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Abstract

Repeated fragmentation of corals can increase the source material to re-stock a coral
nursery and reduce dependence on wild stocks. However, the efficacy of this
approach to generate coral cover remains limited. Live tissue growth and dead area of
Echinopora lamellosa fragments and re-fragments were measured at an in situ nursery
over one year. Overall, re-fragmented E. lamellosa generated less live tissue area (n =
10, 116.1 + 114.1 cm?) than control fragments that were left intact (n = 20, 200.3 +
130.9 cm?). Re-fragmenting corals at sixth month of nursery rearing resulted in 23%
loss of coral tissue and it required almost four months to attain the size before re-
fragmentation. The increase in initial dead area significantly reduced coral growth in
both treatments. The results for this species demonstrated that while re-fragmentation
can increase the number of coral fragments, it is negated by the reduction in overall
growth.
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Introduction

The trade of live corals increased tenfold to approximately 650 tonnes from 1985 to
1997, comprising more than half of the global coral trade in 1997 (Green & Shirley,
1999). The rising popularity of the live coral trade has fuelled concerns that
unregulated harvesting could pose irreversible damage to coral reefs (Smith &
Hughes, 1999; Bruckner, 2000). However, recent advancements in coral culture and
husbandry have helped to reduce an over-reliance on harvesting from the wild
(Pomeroy et al. 2006). Coral mariculture, comprising sexual and asexual propagation
methods, is increasingly carried out to supplement efforts to rehabilitate degraded
reefs (Epstein et al. 2003; Toh et al. 2014; Ng et al. 2016) and enhance the ecological
value of man-made structures in the marine environment (Ng et al. 2015; Toh et al.
2017).

Asexual propagation involves excising fragments off parent coral colonies, and
rearing them in nurseries to obtain the desired quantity of coral materials (Bowden-
Kerby, 2001; Ng et al. 2012). Compared to sexual propagation, this approach is
widely adopted due to its low cost and relative ease of use (Rinkevich 2005).
However, the availability of healthy donor colonies may be limited in degraded reef
habitats (Edwards & Clark, 1999; Bruno & Selig, 2007; Lirman et al. 2010).
Additionally, coral fragmentation causes tissue lesions along the fractured edges of
parent colonies, rendering them more susceptible to colonisation by fouling organisms
and infections from pathogens (Cumming, 2002; Titlyanov et al. 2005; Casey et al.
2015). This in turn creates dead areas on the coral fragments that hinders coral growth
(Osinga et al. 2011; Leal et al. 2014).

To reduce the impacts on wild colonies, corals that are already being reared in
nurseries could be re-fragmented for further cultivation and re-stocking. This strategy
was useful in increasing the production of Acropora palmata (Forrester et al. 2013).
However, the viability of this approach has not been extensively tested for other
species. A one-year investigation at an in situ nursery was conducted to determine the
feasibility of re-fragmenting nursery-grown Echinopora lamellosa to generate new
coral propagules. The objectives were to (1) examine the influence of initial live
tissue area and dead area on the growth of the nursery-reared corals and (2) compare
the growth of live tissue between nursery-grown corals that had been re-fragmented in
the sixth month of nursery-rearing with those that remained intact.

Materials and Methods

Study species and nursery rearing

Echinopora lamellosa (Esper, 1795) is a foliose scleractinian widely distributed
across Indo-Pacific reefs (Veron, 2000) and it can dominate shallow reef areas by
forming large assemblages (Sheppard, 1980; Dai, 1993; Veron, 2000). Fragments of E.
lamellosa that had been transplanted grew rapidly despite the stresses arising from
fragmentation and transplantation (Dizon & Yap, 2006; Shaish et al. 2008),
suggesting the suitability of this species as a candidate for examining the effects of
repeated fragmentation.

Ten E. lamellosa colonies (25-50 cm in diameter) were collected in August 2014
from a reef fringing Sultan Shoal (an offshore island southwest of Singapore;



1°14'22.86"N, 103°38'59.1"E) and transferred to an in situ coral nursery established
off Lazarus Island (1°13'41.76"N, 103°51'19.82"E). The colonies were fragmented
with hammer and chisel into 48 pieces of similar sizes (68.8 + 19.7 cm?). The
fragments were then secured to six PVC-mesh fixed nursery tables (50 cm x 50 cm
and elevated 40 cm above bottom substrate) that were deployed at 4-5 m depth of the
reef. All fragments were placed at least 5 cm apart to minimise competition and
overgrowth (Edwards & Gomez, 2007; Shafir et al. 2010). These fragments were
reared for seven months from August 2014 (referred to as ‘Phase 1°).

Re-fragmentation of coral fragments

At the end of Phase 1 in March 2015, 30 fragments were randomly selected for the re-
fragmentation experiment. Ten were re-fragmented into 20 halves (59.1 + 24.6 cm?;
mean diameter + s.d.) while the other 20 fragments were left intact as the control
group (155.0 + 38.8 cm?; mean diameter + s.d.) (referred to as ‘Phase 2°). The 20 re-
fragmented and 20 control fragments were reattached to 10 nursery tables and
cultivated for six months (referred to as ‘Phase 3’). The nursery tables were regularly
maintained to remove accumulated sediment, fouling organisms (e.g. barnacles,
sponges, tunicates, macroalgae) and corallivorous snails (Drupella spp.) throughout
the study.

Data analysis

All fragments were monitored monthly throughout the study and in situ photographs
were taken directly above the corals together with a scale bar. The live-tissue area and
dead area of each coral were measured using the software ImageJ (Schneider et al.
2012).

Coral growth was defined as the change in live tissue area for each fragment relative
to the initial live tissue area at the start of each monitoring period: ‘Phase 1’ (before
re-fragmentation), ‘Phase 2’ (re-fragmentation), ‘Phase 3’ (after re-fragmentation),
and ‘Overall’ (change in live tissue area over the entire duration of the study).
Adapting the methods from Forrester et al. (2013) and Lohr et al. (2015), net coral
growth was defined as the combined live tissue area of each pair of re-fragmented
corals originating from the same colony (n = 10). The same calculation was done for
the changes in dead area.

To investigate the influence of initial live tissue area and dead area on coral growth in
Phase 1, the data were first tested for normality using Shapiro-Wilk test and
homogeneity of variances using Levene’s test, followed by linear regression. To
examine the differences in live tissue area and dead area at each phase between
treatments, data were tested for normality and homogeneity of variances.
Subsequently, student t-tests were performed accordingly to test for significant
differences in live tissue area and dead area between re-fragmented and control coral
fragments. All statistical analyses were performed using SPSS version 17.0.

Results

Live tissue area

In Phase 1, growth was similar between corals in the re-fragmented and control
groups (p > 0.05; Table 1), with corals in the former group growing from 64.4 + 16.4
cm?to 135.1 + 43.7 cm? (mean + SD) and those in the latter group growing from 70.6



+ 20.9 cm? to 150.5 + 38.3 cm? (Figure 1a). The initial live tissue area was not a
significant predictor of the change in live tissue area (Linear regression, F = 0.025,

p > 0.05, R2=0.001, Figure 2a).

Table 1. Change in mean live tissue area (LTA) and dead area (DA) of Echinopora

lamellosa fragments in the re-fragmented treatment and control group. Standard
deviations (SD) are shown in parentheses.

Phase 1 Phase 2 Phase 3 Overall

Treatment n LTA DA LTA DA LTA DA LTA DA
(cm>)  (em?) (m?) (cm?) (cm?) (cm?)  (cm?)  (cm?)

Re- 10 70.7 15.0 -16.9 3.60 62.3 61.1 116.1  79.7
fragmented (36.8) (11.0) (275 (5.17) (99.4) (31.9) (114.1) (35.4)
Control 20 79.9 16.1 4.45 1.77 115.9 47.2 200.3 65.1
(27.0) (142) (16.3) (4.78) (1115) (34.5) (130.9) (46.8)
t-value -0.780  -0.22 -2.12 0966 -1.29 1.06 -1.73  0.867
p-value 0.442 0.830 0.048* 0.342 0.209 0.297 0.0950 0.393
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Figure 1. a) Mean live tissue area and b) dead area of Echinopora lamellosa
fragments in the re-fragmented treatment (n = 10) and control group (n = 20)
throughout the study (x SD). Re-fragmentation was carried out in March 2015.
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Figure 2. Linear regression predicting the change in live tissue area of Echinopora
lamellosa fragments in Phase 1 using (a) initial live tissue area and (b) initial dead

area (n = 48).



In Phase 2, corals in the re-fragmented group had significantly lower combined live
tissue area than those in the control group (Table 1; p < 0.05). It took approximately
four months for corals in the re-fragmented group (118.2 + 41.3 cm?) to attain a
combined live tissue area of 133.3 + 68.0 cm?, a size that was similar to the corals
prior to re-fragmentation (135.1 + 43.7 cm?) (Figure 1a).

The reduction in live tissue area of the corals upon re-fragmentation did not result in

significant changes in growth throughout Phase 3 compared to corals in the control (p

=0.209) (Table 1). Overall, the re-fragmented corals were smaller (180.5 + 112.6 cm?)
than those left intact (270.9 + 137.8 cm?; 1a) and coral growth in the re-fragmented

treatment was 84.2 cm? lower than those in the control (Table 1; Figure 3).
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Figure 3. Representative photographs of the Echinopora lamellosa fragents @) after
Phase 1 and the corals in the (b) control group (c,d) re-fragmented group after Phase 3.
Scale bar =2 cm.

Dead area

At the end of Phase 1, dead area was 18.7 + 10.4 cm? for re-fragmented corals and
18.0 + 14.1 cm? for control corals (Figure 1b) and the change in dead area was similar
between the two treatments (Table 1). The initial dead area was a significant predictor
of the change in live tissue area during Phase 1 (Linear regression, F = 7.237, p = 0.01,
R2 = 0.136; Figure 2b).



In Phase 2, the change in dead area was slightly higher for corals in the re-fragmented
group compared to the controls (p > 0.05; Table 1). In Phase 3, dead area increased by
47.2 + 34.5 cm? for corals in the re-fragmented group and 61.1 + 31.9 cm? for control
corals (p > 0.05; Table 1; Figure 1b; Figure 3). At the end of Phase 3, two re-
fragmented corals from different colonies were dead. Overall, corals in the re-
fragmented group had higher change in dead area (79.7 + 35.4 cm?) than the control
corals (65.1 + 46.8 cm?; Figure 1b) but the difference was not significant (p > 0.05;
Table 1).

Discussion

Optimising propagation and rearing processes in coral nurseries is essential for
effective reef restoration. While substantial efforts have been devoted to enhancing
the yield of sexually and asexually derived coral propagules (Forrester et al. 2013;
Toh et al. 2012), few have explored the viability of re-fragmenting nursery-reared
corals for re-stocking. Re-fragmentation could have the potential to support
mariculture efforts and reduce collection from the wild (Forrester et al. 2013). In this
study, we tested this approach by re-fragmenting nursery-grown E. lamellosa colonies.
Our results demonstrated that despite generating more fragments, the increase in live-
tissue area of the re-fragmented corals was about half that of the control fragments
after one year.

The loss of coral tissue during the re-fragmentation process (Phase 2) was a drawback
of this strategy. The re-fragmented E. lamellosa required approximately four to five
months of growth to regenerate to their initial sizes, translating to a longer period
needed for rearing this species in a nursery and a higher operational cost to maintain
the nursery (Toh et al. 2017). This is unlike fragmenting other coral species such as
Acropora, which can recover faster after fragmentation (Shaish et al. 2008;
Raymundo & Maypa, 2004), and exhibit rapid and indeterminate growth (Highsmith,
1982). There was no evidence in this study to show that the initial live issue area
affected growth, but smaller sizes can reduce coral survival (Highsmith, 1982). While
this effect was not tested in the present study, we did observe that two re-fragmented
corals died while those in the control were all alive after six months.

Additionally, the greater the extent of initial tissue mortality, the slower E. lamellosa
fragments grew in the nursery. We observed that dead regions of the colony were
rapidly colonized by fouling organisms (e.g. algae), corroborating the observations
reported by Fishelson (1973). These organisms compete with the coral for space and
further damage adjacent tissues (Fishelson, 1973; Toh et al. 2013). As more resources
are needed to facilitate wound healing, coral growth can be delayed (Fong & Lirman,
1995; Lirman, 2000; Henry & Hart, 2005). Tissue necrosis also reduces coral
immunity and increases their susceptibility to coral diseases (Sheridan et al. 2013).
Consequently, tissue necrosis can spread rapidly (Titlyanov et al. 2005; Casey et al.
2015) and hinders the growth of coral fragments especially at the circumference
(Osinga et al. 2011; Leal et al. 2014). This could account for why initial fragment live
tissue area was a poor predictor of growth in this study. To mitigate the impact of
tissue necrosis on growth, dead portions of cultivated corals should be removed to
prevent spread of disease and reduce further mortality (Shafir et al. 2010; Sheridan et
al. 2013).



Conclusion

Despite the reduced growth, the re-fragmentation method has the potential to produce
more coral individuals. This can be useful in situations where healthy donor colonies
are scarce, especially for endangered coral species (Lirman et al. 2010). Further
research is needed to determine the time required for the secondary fragments of
various coral species to recover and grow sufficiently before the next re-
fragmentation (Soong & Chen, 2003; Forrester et al. 2013; Lohr et al. 2015). This will
help optimize nursery coral production and reduce the overall dependence on natural
donor colonies for propagation.
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