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Fragment growth-rates of six cultivated coral species:

a reference framework for coral transplantation

Virginie VAN DONGEN-VOGELS and Jerome MALLEFET

Abstract: Coral fragmentation is a natural process of asexual reproduction in many coral spe-
cies. Fragment size is believed to be an important factor of fragment survival at least in some
species. The degradation of coral reefs and its poor recovery in some localities had brought dif-
ferent management plans in coral transplantation. In this study we examined in controlled con-
ditions the variation in fragment growth rates of six different scleractinian species belonging
to two different growth forms. We showed that fragment growth rates increased over our 6
month survey and that Pocillopora damicornis exhibited the highest growth rate followed in
decreasing order by S. pistillata, Montipora sp., S. caliendrum, Echinopora sp., and T.
rentformis which may reflects their life history strategy, but also a difference in their surface-
to-volume ratio as well as a difference in their skeletal density. Then, for each species, we deter-
mined whether growth rates might be affected by fragment size. We showed that there was a
positive significant relationship between growth rate and fragment size, depending, however,
on the interval time and the species considered. Difference in physiological resources allocation
through a colony lifetime and genetic limitations in colony size may be related to our results.
However, as in the wild many other parameters such as predation, can also play a role in frag-
ment survivorship, we suggested that fragment size is an important parameter to take into ac-
count to successfully recover local coral population.

Keywords: Coral Growth, Coral Fragmentation, Controled Cultures, Hermatypic Corals

1. Introduction

Many studies have investigated coral frag-
mentation (Loya, 1976b : HigHsmITH, 1982 :
WALLACE, 1985 : SEEBAUER, 2001), a natural
process used by many coral species to increase
their local population density, and thus in-
crease their probability of survival after e.g.
physical disturbances (HigHSMITH, 1982). Pre-
vious studies have reported a correlation be-
tween fragment size and survivorship in corals
(Lova, 1976b : HIGHSMITH et al. 1980 : HUGHES
and JACKSON, 1985 : CHADWICK-FURMAN et al.,
2000 : ANTHONY et al., 2002 : SOONG and CHEN,
2003 : GOFFREDO et al., 2004 : ORTIZ PROSPER,
2005), whereas others have not (KINzIE and
SARMIENTO, 1986 : BruUNO, 1998 : LIRMAN,
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2000). Fragment size is one of the main charac-
teristic of life history in many clonal organ-
isms such as corals (KARLSON, 1988), which are
known to have an indeterminate growth and
hence unlimited colonial size (HUGHES and
JACKSON, 1985 : SEBENS, 1987). While fragment
survival may be species-dependent (HALL,
1997), it is still difficult to assess as many coral
species have yet to be investigated.

Over the past few decades, increased aware-
ness of the stresses occurring on coral reefs
(HuGHES and CONNELL, 1999 : McCLANAHAN et
al., 2002 : HUGHES et al., 2003 : FABRICIUS,
2005) has resulted in the development of coral
recovery management plans of damaged areas
using fragmentation as a tool for coral trans-
plantation (OREN and BENAYAHU, 1997 :
EDWARDS and CLARK, 1998 : SOONG and CHEN,
2003 : LINDHAL, 2003). The transplantation of
coral fragments in artificial reefs has helped to
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regenerate local coral communities (BOWDEN-
KERBY, 2003). Many studies have focused on in
situ fragment survival (e.g. YAP and GOMEZ,
1985 : SOONG and CHEN, 2003 : LINDHAL, 2003).
The study of fragment growth in controlled
conditions (stable physical parameters, no
predation) would, however, facilitate the as-
sessment of species-specific fragment growth
rate, and hence survival rates. A fragment with
higher growth rate would then sustain higher
survival rates in the wild as it can extend
faster. In particular, the comparison of growth
and survival rates in the field and in controlled
conditions allow for a direct assessment of spe-
cies-specific response to predation, macroalgae
over growth and flow field (YAP and MOLINA,
2003). Monitoring coral growth under con-
trolled conditions may then be considered as an
absolute prerequisite to provide baseline infor-
mation for future studies involving coral
growth in the field, including bleaching or re-
covery studies. A better knowledge in the po-
tential relationship between growth rate and
size might also provide further insights into
the understanding of population dynamics in
species of scleractinian corals.

In this context, the objectives of this work
were to investigate the growth rate of frag-
ments from six different cultivated species to
provide baseline information on the growth of
coral fragments after fragmentation under cul-
tivated conditions. More specifically, a specific
attention is given to (i) the inter-species varia-
tion of growth rate, (i) the variation in
growth rate between two growth forms
(foliaceous vs branches), and (iii) the inter-
fragments variability in growth rate for a
given species.

2. Material and methods
2.1. Coral species

Six different coral species were considered
here : three branched species (Stylophora
pistillata,  Seriatopora  caliendrum, and
Pocillopora damicornis) and three foliaceous
colonial species (Echinopora sp., Montipora sp.,
and Turbinaria reniformis). All species are
hermatypic corals harbouring the symbiotic al-
gae zooxanthellae, which greatly accelerate the
process of calcification, thus enabling their

host corals to rapidly establish fragments in
coral reefs (SOROKIN, 1995 : SPRUNG, 2000 :
VERON, 2000).

2.2. Fragmentation and coral cultures

Cuttings were performed with a pair of pliers
on a few mother heads colonies of each coral
species, providing a large number of frag-
ments. During the growing period, fragments
were placed on plastic plates in 800 1 aquaria
equipped with a circulating pump (Fheim 1060,
1200 1 h™ 1), allowing sufficient water flow to
support coral growth. Illumination was pro-
vided with two m et al halide lamps (HQI) lo-
cated one meter above each aquarium, allowing
100 tEcm *s'to 500 #E em * s, from the
surface of fragments growing near the glass of
the aquarium to the surface of those growing
in the centre of the aquarium respectively.
Fragments of the same species were clustered
to avoid any influence from other coral species
and were reorganised every month in the
aquaria to minimize the possible effects of wa-
ter flow and light irradiance. The aquaria
seawater temperature was maintained at 26.5—
27.5 °C during the whole study. Two aquaria
were used in this study. In addition to the stud-
ied species, the aquaria contained herbivorous
organisms (e.g. fish or invertebrates). The
presence of those organisms as well as a weekly
cleaning were necessary to prevent excessive
algal growth in the aquaria.

In order to measure the growth of frag-
ments, they were taken out of the aquariums
and put on a tray for five minutes before
weighing them to allow excess water drain
away (DELAHAYE, 2003). Fragments were then
weighed one by one. All fragments of the six
species were weighed within a day. The weight
of each fragment was measured at the begin-
ning of the study in November 2004 (just after
fragmentation) and after 8 weeks of recovery,
one weight measurement was performed each
month from January to May 2005 (n=6 species
%30 to 46 fragments).

2.3. Statistical analysis

A two way analyse of variance was used to
test the variation in growth rate with time and
between species (factors : species, time, and the
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Fig. 1 Time course of fragment growth rates (g week ') of the six different coral species. The error bars are

the standard error.

interaction species X time). Parametric test
(Levene's test, >0.05) of a one-way analysis of
variance was then used in order to compare the
increase in growth-rates between coral species
with a Scheffe's multiple comparison test, and
a t-test was done to compare those of the two
growth forms (branches vs. foliaceous). Linear
regressions were performed in order to test the
relationship between the initial weight of the
fragments of a given species and their growth
rate.

3. Results

All fragments from each of the species inves-
tigated showed a similar exponential growth
patterns over the 6-month survey. The related
growth rates significantly (p<0.0001) in-
creased linearly over time (Fig.1). The increas-
ing gradients in growth rates over time were
estimated as 0.0095 g week * (N=30) for
Turbinaria reniformis, 0.0127 g week * (N=43)
for Echinopora sp., 0.0197 g week * (N=46) for
Montipora sp., and 0.0164 g week * (N=30) for
Seriatopora caliendrum, 0.0210 g week * (N
=37) for Stylophora pistillata, 0.0322 g week *
(N=39) for Pocillopora damicornis. This re-
sults in significantly higher gradients in

branched species than in foliaceous ones (t-test,
p<0.0001). However, while P. damicornis in-
creased its growth significantly faster than S.
pistillata and S. caliendrum (Multiple com-
parison Sheffe's test, p<0.05), Montipora sp.
was found to growth significantly faster than
the two other foliaceous species (p<0.05).

The relationship between fragment weights
(g) and their related growth rates (g week ')
has been investigated for five time intervals
over the course of our survey. Our results indi-
cate first that for most species, bigger frag-
ments had significantly higher growth rates
for the different time intervals considered. In
other words, the length of time it took a frag-
ment to double its weight decrease steadily
with larger fragment size. Figure 2 shows for
each studied species, the mean growth rates of
the fragments as a function of their mean ini-
tial weight obtained at the beginning of each
interval times. However, the strength of the
correlation between initial weight and growth
rate varied between species, and showed for
most species a general increase of the signifi-
cant effect of fragment sizes on growth rates
through the different time intervals (Table 1).
Fragments of Echinopora sp. did not show any
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Fig. 2 Relationship between initial weight (g) and growth rate (g week ') for each species. The error bars are

the standard error.

size-dependent growth during the first 8 weeks
of this study, but well for the following
months. In contrast, the decrease of the signifi-
cant correlation from the ti.-tis interval time
obtained for P. damicornis results in that, 20
weeks after fragmentation, the smallest frag-
ment growth as fast as the largest one, and
coral growth did not slow down or stop as
fragments grew bigger (p>0.05). Although

fragments of S. caliendrum had the smallest
range of initial weight at the beginning of this
study, the significant correlation between frag-
ment sizes and growth rates was observed to be
stronger than that of the other species (higher
correlation coefficient).
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Table 1. Growth rate and correlation between initial weight and growth rate for different time intervals over our

6-month survey. Pearson correlation coefficient ;
and ns : non-significant relationship

* 1 5% significance levels,

*

1 1% significance levels,

Time interval

Species N

t()itﬁ tﬁitlz tlZitIG tlﬁitzﬂ tZ()itZB

glrlf;aiﬁ”jﬁg ((g/) o 2510109 2610122 2710153 31t 117 3810203

T. reniformis 30 ! ;” L 8/WES 0,013 to 0.263 0.00 to 0.775 0.05 to 0.625 0.013 to 0.675 0.20 to 1.06
Coj‘ffs‘)(r)co : 0.60"* 071°* 0.69" 0.83" 0.89"*

Eehinonora an. . oo ual weigh ((g/)wk) 17t086 23t011.0 32t0133 41to167 45 to 19.6

POra sp. 43 Peareen corr g 0.05t0 0.325 0.05t0 0.675 0.1t00.85 0.10 to 0.875 0.24 to 1.46
coett (1 0.25ns 0.40°° 055" ¢ 0.72"* 0.59°*

Ic?ri“;‘};ﬁ”ﬁi%h ((g/)wk) 161066  18t086 21toll3 25t0o164 3.2t021.0

Montipora sp. 46 Peo ate ig 0.025 to 0.363 0.025 to 0.875 0.075 to 1.275 0.175 to 1.15 03 to 232

Cojfgsog)cor‘“- 0.50" " 0.66" 0.77"* 0.83" 0.82°*

glrlf;aiﬁ”jﬁg ((g/) o 15t0d5 19070  22t01L0  27Tt0184  35t0 2.1

S. caliendrum 30 ! ;” i 8/WES 0,00 to 0.313 0.075 to 1.00 0.125 to 1.850 0.00 to 2.675 0.04 to 3.36
Coj‘ffs‘)(r)co : 0.80"* 0.82°* 0.84%* 0.92°* 0.92°*

mitial weigh ((g/)wk) 9710100 3610129 46t0156 55t02l5 7.0 to27.1

S. pistillata 37 Pearson corr g 0.088 to 0.50  0.1to 1.2  0.15to 1.65 0.20 to 1.55 0.38 to 1.86
coett (1 0.62° 0.61°" 0.84°" 0.71"* 0.68""

Ic?ri“;‘};ﬁ”ﬁi%h ((g/)wk) 141069  21t094 35t0121 5810208 85to245

P. damicornis 39 Peo ate ig 0.05t0 0.45 0.35to 1.25 0.35 to 2.175 0.625 to 1.725 0.86 to 2.98
arson corr. 0.34" 0.48"* 0.52"* 0.28ns 0.09ns

coeff. (1)

4. Discussion
4.1. Growth rate variation between species
and growth forms

An early exponential growth in colonial or-
ganisms such as corals reflects the ability of
each polyp (clone) to produce new polyps
(SEBENS, 1987). The subsequent linear in-
creases observed in growth rate over time (Fig.
1) may reflect the absence of predation or com-
petition for space as the species considered in
this study have grown under optimal condi-
tions.

The differences in the growth rate gradients
observed between the studied species might re-
flect the difference in their life history traits.
P. damicornis, S. pistillata, and Montipora sp.
are opportunist species (strategy r) with rapid
growth rates and a great capacity to colonise
new environment (Lova, 1976a, b : SOROKIN,
1995 : CONNELL et al. 1997 : SPRUNG, 2000 :
VERON, 2000). In contrast, S. caliendrum,
Echinopora sp., and T. reniformis use an inter-
mediate strategy and can therefore show char-
acteristics that are more related to a strategy

£ (SOROKIN, 1995). Moreover, our results indi-
cate that branched species have a higher ability
in regeneration than foliaceous species. This is
consistent with previous observations (LoYa,
1976b : HALL, 1997). This difference in growth
rate gradients might also be explained by (1)
the greater surface-to-volume ration of
branched species, and (ii) the difference in
skeleton density between species in the fact
that it may incur a large drain of resources
(HaLL, 1997), hence slowing down the growth
of dense skeleton fragments. For example,
while the branched coral Acroporas shows a
much dense skeleton at the base than at the tip
resulting in a fast addition of a fine porous
layer of tissue and skeleton at the growing end
of its branches, the massive coral A. palifera,
which has a slower rate of regeneration com-
pared to the branched species Acroporas, do not
show such axial gradient in skeletal density
and have a dense column from base to tip
(HALL, 1997). However, this is still debated in
the literature as BosscHER (1993) showed an
inverse relationship in the extension rate and
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the skeletal density of colonies of Montastrea
annularis, while ANTHONY et al. (2002) suggest
that skeletal density may have only a minor ef-
fect on energetic investment during the linear
extension of a colony. In this study, the thick-
ness of the skeleton was observed to vary as
follow: 7.  reniformis> Montipora  sp.>
Echinopora sp. for the foliaceous species, and S.
pistillata> P. damicornis>S. caliendrum for
the branches species.

4.2. Growth rate variation between fragment
size

We identified a size-dependence in growth
rates at different time intervals for most of the
species investigated, i.e. larger fragments show
higher growth rates. However, fragments of
Echinopora sp. and especially P. damicornis did
not show the same trends as the other species
studied here. The non significant relationship
between growth rates and initial weight of
fragments of Echinopora sp. found at the inter-
val t0-t8 may be due to the fact that all frag-
ments were too small to show any differences
in growth rates, or that they may need a
longer time interval for recovering from frag-
mentation. In contrast, we showed that 16
weeks after fragmentation, and therefore after
reaching a weight ranging from 5.8 to 20.8 g,
all fragments of P. damicornis growth well and
fast whatever their size. KINZIE and SARMIENTO
(1986) found similar results in P. damicornis
analysing the skeletal extension rate of
branches of colonies from 1.9 to 19 cm in diame-
ter. Moreover, RODGERS et al. (2003) found
that after fragmentation, the survival rates of
the fragments were size- and species-dependent.
In their study, they found that, 11 months af-
ter fragmentation induced by experimental
trampling in situ, only 5 % of the small frag-
ments of Montipora capitata survived com-
pared to 77 % of larger ones. However, the
difference in survival rates for fragments of
Pocillopora meandrinea was not highly related
to the size of the fragment since 70 to 78 % of
fragment survivorship was found for the small
size class (<5 em) to the larger one (> 5 cm),
respectively. The fact that fragments of S.
pistillata, S. caliendrum, Montipora sp.,
Echinopora sp. (after 8 weeks) and 7.

reniformis showed growth rates dependent on
their initial weight over time might reflect a
variability in their growth rate throughout
their lifetime, with growth accelerating with
fragment size (Lova, 1976b). Moreover, the
fact that this relationship between growth rate
and size was positive may also reflect a genetic
limitation on maximum size which may allow
to these species an adaptation to breakage
(HuGHES and JACKSON, 1985). Although this is
hard to tell yet here as this study cover only a
6 month period growth under cultivated condi-
tions, S. pistillata is a well known studied spe-
cies and was found to asexually reproduce by
fragmentation in the Gulf of Eilat (Red Sea)
(Lova, 1976b).

For some species, the weak correlations ob-
served between growth rates and fragment size
at some interval times suggests that factors
other than initial size might have influenced
the growth rates of the fragments. As this
study was performed under fully controlled
conditions, these factors might then include
differences in e.g. shape and/or genetic compo-
sition. Colony or fragment size, as well as the
shape of a colony, are critical parameters likely
to impact the physiology and ecology of a coral
species (SEBENS, 1987 : KiM and LASKER, 1998).
The energetic investment between tissue and
skeletal vary according to the colony size, with
for example, colonies with small radius
branches showing a greater allocation to tissue
formation than to skeletal formation, and in-
versely for colonies with thicker branches
(ANTHONY et al., 2002). The allocation of re-
source to skeleton extension may not be the
same in every parts of the colony at the same
time (MARTIN and LE TISSIER, 1988). A
modelling approach of a branching colony
showed that small-scale resource translocation
in a coral colony has potential effects on the
morphology of the colony and this may be
regulated by the so-called 'polyp competition
hypothesis' (MERKS et al., 2004). This phe-
nomenon might also be related to species-
specific architectural constraints and be
genetically regulated. Finally, as abiotic
mechanisms is important in the explanation of
the morphological patterns in corals (MERKS et
al., 2003, 2004), small colonies may be more
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affected by disturbances than larger colonies.
For instance, a massive coral species will be less
affected by strong wave action than a thin
branched coral species (RIEGL and RIEGL, 1996 :
RODGERS et al., 2003 : CROS and MCCLANAHAN,
2003).

4.3. Fragment size and coral transplantation

Colony size in corals has been often associ-
ated with survivorship, growth, and reproduc-
tion (e.g. HigusMmITH, 1982 : Lova, 1976b :
BABCOCK, 1991) and many scleractinian corals
with size-dependent growth/or survivorship/-
or mortality has been already investigated
(e.g. Acropora pulchra (SOONG and CHEN,
2003), S. pistillata (LoYA, 1976b : VAGO et al.,
1997),  Fungia  granulose =~ (CHADWICK-
FURMAN et al., 2000), Balanophyllia europaea
(GOFFREDO et al., 2004), Agaricia agaricite, A.
lamarcki, Leptoseris cucullata, Montastrea
annularis, Porites astreoides (HUGHES and
JACKSON, 1985)). In the wild, larger colonies
have showed a better capacity to resist invasion
and damage (Loya, 1976b), as well as to have
higher fecundity and lower mortality than
smaller colonies (BABCOCK, 1991), i.e. the prob-
ability for a small colony to be completely kill
is greater than that for a larger one (HUGHES
and JACKSON, 1985 : BABCOCK, 1991). SOONG
and CHEN (2003) showed that very small frag-
ment (e.g. 1 em) of Acropora were too small to
use for coral transplantation, but that frag-
ment of intermediate size (e.g. 4 cm) was big-
ger enough to generate high growth rates and
therefore had better potential of survivorship.
In EDWARDS & CLARK (1998), by comparing
many studies involving size-dependent survi-
vorship, they argue that it is hard and danger-
ous to make a general frame for -coral
transplantation. Moreover, it was showed that
growth rates of fragments highly vary from
site and species (CRUZ-PINON et al., 2003 :
D1zoN and YAP, 2006). Moreover, transplanted
colonies was found to show lower growth rate
than undisturbed colonies (YAP and GOMEZ,
1985) at least in the short term (0.5 to 1 year
after fragmentation) (EDWARDS & CLARK,
1998) and therefore it may suggest considering
a longer time of recover, such as in tanks or in
shallow water (mariculture), before

transplantation. It is clear from our results
that, in general, bigger colonies should be used
in coral transplantation. However, although
the success of transplanted fragments in the
wild are depending on many other factors (e.g.
type of substrate, wave action (RIEGL and
RIEGL, 1996), predation  (Cros and
MCcCLANAHAN, 2003)), we believe, as suggested
by LIRMAN (2000), that size may still affect the
long term survivorship of fragments.

5. Conclusions

Although growth rates was showed to vary
between the six studied species with general
lower growth rates obtained for foliaceous spe-
cies, the optimal conditions investigated in this
study results in that for all species growth
rates increased through time. Branched species
such as S. pistillata and P. damicornis, or those
belonging to the genera Acroporashowing high
growth rates and recruiting well, have there-
fore often been used in many transplantation
studies (see EDWARDS and CLARK, 1998). This
is, in our knowledge, not the case for foliaceous
species such as Montipora sp., Echinopora sp.,
and 7. reniformis. However, if we want to en-
hance coral biodiversity in areas where trans-
plantation is justify, all species have to be
considered. This may need previous knowledge
on the abiotic and biotic parameters of the
transplantation area, as well as the life history
traits (SEEBAUER, 2001) of potential species
justified to be transplanted. Only one recent
study on transplantation did involve different
species of various growth form (DizoN and
Y AP, 2006). However, in the case where donor
colonies may be hard to be supply culturing
fragments in optimal conditions may be an op-
tion to supply transplants (EDWARDS and
CLARK, 1998) of size big enough to minimize
the risk of mortality after transplantation.
Many (ornamental) coral species have seen to
grow well in some Aquarium (pers. observa-
tions). Those Aquarium Centres have often yet
well established materials for growing frag-
ments, so a solution may be to find a certain
agreement (or trade-off) between a short term
lucrative coral trade and a long term sustain-
able coral management.
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