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ABSTRACT- We present a relationship that predicts regeneration of physical damage 011 reef-budding
corals as a f ~ ~ n c t i oofn regeneratlon capacity and lesion shape. The great abundance of lesions on
colonles in the field and the characteristics of the regeneration process indicate that the abll~tyof corals
to regenerate damage is limited Regeneration, the extension of new coral tissue over a damaged area,
slows down exponentially. WC. hypothesized that regenel-atlon IS a funct~onof (1) a specles speclfic
regeneratlon capac~tyand ( 2 ) the amount of tissue that directly borders a lesion. A corollary IS that
there should be a maximum amount of tissue that can be recovered for a certain amount of border. Consequently, there is a maximum l e s ~ o nsize that can be completely regenerated by the surrounding tiss u e depending on the shape of the lesion. We studied the regeneration process in field experiments and
m a d e circular lesions of 4 different size classes (83, 183, 243 and 406 mm2)on colonies of the main reefbuilding coral of the Caribbean, Montastrea annularis. Lesion size decreased rapidly at the onset of the
regeneration process but the rate of regeneration slowed to zero and the curve representing lesion size
with time approached a n asymptote. This asymptote represents the slze of the area which is not recovered by the regenerating tissue at the end of the regeneration process. The value of thls asymptote
increased w ~ t hincreasing lesion area, ~ndicatinglimited regeneratlon capacity. Larger lesions regenerated more tlssue than smaller lesions, but this difference was absent when the regenerated surface
area was standardized to initial lesion penmeter This indicates that the lesion perimeter is the primary
factor determining the amount of area that will be regenerated. M . annularis could regenerate a maximum of 4.7 mm2 of new tissue per mm of lesion perimeter length. Circular lesions larger than 130 mm2
will not b e regenerated. The dependence of regeneratlon on lesion perimeter results in lesion shape
being of major importance for the degree of regeneration of physical d a m a g e (e.g. long narrow lesions
may be closed, while circular lesions of much smaller size may never b e closed). A relationship is presented that predicts percentage regeneration on the basis of lesion shape, with shape b e ~ n gdefined as
the ratio of initial lesion surface area to initial perimeter length This function predicts regeneratlon of
phys~caldamage in M. annulal-1s for any slze and shape of lesion
K E Y WORDS: Regeneration . Lesions . Shape Size . Damage . Corals Restoration . Patch

INTRODUCTION
When the living tissue of a coral colony has been
damaged, the surrounding polyps and coenenchym
respond by regenerating new tissue (Fishelson 1973).
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Resale o f full a r t ~ c l enot p e r m ~ t t e d

Initially, tissue regeneration is very fast, but it slows
down exponentially (Bak 1983). During the first week
of the regeneration process, most new tissue is undifferentiated; polyps begin to develop in the second
week (Meesters & Bak 1995). Different species vary in
their capability for regeneration (Bak 1983, Meesters et
al. 1992, Bak & Meesters 1996).In rapidly regenerating
species, lesions may be fully closed by undifferentiated
tissue before new polyps can be observed, while other
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species regenerate so slowly that polyps develop
almost simultaneously with the progress of the new tissue layer (Meesters & Bak 1995). The regeneration
rates of different species are influenced to varying
degrees by environmental stresses, such as temperature related bleaching (Meesters & Bak 1993) and sedimentation (Meesters et al. 1992), probably through
their demand on the organism's energy requirements.
Regeneration affects growth (Meesters et al. 1994) and
reproduction (Van Veghel & Bak 1994),indicating that
the process is deeply interwoven with species' life history strategies. Because regeneration capability forms
a n integrated measure of the physiological condition of
a coral (Meesters et al. 1992, 1994, Meesters 81 Bak
1993), it has been proposed as a tool for assessing the
health condition of coral populations (Meesters & Bak
1994).
Field observations indicate that the regeneration of
damage is often incomplete and the living tissue of
coral colonies appears littered with multiple open
patches or lesions that have become colonized by other
organisms (Meesters et al. 1996, 1997). These patches
represent partial mortality, an important phenomenon
in modular and clonal organisms, such as reef-building
corals, influencing life history processes such as
growth, reproduction, and regeneration (Jackson
1979, Hughes & Jackson 1980, Jackson & Coates 1986,
Hughes 1989, Hughes et al. 1992).Many coral populations may lose more living cover through chronic partial mortality than through large sporadic disturbances
such as hurricanes (Hughes & Jackson 1985, Bythell et
al. 1993), even though natural recruitment and growth
may be sufficient to give the impression of an apparently stable population (Bak & Luckhurst 1980).
Permanent lesions on coral colonies may indicate
that the regeneration capacity of corals is limited. Bak
& Steward -van Es (1980) showed that lesions larger
than 5 cm2 were seldom fully regenerated. Furthermore, energy for regeneration appeared to be originating from an area around the lesion that was only 6 mm
wide (Meesters et al. 1994). This means that convoluted lesions, having much more perimeter per surface
area then, for example, round lesions, will have a
higher chance of becoming fully regenerated. Lesion,
shape will then determine whether a lesion will be
closed. We hypothesize that regeneration capacity in
corals is limited and dependent on the length of tissue
along the perimeter of the lesion. This means that for
any shape of lesion there will be a maximum amount
of tissue that can be regenerated by the surrounding
tissue.
The objective of this study was to determine the
maxinlum lesion size that can be regenerated by the
surrounding tissue. We present data for the main
Caribbean reef-building coral Montastrea annularis

(Ellis and Solander) and develop a model that predicts
the regeneration of lesions of any size and shape.

MATERIALS AND METHODS

Twenty-five colonies of the Columnar Morphotype of
coral Montastrea annularis (Ellis and Solander) (Van
Veghel & Bak 1993, or M. annularis after Knowlton et
al. 1992) were selected haphazardly at Carmabi buoy 2
on the southwestern coast of the island of C u r a ~ a o ,
Netherlands Antilles, at a depth of 4 to 6 m These
fringing reefs have been described in detail by Bak
(1977) and Van Duyl (1985).
Selected colonles consisted of at least 4 columns that
shared a common base and that were not connected
by living tissue. To reduce variation resulting from
genetic differences between colonies, the experiment
was set up as a randomized complete block design
(Sokal & Rohlf 1981), each colony receiving 4 circular
lesions of different size, 1 per randomly selected column (20 October 1992).Average radli (standard deviation. SD) of the 4 lesion size classes were 3.6 (0.2), 6.1
(0.3), 7.3 (0.3), and 9.6 (0.3) mm. Lesions were made
with small grinding stones attached to a pneumatic
drill powered by a SCUBA tank. Average lesion depth
(2.5 mm) was the same for all lesion size classes [l-way
= 1.3, p = 0.271.
analysis of variance (ANOVA), F3,96
Average total initial lesion surface area (SD, n = 25 for
each group) amounted to 83 (12), 183 (20), 243 (16),
and 406 (34) mm2. This includes the surface area of the
wall of the lesion. Tissue regeneration in the lesions
was followed by measuring lesion size with a plexiglass ruler divided into 2 mm squares at 2, 4, 8, 15, 22,
29, 36, 50, and 64 d after lesion infliction.
Data for each lesion were fitted to the non-linear
function
Size = Asymp.

+ [Size,,,

X

10'S'opex
''l

in which: Size = lesion surface area in mm2; Asymp. =
asymptote, the area that is not regenerated when the
regeneration rate has decreased to zero; Size,,, = the
area that can be fully regenerated; slope = the regression slope; t = time in days.
This model is basically a modification of the equations of von Bertalanffy (1957) describing regeneration
in terms of an exponential decrease in lesion size to a
potential asymptote (Meesters et al. 1994. Meesters &
Bak 1995).The non-linear iterative fitting method used
the above function and the Simplex least-squares
method (Wilkinson 1989).
Differences in variable means among lesion size
classes were tested by ANOVA. Assumptions (i.e.
homogeneity of variances, and normality and independence of error terms) were checked by residual plots
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and the data were transformed if necessary. Pairwise
comparisons were carried out using the Bonferroni
test. All statistical analyses were performed with the
program Systat (Wilkinson 1989).

RESULTS

Regeneration differed greatly among the 4 size
groups (Fig. 1). After 64 d , 67 %, of the lesions in the
smallest size class (n = 24) were closed, while in the
other groups less than 10% had closed (x2 = 33.3,
df = 3, p < 0 0001). Apparently, there is a strong
decrease in the chances of full recovery between 83
and 183 mm2 Field observations on very small lesions
suggest that most of the lesions in the smallest size
class that had not been regenerated at the end of the
experimental period would close as well, because their
remaining size was less than 4 mm2.
During the 64 d of the experiment 8 of the total of 100
lesions were influenced by external agents, and subsequently removed from further analyses. Of these 8, the
area around one became bleached and regeneration
appeared slower than in the rest of the lesions (see also
Meesters & Bak 1993). The other 7 lesions had been
enlarged, probably by activities of fish. The discrepancy between the remaining 92 lesions and the number in Fig. l is d u e to the fact that at the end of the
experimental period 4 lesions could not be traced,
probably because they had been completely regenerated, including regaining of original coloration
Lesion size followed an exponential decrease
through time (Fig. 2): at first, the rate of regeneration
was high and lesion size decreased relatively quickly,
however, after the first week, the regeneration rate
slowed rapidly and lesion size decreased more slowly
The differences in the regeneration rate during the first
and last measuring interval show this clearly (Table 1).

Time (days)

-

Fig 2 Montastrea annulans Average l e s ~ o n size ( k S U )
through t ~ m efor the 4 groups ( n 21 to 25 at each ddta polnt)
L ~ n e sc o n n e c t ~ n gdatd pomts are averages of ledst squares
est~mation of S ~ z e= Asymp + (S~ze,,.,,x 1Oi‘'"~" ' ''1, s e e
'Matenals and methods'
Table 1 h4ontastrea annulans G e o m e t r ~ cmean regeneration
rate and confidence 11rn1ts (CL) from Days 0 to 8 and from
between leslon slze
Days 50 to 65. S t a t ~ s t ~ c adifferences
l
classes (ANOVA ~ n c o m p l e t e block design). Days 0 to 8 ,
p .c 0.001, F?,,, = 55.2; Days 50 to 64, p = 0 12, F-, = 2 1
ln~tials ~ z e
(mm']

Mean regenerat~on
rate, (mm' d - ' )

Days 0 to 8
83
183
243
4 06
Overall
Days 50 to 64
83
183
243
406
Overall

During the last interval tissue regeneration almost
ceased, espec~allyin the 2 smallest lesion sizes Regeneration rate was 0 35 mm2 d 3 2 % of that of the fiist
week After the fiist week regeneiation differed significantly ( p < 0 001) among the 4 size classes (Table l ) ,
but at the end of the obseivatloil period (64 d ) all
classes regenerated at similar rates ( p = 0 12)

',

Model estimates
Average initial lesion size (mm2)

The iegression lines that resulted from the nonlinear
fitting descr'bed the egeneration process very
F I 1
~ Montastrea annulans Percentage of l e s ~ o n sclosed after
64 d In the 4 l e s ~ o nslze classes ( ~ n d ~ c a t ebyd t h e ~ ~
r n ~ t lsa l~ ~ c ) well (Fig 2) ,411 estimated model Parameters (Table 2)
Total number of l e s ~ o n smeasured shown on top of c o l u ~ n n s
differed significantly between the 4 groups

'
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Table 2. Montastrea annularis. Geometric mean (lower/upper 95% confidence
limits) of estimates resulting from fitting data from each lesion to the non-llnear
function Size = Asymp. + [Size,,, X l0'''"pe ' 'l]. All size data in mm2 Asymp. (the
asymptote): the lesion area that was not regenerated; S i ~ e , , ~the regenerated
area; slope: the regression slope; Ta,,,,:number of days to reach asymptote
(+ l mm2)
Initial size (mm2)
83
183
243
406

Significance
between groups

-Slope

Asymp.

0.076
(0.065/0.088)
0.048
(0.041/0.057)
0.032
(0.028/0.038)
0.033
(0.029/0.039)

5.9
(4.8/7.3)
19.2
(15.6/23.7)
34.7
(28.1/42.3)
121.1
(98.7/148.5)

Size,,,
80.2
(75.4/85.3)
164.8
(154.9/175.3)
209.9
(196.4/224.4)
283.8
(261.8/307.7)

p < 0.001

between the 2 largest lesion sizes
( p = 0.989). This means that for the 2
largest lesion sizes the relative
decrease in lesion size per unit of time
was the same. The actual decrease
depends on the initial lesion size. The
absence of a significant difference
between the 2 largest lesion sizes supports the hypothesis that regeneration
capacity is lim~tedand the regresslon
slope approaches an asymptote as initial lesion size increases. Using the
same non-linear function as for lesion
size (Fig. 2), we calculated that the
regresslon slope has a maximum value
of -0.18 and an asymptote of -0.033
(Fig. 3).

Regression slope

Asymptote

The slopes of the exponential regression lines differed anlong the 4 lesion size classes (Table 2;
= 28.5, p < 0.001; l-way ANOVA with the regression coefficient log transformed). The slope was steepest in the smallest lesions, least steep in the 2 largest
lesions and intermediate in the second smallest group.
Thus, lesion size decreased fastest in the smallest
lesions and slowest in the 2 largest groups.
The regression slope was dependent on the initial
lesion size (Fig. 3). Post hoc pairwise comparisons
(Tukey HSD) differed significantly (p < 0.01), except

The lesion surface area that remained bare after
regeneration ceased, indicated by the asymptote level,
increased with increasing initial lesion size (Fig. 2,
Asymp. in Table 2). Mathematically, the exponentially
decreasing functions (Fig 2) never reach the asymptotic value. However, by assuming that regeneration
will almost have ceased at a slightly larger size
(+ 1 mm2),we can calculate the approximate length of
time to reach the asymptotic level. The length of time
before the asymptote was reached (Ta,,l,p in Table 2)
and regeneration speed had decreased to zero also
increased with lesion size and differed significantly
= 65.4, p < 0.001; l-way
among the 4 groups
ANOVA with time square root transformed). This difference was not significant between the 2 larger size
classes (p = 1, Bonferroni pairwise comparisons), both
of which reached an asymptote after about 72 d.

183mrn2
A

243mm2

0

mean

Model accuracy

Initial lesion (mm2)
F I ~3.. Montastrea annularis. Estimated regresslon slope and
inltial size for each lesion. Also shown are the means (* 95 %
confidence limits) of each leslon size class. Estimated regression line: -slope = 0.033 + (0.145 X 101-"MSy'"ll'dls'reJl,
r2 = 0.43,
p < 0.001, n = 9 2

The model used to describe lesion regeneration was
extremely accurate wi.th coefficients of determination
for the lesions (r2)ranging from 0.91 to 0.99. Even so,
some minimal errors were observed.
The estimated asymptotic value often ( 7 . 5 ~ "of~ the
cases) appeared to be slightly larger than the actual
lesion size after 64 d . This overestimation was calculated (estimate minus real value) to be on average
5.4 mm2 (SD = 1.2) and did not differ amoung the 4
groups (ANOVA, F3,84= 46.3, p = 0.76). Of the estimates, 95 % were still within 8 mm2 of the real size.
The sum of the estimated asymptote and Size,,,,
(Table 2) should equal the initial lesion size. When we
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compared [Initial s u e - (Asymptote + Size,,,,)], we
found no difference amoung the 4 size classes
(ANOVA, F,,,, = 2.3, p = 0.08). The average difference
between real and estimated initial size with the 4
groups combined was 1.75 mm2 (SE = 0.89, n = 91).

Total area recovered

Larger lesions regenerated more area, but the rate of
increase diminished as lesion size increased (Fig. 4). At
the end of the experiment, the average total regenerated area from the smallest to the largest size class was
80, 165,210, and 284 mm2 (all Tukey pairwise comparisons, p < 0.001) Note in Fig. 4 how the number of
lesions that were fully closed at 64 d decreases with
increasing lesion surface area. In the smallest size
class, most leslons are on or very close to the 100%
regeneration line, while at increasing lesion size more
lesions remain open and are further distanced from
this line. As lesion size increases, the relative amount
of area that is regenerated, decreases. This indicates
that the capacity for regeneration is limited.
If the regenerated area is standardized to the length
of initial lesion perimeter (Fig. 5), the 3 larger lesion
size classes recovered similar amounts of tissue (Tukey
pairwise comparisons, p > 0.1). The smallest size class
regenerated significantly less area than the 2 largest
classes ( p < 0.0001).
We calculated that the maximum area that can be regenerated by 1 mm of lesion border tissue in Montastrea
annularis is 4.7 (confidence limits 4.47/4.86) mm2 (regression line in Fig. 5).This means that the tissue around
the smallest lesions could have regenerated an area of

Surface area,,(mm2)
Fig. 4. 1L4ontastrea annularis. Total area regenerated after
64 d and initlal lesion size for each lesion. Dashed line represents total r e g e n e r a t ~ o nof l e s ~ o n Regression
.
line: ArealzM =
2.31(Inltlal size)""", p < 0.001, r2 = 0.95, n = 88. Means ( *9 5 %
confidence 11mitsi of each lesion size class a r e also shown

X

183 mm2
243mm2
406 mm2

o

Mean

A

!

00

1
0
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200

300

4 00

500

Initial lesion size (mm2)
Fig. 5 Montastrea annularis. Total regenerated area per
ln~tiallength of lesion perimeter a n d initial lesion size. Also
shown a r e the means (* 95% confidence limits) of each
lesion s u e class. Estimated regression line: Area,,,/
P e r ~ r n e t e r , .=~ 4 . 7 - 14.7 X 101-*."~" xInt'a'a'ze) 1, r' = 0.31, n = 88

approximately 98 mm2(average perimeter 20.8 mm). Because their mean size was only 83 mm2, these lesions
were closed before the full regeneration capacity was
reached, explaining why the mean area recovered per
mm lesion perimeter is lower than in the other size
classes. The mean of the second size class (183mm2)also
reflects this, but to a lesser (non-significant) degree.

Lesion shape

Because lesion regeneration appears to depend
directly on the length of living tissue bordering the
lesion, the shape of a lesion will determine lesion closure. Lesions that have a smaller area to perimeter
ratio wlll be regenerated more than lesions that have
relatively less perimeter. Using the average lesion
depth of this study, 2.5 mm, we calculated that the
maximum size of a circular lesion that will be fully
regenerated is approximately 1.3 cm2 in Montastrea
annular15 [2nr X 4.7 = K? + (2nr X 2.5)].We also calculated a relationship (for the circular lesions in this
study) that predicts the degree of lesion regeneration:
arcsin(% Regenerated area/100) = 1.6 - (0.00145 X Initial lesion area), r2 = 0.63, p < 0.001, n = 88.
Lesions of a circular shape, used in this study for
logistical reasons, are however only a very restricted
group within the whole range of lesion shapes that can
be found in the field. Some will be circular, but most
will have very different shapes and one would predict
that a linear lesion will heal much faster than a circular
lesion of the same surface area, because there is much
more tissue bordering the linear lesion (Fig. 6).
The shape of a lesion can be expressed by the ratio of
surface area to perimeter length. Because the lesions

Mar Ecol Prog Ser 146: 91-99, 1997

Fig. 7. Montasfrea annularis. Percentage regeneration and
the ratio of in~tiallesion surface area (A,,o)and initial lesion
perimeter length of each lesion Regression line: arcsin('X
Regenerat~on)= 2.032 - (1.49 X A,,,,lPerimeter length), p c
0.001, r2 = 0.55, n = 88. Also shown are the means and 95%
confidence limits of each size class

FICJ. 6. Montastrea annularis. Photograph illustrating the
importance of lesion perimeter. Regeneration after 2 wk of 1
circular (app. 2 cm2)and 2 linear artificial lesions on 1 colony
inflicted at the same time. Note how h e a r lesions are already
completely covered by tissue

that w e used were of different sizes, they have different area/perimeter ratios, even though having the
same shape. Consequently, a relationship can be calculated that predicts regeneration for lesions of any
size a n d shape, using the ratio of initial lesion surface
area to the length of initial lesion perimeter (Fig 7).

DISCUSSION
Regeneration capacity

The results of this study indicate that the regeneration capacity of living coral tissue is limited. Small
lesions have a high chance of full recovery, while
larger lesions have less chance (Fig. 1 ) .Between 83 and
183 mm2 the chances of full recovery drop sharply. Previous authors (e.g. Loya 1976) assumed that a large

part of the colony supplied the energy for regeneration. Meesiers et al. (1994) calculated that the energy
for lesion regeneration could have been produced by a
band of tissue of only 6 mm width. They hypothesized
that, if regeneration is primarily fueled by a small band
of tissue along the perimeter of the lesion, the ratio of
regenerated area to lesion perimeter length \vould be
the same, regardless of the initial size of the lesion.
In this study we show that this is true for lesions that
a r e too large to be completely regenerated; the area
that was regenerated by the l ~ v i n gtissue was equal in
lesions of different size when standardized to the initial lesion perimeter length (Fig. 5). If lesion size is
smaller than the maximum area that can be regenerated, the amount of tlssue regenerated per length of
lesion perimeter will be smaller (Fig. 5).In Montastrea
annularis, for each mm of tissue along the lesion
perimeter, approximately 4.7 mm2 can be regenerated.
Because lesion perimeter length determines the
amount of tissue that can be regenerated, lesion shape
1s more important than lesion size with regard to the
degree of regeneration of physical damage. For example, the surface area of a lesion can be greater than any
of the artificial lesions in this study and still be completely regenerated, provided that the lesion is very
narrow, because 1 mm of lesion perimeter tissue can
grow inward approximately 4.7 mm (Fig. 5).As long as
the width of a lesion does not exceed approximately 1
cm, the chance that it will be closed will be around
100%. This means also that the chances of lesion
recovery are related to both the size and the total
perimeter of the lesion. The ratio of patch surface area
to patch perimeter length has been proven to be a useful index for patch shape in benthic ecology (Sousa
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1984, Connell & Keough 1985). Analogous to this ratio
w e show that the ratio between lesion surface area and
lesion perimeter length can be used to predict the
degree of regeneration of any lesion (Fig. 7). Only 2'%,
of the lesions with a ratio above 5 (n = 1) were fully
regenerated, whereas 41 % of the lesions with a ratio
below 5 were fully recovered.
Regeneration of small lesions can be very rapid. In
this study the first lesions were closed after 22 d , but
very small and/or narrow lesions (small area/perimeter
ratio), can be closed within a few days (author's pers.
obs.). Using the function shown in Fig. 3 w e can estimate the slope and time before closure of very small
circular lesions. For example, a lesion of only 10 mm2
would on average be fully regenerated within 6 to 7 d
(estimated slope 0 . 1 6 2 ) .
An assumption of this study is that no living tissue remains within the lesion after infliction and that regeneration can only occur from the side of the lesion. In
Montastrea annularis, lesions need to be approximately
2 mm deep to remove all tissue (in this study average
lesion depth was 2.5 mm). Shallower lesions would regenerate much faster than estimates in this study, because tissue would not only be regenerated from the
side, but also from tissue remains within the lesion.
Meesters et al. (1996, 1997) showed that lesions
smaller than 1 cm2 represented approximately 40 % of
all lesions on coral colonies at C u r a ~ a oreefs. Because
this study shows that Montastrea annularis completely
regenerates lesions smaller than 1 cm2, these lesions
were initially probably larger than the maximum
regeneration capacity. Size frequency distributions of
natural lesions on coral colonies were highly skewed to
the right (Meesters et al. 1996, 1997), indicating that
the infliction rate of small lesions must be very high,
particularly as a large part of the smaller lesions should
be regenerated. Consequently, the living tissue of
coral colonies should be extremely dynamic: tissue
removal occurring at h ~ g hrates being countered by tissue repair at almost equally high rates. Tissue turnover
rates, the time necessary to replace the entire initial
surface area in M. annularis populations, have been
estimated at 15 yr (Bythell et al. 1993) and 36 yr (Bak &
Luckhurst 1980). We suggest that in reality these
turnover rates a r e much faster, because most lesions
are so small that they will be regenerated within a time
period that is shorter than the time interval between 2
observations.

Evolutionary reasons for limited regeneration
capacity
Because most coral colonies display partial mortality,
it appears that the coral would benefit from a higher
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regeneration capacity. Limiting regeneration capacity
to small lesions may be most efficient if there are tradeoffs between other vital processes, such as growth and
reproduction. The combination of time a n d effort
required for the regeneration of large lesions may represent too much of a loss in terms of energy. Regeneration costs energy that is taken from other processes
such as growth and reproduction (Meesters et al. 1994.
Van Veghel & Bak 1994). Meesters et al. (1994) estimated that a lesion of 8 . 8 % of the total surface area of
small corals suppressed growth by 3 2 % for at least
56 d . Because of its effects on these other life history
processes, the regeneration of large surface areas may
reduce the fitness of corals to such a degree that it
becomes more appropriate to stop regeneration in
favour of growth and reproduction.
In addition, the chances of fouling organisms beconling firmly established in lesions increase with time.
The regenerating tissue can overgrow filamentous
algae which settle already within the first week, but
fleshy algae and excavating sponges that settle later
appear to require more effort and are often not overgrown at all (authors' pers. obs.) The costs that a r e
associated with removing or killing competitors can be
very high (Romano 1990)
The presence of higher than average numbers of lesions on colonies may be indicative of changed environmental conditions. For example, regeneration capability in the main reef-building corals of the Caribbean,
Acropora palmata a n d Montastrea annularis, decreases
with increases in sedimentation (Meesters et al. 1992).
Consequently, lesions may not b e closed and instead
become colonized by algae and excavating sponges.
The colonization status of these lesions may provide a n
indication for the time when they were caused, allowing back tracking to certain events in the past. However, because lesion size a n d number are related to
colony size, colony n~orphology and reef depth
(Meesters et al. 1996, 1997),comparisons between communities should be made with great care.

Physiological reasons for limited regeneration
capacity
An exponential decrease in regeneration a n d a n
asymptote a r e obvious in all lesion size classes (Fig. 2),
including lesions that were most rapidly closed. This
indicates that the speed of regeneration will slow
down, regardless whether a lesion will be closed. The
reasons for this decrease in the regeneration of lesions
in corals have not yet been explored. We hypothesize
that they are purely physiological.
Regeneration In this study is measured as lesion
closure by new tissue. Initially, this tissue is undiffer-
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entiated, with no polyps or internal structures, and is
white, indicating a lack of zooxanthellae to produce
energy (Meesters & Bak 1995). Consequently, new tissue will not be able to produce much energy to contribute to the regeneration of the lesion. Also, for the
regeneration process to start, an internal stimulus, e.g.
peptide growth factors (Koopmann 1995, Horn 1995)
must be produced in the damaged tissue. The production of this stimulus may decrease with time and it may
be absent in new tissue. Moreover, as regeneration
progresses energy has to be transported through
undifferentiated tissue that will take up energy to
develop polyps and organs. This will rapidly decreasing the amount of energy that will reach the actual
regeneration site.

Conclusions
We conclude that:
-Tissue regeneration capacity in Montastrea annularis is limited to 4.7 mm2 per mm of lesion perimeter.
-Lesion perimeter length determines the amount of
tissue that can be regenerated and, consequently, the
shape of a lesion is of more importance than its actual
size.
To increase our understanding of the role of regeneration within the life histories of the scleractinian corals,
it is crucial to assess this potential in other coral species
as well. This will provide insight into the vulnerability
of the different species to physical damage, the amount
of energy that species have available for regeneration,
and the relative importance of regeneration within the
life history dynamics of coral species.
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