120 cm2 in plane 
area on 13 July 2001 and 20 Feb. 2002.  Small 
colonies of A. nasuta (5-8 cm in diameter) at 
the experimental site were immature and did 
not have oocytes (Hayashibara et al. 1993).  
Fragments were taken from the tip (marginal 
part) of each colony, as described previously 
(Okubo et al. 2007), and each fragment was 
weighed underwater using a handmade balance 
and grouped into 2 size classes: small (ca. 5 cm 

from the tip, 7.6 ± 0.7 g) and large (ca. 10 cm, 
20.8 ± 0.5 g).  We drove 8 cm long concrete nails 
into a coral pavement substrate, leaving 5 cm 
protruding from the surface, in an area with similar 
light and temperature conditions to the donor 
colonies, and at a depth of 2-3 m.  A 20 cm space 
was maintained between the nails at a distance 
of about 50 m from the donor colonies.  Each 
fragment was vertically fastened along the nail 
using 1 polyethylene cable tie (Okubo et al. 2005).  
After transplantation, the condition and survival 
rate of the fragments were monitored every 2-4 
mo for 2.5 yr, until Jan. 2004 while scuba diving.  
Fragments in which all polyps had died were 
counted as dead fragments.  Oocyte development 
was studied in separate fragments from those 
in which the survival rate was measured.  Three 
fragments removed from the transplants (2 sizes) 
and donor colonies were collected and studied 
every 2 mo post-transplantation during the 1st year 
(2002), in Apr. of the 2nd year (2003), and in Jan. 
of the 3rd year (2004).

Oocyte development in the 3 fragments 
from the donors and 3 fragments from each of 
the 2 transplant size classes was examined after 
fragmentation.  In each fragment, the condition of 
9 polyps with oocytes was examined as described 
by Okubo et al. (2007).  Samples were fixed and 
decalcified in Bouin’s fluid.  As the volume and 
number of oocytes in a polyp vary according to 
the position of the polyp (e.g., Chornesky and 
Peters 1987), polyps from each fragment size with 
a similar position relative to the donors (i.e., at 
3-4 cm from the tip) were respectively examined.  
We examined the condition of all polyps in the 
fragments from Aug. 2002 to June 2004 in the 
2nd and 3rd gametogenesis.  Three factors were 
quantified: (a) the average number of oocytes per 
polyp, (b) the average volume of each oocyte, 
and (c) the fecundity (i.e., the average volume of 
oocytes per polyp.  Polyps with no oocytes were 
quantified as 0 in (a).  Fragments lacking oocytes 
and testes were confirmed by histological sections 
which were paraffin-embedded and stained with 
hematoxylin and eosin (Okubo et al. 2007).

All fragments, their donor colonies, and 
other untouched colonies were examined at night 
(21:00-23:00) while scuba diving for the presence 
of egg-sperm bundles and spawning.  These 
observations were conducted at night for 11-14 
d before and after the full moon (21-31 May and 
20-30 June 2002 and 11-25 May and 9-19 June 
2003).  Since both species are hermaphroditic 
and the eggs and sperm within each polyp are 
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compressed into 1 or more egg-sperm bundles, 
the spawning of fragments was expressed as the 
percentage of all fragments examined which had 
bundles (Table 1).

RESULTS

Survival rates

In July 2001, about 1 mo after transplantation, 
many fragments exhibited bleaching.  The survival 
rate was higher in small (80%) compared to large 
(71.4%) fragments (Fig. 1).  However, 1 yr later, 
the small fragments had gradually died, and the 
ultimate survival rate was lower compared to 
that of the large fragments (Table 1).  The daily 
growth rate from 27 Sept. to 6 Nov. 2001 was 
0.02 ± 0.03 g for small fragments and 0.09 ± 
0.07 g for large fragments.  The survival rate of 
fragments transplanted in Feb. 2002 was higher 
in large compared to small fragments during the 
observation period.  An effect of the timing of 

fragmentation was also apparent. The survival rate 
of Feb.-transplanted fragments was consistently 
higher compared to July-transplanted fragments, 
regardless of size (Fig. 1, Table 1).

Oocyte development and spawning

July-transplanted fragments

No oocytes were found in the mesoglea 
of donor colonies in July 2001 after the mass 
spawning (Table 1).  In Sept. 2001, however, 
33% of the large fragments and 67% of the 
donor colonies produced oocytes, whereas no 
oocytes were found in small fragments (Fig. 2).  
Statistically, oocyte numbers and fecundity did not 
significantly differ; however, a significant difference 
was observed in oocyte volume between the large 
fragments ((0.02.5 ± 1.4) × 10-4 mm3, n = 23) and 
donor colonies ((4.0 ± 2.5) × 10-4 mm3, n = 57) 
(Fig. 2; Mann-Whitney U-test, U = 57, p > 0.11 
for oocyte number; U = 892.0, p < 0.02 for oocyte 
volume; and U = 59, p > 0.08 for fecundity in 

Table 1.  Transplantation of Acropora nasuta.  Fragments were taken from 
42 donor colonies.  +, fragments with oocytes at transplantation; -, no 
oocytes present.  Survival rates were measured 1 yr after transplantation

Date of transplantation
Oocytes 
present

Fragment 
size

Number of 
fragments 

Survival 
rate (%)

Spawning 
(%)

13 July 2001 - Small 70 57.0 0
- Large 56 64.0 43.8

20 Feb. 2002 + Small 60 86.7 70.0
+ Large 60 100 100

Fig. 1.  Survival rate (%) of fragments transplanted on (A) 13 July 2001 (n = 126) and (B) 20 Feb. 2002 (n = 120).  Solid circles, small 
fragments; open circles, large fragments.
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Sept. 2001; large fragments < donor colonies).  In 
large fragments, oocyte development continued, 
and 1 mo before mass spawning occurred (Apr. 
2002), the difference in oocyte volume between 
large fragments and donor colonies had further 
increased (Mann-Whitney U-test, U = 536.5,  

p < 0.02; n = 21 for large fragments, n = 78 for 
donor colonies; Fig. 2).  In Feb. 2002, oocytes 
were observed in one of 3 small fragments, 
but subsequently disappeared (Fig. 2).  On 29 
May 2002, donor colonies and 44% of the large 
fragments began to release bundles at between 
22:15 and 23:00, but none of the small fragments 
spawned.  After this event, no gametes were left 
in the polyps of the fragments.  In the 2nd year, all 
donors spawned in July 2003, but no fragments 
spawned.  In the 3rd year of gametogenesis 
(2003-2004), no gametes were observed in small 
and large fragments.

Feb.-transplanted fragments

In Feb. 2002, all transplanted fragments, as 
well as the donor colonies, possessed developing 
oocytes in the late vitellogenic stage.  The oocyte 
number was 12.2 (SD = 2.8, n = 9), volume was 
0.009 mm3 (SD = 0.004 , n = 117), and fecundity 
was 0.106 mm3 ini t ial ly (SD = 0.034 mm3,  
n = 9).  In Apr., 2 mo after transplantation, the 
oocyte number had decreased in all transplanted 
fragments as well as donors (Fig. 3).  Oocytes 
occurred in 33% of the small fragments, but the 
volume was significantly larger than that of the 
donor colonies (0.022 ± 0.008 mm3 for small  
(n = 18) vs. 0.017 ± 0.004 mm3 (n = 78) for donors; 
Kruskal-Wallis test, H = 14.2, p < 0.001; Dunn,s 
multiple-comparison test, p < 0.05); the oocyte 
volume of large fragments (0.015 ± 0.007 mm3, 
n = 43) did not differ from that of donor colonies 
in Apr. (Dunn,s multiple-comparison test, p > 
0.05).  Oocytes of both small and large fragments 
continued to develop, and the oocyte volume 
sharply increased until May (Fig. 3).  Before 
the mass spawning on 24 May, the respective 
oocyte volumes did not significantly differ from 
the donor colonies (Kruskal-Wallis test, H = 3.5, 
p > 0.17).  However, the oocyte number and 
fecundity were highest in the donor colonies (Fig. 
3; Dunn,s multiple-comparison test, p < 0.05 for 
all comparisons, donor colonies > large fragments 
> small fragments).  On 29 May 2002, 70% of 
the small (n = 60) and 100% of the large Feb.-
transplanted fragments (n = 60) spawned on 
the same calendar day as the July-transplanted 
fragments and donors.

In the 2nd gametogenesis after May 2002, 
neither oocytes nor spermary were observed 
in any Feb.-transplanted fragments.  Donors 
spawned in July 2003, but all fragments failed to 
do so, except for 1 large fragment that spawned on 

Fig. 2.  Oocyte development in fragments transplanted on 13 
July 2001.  (A) Average oocyte number per polyp (n = 9); (B) 
average oocyte volume (n = 0-110); (C) fecundity (average of 
total oocyte volume per polyp; n = 9).  Filled circles, donors; 
squares, large fragments; open circles, small fragments.  The 
error bar represents the standard deviation.
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the same calendar day as the donors.  In the 3rd 
gametogenesis, no gametes were observed in any 
of the fragments.

DISCUSSION

In the 1st year, large fragments had a higher 
survival rate and produced more gametes than 
did small fragments, indicating that fragment size 
affected the survival rate and sexual reproduction 
in A. nasuta.  Both large and small fragments, 
however, ceased oocyte development and 
spawning in the 2nd year and thereafter.  A similar 
trend was reported in Acropora of branching and 
tabular forms, i.e., A. formosa and A. hyacinthus.  
Fragments apparently reallocate energy resources 
after fragmentation and infertility occurs for a 
certain period of time (Nonaka et al. 2003).  
In the experiment with A. formosa, fragment 
transplantation resulted in resorption of oocytes 
in the early vitellogenic stage, while oocytes in 
the late stage continued to develop (Okubo et al. 
2005).  These results suggest that colony size 
may be the main factor in sexual reproduction in 
Acropora corals rather than polyp age, although 
the fragments may have been in a poor condition 
or in various stages of recovery.  This trend was 
also found in the massive coral Favites chinensis, 
while in other massive corals like Goniastrea 
favulus (Kojis and Quinn 1985) and G. aspera 
(Kai and Sakai 2008), polyp age may affect sexual 
reproduction, indicating that the reproductive 
strategy might not be defined by coral morphology.  

The daily growth rates were 0.13 ± 0.09 g in  
A. formosa and 0.02 ± 0.03 g in A. nasuta (Okubo 
unpublished data), while spawning ratios for 
similar sizes were 20.1% ± 7.9% in A. formosa 
(Okubo et al. 2005) and 70% in small fragments 
of A. nasuta.  Acropora nasuta might use a higher 
amount of energy for reproduction rather than 
growth compared to A. formosa in which repeated 
fragmentation occurs (Highsmith 1982).

During gametogenesis, oocyte volumes 
of large July-transplanted fragments, which 
had experienced bleaching, and small Feb.-
transplanted fragments increased compared 
to those of the donor colonies.  This suggests 
that stress may result in a specific stimulation to 
maintain oocyte quality and enhance spawning.  
Okubo et al. (2005 2007) reported that in the 1st 
year, oocyte volume increased and oocyte number 
decreased for A. formosa, especially in smaller 
fragments, and > 50% of fragments spawned 1 mo 
earlier than did the donor colonies.  Although no 
coral-related information is available, it is known 
that stress in late vitellogenesis can result in early 
spawning in fish (Contreras-Sanchez et al. 1998).

Timing of fragmentation also affected the 
survival rate and sexual reproduction.  In fact, all 
Feb.-transplanted fragments survived, whereas 
none of the July-transplanted fragments did.  The 
low survival rates of July-transplanted fragments 
in 2001 might be attributable to the unusually high 
temperatures that followed transplantation.  Water 
temperatures exceeded 30ºC, and bleaching 
was observed in many coral colonies, including 
fragments (Taniguchi 2002, Okubo et al. 2005).  In 

Fig. 3.  Oocyte development in fragments transplanted on 20 Feb. 2002.  (A) Average oocyte number per polyp (n = 9); (B) average 
oocyte volume (n = 18-110); (C) fecundity (average of total oocyte volume per polyp; n = 9).  Filled circles, donors; squares, large 
fragments; open circles, small fragments.  The error bar represents the standard deviation.
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the Philippines, it was reported that the survival 
and growth rates of the branching coral A. pulchra 
decreased during warm periods (> 30 ºC) (Yap et 
al. 1984 1998).  In the present study, the survival 
rate of large Feb.-transplanted fragments was 
100%, suggesting that transplantation should be 
conducted during cooler periods.

In conclusion, transplantation of larger 
fragments during the cooler season resulted in an 
increased survival rate and spawning ratio in the 
1st year after transplantation in A. nasuta.
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