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a  b  s  t  r  a  c  t

Fragmentation  of  reef  corals  spreads  the  risk  of  encountering  unfavorable  environments.  High rates  of
fragmentation,  however,  may  give the  false  impression  of  expanding,  diversifying  populations  when
instead  the  populations  are simply  cloning.  We  developed  a discrete  model  that  tracked  the  contribution
of  fragments  to the  coral  populations  by monitoring  two  thermally  sensitive  corals,  branching  coral
Acropora  palmata  and  corymbose  Acropora  colonies  before,  during,  and  after  thermal-stress  events  at
Haulover  Bay,  in the  US  Virgin  Islands  (Caribbean)  and  at Aka  Jima  in  southern  Japan  (Pacific),  respectively.
We  hypothesized  that  fragmentation  rates  would  increase  following  disturbance  years  for  both  Acropora
taxa.  Using  a Bayesian  approach  we  tested  the  fit  of  the  models  with  the  observed  data.  Fragmentation  was
odeling
ize frequency distributions
ayesian
limate

more frequent  for A.  palmata  in  the Caribbean  than  for  corymbose  Acropora  in  southern  Japan.  The  highest
frequency  of  fragmentation  for A.  palmata  occurred  during  and  soon  after  thermal  stress,  increasing  the
population  density  but shifting  the  size-frequency  distribution  toward  small  colonies.  Fragmentation  of
corymbose  Acropora  in southern  Japan  was  generally  low  and  relatively  constant  throughout  the  study,
except during  thermal  stress,  which  resulted  in  the loss of  the smallest  and largest  colonies,  effectively

ency  
narrowing  the  size-frequ

. Introduction

Fragmentation is the separation of a single genotype into two
r more individuals; it is the predominant mode of reproduction
f many branching reef corals, especially those within the family
croporidae (Highsmith, 1982; Heyward and Collins, 1985; Lirman,
000). In some localities corals may  rely solely on fragmentation for
ersistence (Baums et al., 2006), by spreading the risk of encoun-
ering unfavorable local environments (Jackson, 1977; Highsmith,
982). Fragmentation of colonies may  result from direct physi-
al breakage by waves, boat anchors, groundings, and snorkeler
nteractions.Fragmentation may  be an indirect consequence of
redation, sedimentation, bleaching, or infectious diseases, which
auses partial colony mortality and subsequent fragmentation. At
imes, corals can regenerate lesions caused by partial colony mor-
ality and fuse back with the original colony (Meesters and Bak,
993). However, whether or not regeneration and fusion occurs
epends on lesion size and species-specific thresholds (Bak and

teward-van Es, 1980).

Fragmentation also has its costs, especially in rapidly chang-
ng environments (van Woesik and Jordan-Garza, 2011; Graham
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and van Woesik, 2013). For example, survival of fragments is pos-
itively associated with fragment size, and small fragments tend to
have a high rate of mortality (Highsmith et al., 1980). Frequent
fragmentation may  also reduce tolerance to thermal stress and dis-
ease (Muller et al., 2008). As a result, what may appear to be a
healthy population may  turn out to be the remains of a scattered,
single genotype (Baums et al., 2005, 2006). Therefore, high densi-
ties of coral colonies with low-genetic diversity might give the false
impression of a large, resistant population. Low-genetic diversity
could also lead to suppressed recovery after disturbances and local
and regional extinction (Ellstrand and Elam, 1993; Worm et al.,
2006). Understanding the state of genetic diversity within popu-
lations and how that diversity changes over time are essential for
implementing the most effective conservation strategies (Baums
et al., 2006).

The highest rates of fragmentation typically occur during stress
events, such as during large storms or at times of high water tem-
peratures. Anomalously high water temperatures may lead to coral
bleaching, when corals lose their symbiotic algae (Brown, 1997).
During coral bleaching events, the rates of partial colony mortal-
ity also typically increase, because corals cannot survive without

their algal symbionts for prolonged periods (Hoegh-Guldberg,
1999). Often the upper portions of branching colonies, which are
directly exposed to irradiance, bleach more readily than the under-
sides of colonies (Lesser, 1996). The upper portions of branching

dx.doi.org/10.1016/j.ecolmodel.2013.05.002
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
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Fig. 1. (a and b) The monthly temperature data for both: (a) Haulover Bay, US Virgin Islands, and (b) Aka Jima, Japan, throughout each study period. The thermal anomaly
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ccurred in 1998 at Aka Jima and in 2005 at Haulover Bay.

olonies are also subjected to more partial mortality than the
ndersides of branching colonies. Regardless of the location of
artial mortality, the loss of live tissue provides new substrate
or bio-eroding organisms, which decreases the integrity of the
keleton and increases the probability of colony fragmentation
Glynn, 1997). Likewise, an outbreak of coral disease frequently
ccurs during or soon after anomalous temperature events (Muller
t al., 2008; Rogers and Muller, 2012), leading to partial colony
ortality and increased rates of colony fragmentation (Glynn,

997).
To date there has been little effort to model the change of sin-

le genotypes, or genets, into two or more individuals, or ramets
Heyward and Collins, 1985). Most models use Lefkovitch transi-
ion matrices (Lefkovitch, 1965; Hughes, 1984; Done, 1987; Lirman,
000) that do not distinguish genets from ramets. Indeed, the
ynamics of clonal life histories are not accurately captured in
efkovitch matrices (Orive, 1995), and the negative repercussions
f colony fragmentation have been largely ignored. For example,
olony fragmentation is most often interpreted as positive recov-
ry of the populations being modeled, because the fragmentation
rocess adds new colonies to the population (Hughes, 1984; Done,
987). However, new fragments are not ‘new’ genotypes, and high
ensities of coral colonies of low-genetic diversity may  increase a
opulation’s susceptibility to disturbances, especially when those
enotypes are intolerant to stress.

In this study, we developed a model that tracked both genets
nd ramets through time. The model was developed and tested
sing Acropora palmata, a species once common throughout the
aribbean, and corymbose Acropora, common on reefs in the Indian
nd Pacific Oceans. The A. palmata colonies were monitored on the
eefs of the United States Virgin Islands (USVI) and the corymbose
cropora colonies were monitored on the reefs of Aka Jima in south-
rn Japan. During our study, thermal anomalies occurred within
ach region; in the USVI in 2005 (Eakin et al., 2010) and in Aka
ima, Japan, in 1998 (Roth et al., 2010; Fig. 1). We  hypothesized

hat thermal-stress events would increase the fragmentation rates
f the Acropora colonies. To test this hypothesis we monitored the
ragmentation rates of individual colonies through time. Our objec-
ives were to: (1) quantify the fragmentation rates before, during,
and after thermal-stress events for two  different Acropora corals
(i.e., corymbose Acropora in southern Japan and the branching coral
A. palmata in the Caribbean), (2) determine changes in the Acropora
size-frequency distributions at each locality through time, and (3)
model the effects of Acropora fragmentation on the generation rates
of ramets to accurately predict changes in the densities of ramets
and genets through time.

2. Methods

2.1. Fragmentation rates and changes in size-frequency
distributions

We  were interested in comparing the fragmentation rates of
common Acropora colonies in both the Caribbean and in the
Indo-Pacific through thermal-stress events. From 2003 to 2010,
branching A. palmata colonies were monitored at 0–2 m in Haulover
Bay, St. John, USVI (Rogers and Muller, 2012), and from 1996 to
2000, corymbose Acropora were tracked at 0–1 m at Kushibaru, Aka
Jima, southern Japan (Roth et al., 2010). Fragmentation rates were
determined by calculating the percentage of new-living fragments
compared with the total number of colonies present during each
yearly transition.

The longest diameter (assuming an ellipse) of each Acropora
colony was measured either in situ (St. John) or from photographs
(Aka Jima). Each colony was  tracked through time to determine
colony growth, partial mortality, fragmentation, and mortality
rates for each yearly transition (Tables 1–4). A. palmata was the only
species measured at St. John, whereas corymbose Acropora, mea-
sured at Aka Jima, was  an amalgamation of morphologically similar
species composed mainly of A. nasuta (Roth et al., 2010). Each
Acropora colony from Haulover Bay was placed into one of twelve
size-class bins, consisting of 10 cm increments (0.1–10, 10.1–20, . . .,
>110 cm), whereas each colony from Aka Jima was placed into one

of seven size-classes (i.e., 0.1–10, 10.1–20, . . .,  >60 cm). This sep-
aration allowed for an adequate number of colonies within each
size class to discern a distribution and to thereby track that dis-
tribution through time. Using a Bayesian goodness-of-fit approach
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Table  1
Fragmentation rates for: (a) averaged non-thermal years, and (b) the 2005 thermal anomaly year in Haulover Bay, US Virgin Islands. The matrix shows the rate that the row
size-class number fragmented into the column size-class number.

Size class 1 2 3 4 5 6 7 8 9 10 11 12

(a) Haulover averaged non-thermal years
1 0.03 0.02 0 0 0 0 0 0 0 0 0 0
2  0 0 0 0 0 0 0 0 0 0 0 0
3  0.03 0 0 0 0 0 0 0 0 0 0 0
4  0.24 0.07 0 0 0 0 0 0 0 0 0 0
5  0.24 0.07 0 0 0 0 0 0 0 0 0 0
6  0.06 0.13 0.11 0 0 0 0 0 0 0 0 0
7  0.67 0.33 0.33 0.61 0 0 0 0 0 0 0 0
8  0.33 0.11 0.22 0 0 0 0 0 0 0 0 0
9  0.31 0.11 0 0.11 0 0 0 0 0 0 0 0

10  0.05 0.25 0.30 0.10 0 0 0 0 0 0 0 0.11
11  0 0 0 0 0 0 0 0 0 0 0 0
12  0.33 0.07 0.29 0.11 0.29 0 0 0.11 0 0.29 0 0

(b)  Haulover thermal anomaly year (�2005)
1 0.07 0 0 0 0 0 0 0 0 0 0 0
2  0 0 0 0 0 0 0 0 0 0 0 0
3  0.60 0 0.10 0 0 0 0 0 0 0 0 0
4  0.25 0 0 0 0 0 0 0 0 0 0 0
5  0.67 0.11 0 0 0 0 0 0 0 0 0 0
6  0 0.50 0 0.25 0 0 0 0 0 0 0 0
7  0.67 0.33 0 0 1.00 0.33 0 0 0 0 0 0
8  0 0 0 0 0 0 0 0 0 0 0 0
9  0.17 0.17 0 0 0.17 0.17 0.17 0 0 0 0 0

10  0 0.25 0 0 0 0 0 0 0 0 0 0

(
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11  4.00 2.00 1.00 2.00 0 

12  1.20 0.40 0 0 0 

Betancourt, 2010), we compared the observed size-frequency dis-
ributions with the normal (Gaussian), chi-square, and log-normal
istributions.

.2. The genet-ramet model

Our primary objective was to develop a discrete-time model
hat tracked individual genets and ramets through time. Rogers
nd Muller (2012) showed that 94% of the population of A. pal-
ata at Haulover Bay was genotypically distinct. However, for our
urposes each initial colony was assumed to be genetically distinct
t t0. The initial population abundance matrix, P, was a 1 × n × S

atrix, where n was the number of size classes, and S was  the total

umber of genetically distinct colonies (genets) in the population
t the initial-time step (t0). For example, if the initial population
bundance was three colonies, two of which were in the first size

able 2
ragmentation rates for: (a) averaged non-thermal years, and (b) the 1998 thermal anoma
ragmented into the column size-class number.

Size class 1 2 3 

(a) Aka averaged non-thermal years
1  0 0 0 

2  0.04 0 0 

3  0 0.04 0 

4  0 0 0.03 

5  0 0.07 0.15 

6  0 0.11 0.22 

7  0 0 0 

(b)  Aka thermal anomaly year (�1998)
1  0 0 0 

2  0 0 0 

3  0 0 0 

4  0 0 0 

5  0 0 0 

6  0 0 0 

7  0 0 0 
1.00 0 0 0 0 0 0
0 0 0 0 0 0 0.20

class and one of which was in the second size class, the P matrix
could be defined as:

P =

[1 0 0 · · · 0]

. .
.

. .
.

[1 0 0 · · · 0]

. .
.

. .
.

[0 1 0 · · · 0]

(1)
Similar densities of sexual recruits were added to both localities
to focus on the sensitivities of the fragmentation process rather
than on new inputs by recruits. Each recruited colony was added
to the smallest size class (x1) as a new layer in the matrix, increas-

ly year in Aka Jima, Japan. The matrix shows the rate that the row size-class number

4 5 6 7

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0.11 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0.50 0 0 0
0 0 0 0
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Table 3
Adjusted Lefkovitch transition matrices for: (a) averaged non-thermal years, and (b) the 2005 thermal anomaly year in Haulover Bay, US Virgin Islands. The upper, right-hand
triangle  gives rates of growth, whereas the lower, left-hand triangle gives rates for partial mortality that have been adjusted to account for fragmentation. The bottom row
gives  rates of mortality for each size class.

Size class 1 2 3 4 5 6 7 8 9 10 11 12

(a) Haulover averaged non-thermal years
1 0.51 0.11 0.03 0 0 0 0 0 0 0 0 0
2  0.11 0.26 0.10 0.20 0.03 0.02 0 0 0 0 0 0
3  0.05 0.08 0.24 0.18 0.14 0.07 0 0 0 0 0 0
4  0.29 0.14 0.09 0.26 0.20 0.12 0.03 0.02 0 0 0 0
5  0.33 0.14 0.07 0 0.16 0.20 0.22 0.12 0 0 0 0
6  0.11 0.20 0.11 0 0.12 0.19 0.17 0.07 0.22 0 0.11 0
7  0.67 0.33 0.50 0.61 0 0.17 0 0 0.56 0 0 0.11
8  0.33 0.11 0.22 0 0 0.17 0 0 0.44 0.11 0.11 0.17
9  0.42 0.11 0 0.11 0 0 0 0 0.25 0.56 0.08 0
10  0.05 0.25 0.30 0.10 0.11 0.05 0 0 0 0.05 0.05 0.86
11  0 0 0 0 0 0 0 0 0 0.33 0 0.33
12  0.33 0.07 0.29 0.18 0.36 0 0.11 0.11 0 0.40 0.07 0.58
Mortality 0.40 0.29 0.27 0.14 0.07 0 0 0 0 0 0 0

(b)  Haulover thermal anomaly year (�2005)
1 0.64 0 0.07 0 0 0 0 0 0 0 0 0
2  0.08 0.42 0.08 0 0 0 0 0 0 0 0 0
3  0.80 0.10 0.20 0.20 0.10 0 0 0 0 0 0 0
4  0.33 0.17 0.17 0.42 0.08 0 0.08 0 0 0 0 0
5  0.78 0.22 0.11 0 0.11 0.11 0.11 0 0 0 0 0
6  0.25 0.50 0 0.25 0.25 0.25 0 0.25 0 0 0 0
7  0.67 0.33 0 0 1.00 0.33 0 0.33 0.67 0 0 0
8  0 0 0.25 0 0 0 0 0.25 0 0.50 0 0
9  0.17 0.17 0 0 0.33 0.17 0.17 0 0.33 0.33 0.17 0
10  0 0.50 0 0 0 0 0 0 0 0.50 0 0.25
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11  4.00 2.00 1.00 2.00 0 

12  1.20 0.40 0 0 0 

Mortality 0.36 0.42 0.30 0 0.33 

ng S (number of genets). We  modeled recruitment as a Poisson
istribution, defined by the following equation:

 = f (x
∣∣� ) = �xe−�

x!
(2)

here � was the sample mean number of recruits observed in the
eld. For each yearly iteration, the number of recruits was  randomly
elected from the data-fitted Poisson distribution (Roth et al., 2010),

nd added to the abundance matrix P. Post-settlement mortality
as estimated in Aka Jima (Roth et al., 2010), and was used in both

ocations because post-settlement mortality was not quantified in
aulover Bay.

able 4
djusted Lefkovitch transition matrices for: (a) averaged non-thermal years, and (b)

he  1998 thermal anomaly year in Aka Jima, Japan. The upper, right-hand triangle
ives rates of growth, whereas the lower, left-hand triangle gives rates for partial
ortality that have been adjusted to account for fragmentation. The bottom row

ives rates of mortality for each size class.

Size class 1 2 3 4 5 6 7

(a) Aka averaged non-thermal years
1  0.50 0.23 0 0 0 0 0
2  0.11 0.50 0.19 0.02 0 0 0
3  0.04 0.26 0.62 0.06 0 0 0
4  0 0 0.17 0.63 0.17 0 0
5  0 0.07 0.22 0.08 0.62 0.15 0
6  0.11 0.11 0.22 0 0.11 0.17 0.17
7  0 0 0 0.11 0.11 0.28 0.61
Mortality 0.28 0.21 0.06 0.06 0.08 0.44 0

(b)  Aka thermal anomaly year (�1998)
1 0.25 0.58 0 0 0 0 0
2  0 0.42 0.33 0 0 0 0
3  0 0.27 0.33 0.27 0 0 0
4  0 0 0 0.83 0.17 0 0
5  0 0.20 0 0 0.40 0.20 0
6  0 0 0 1.00 0.50 0 0
7  0 0 0 0 0 0 1.00
Mortality 0.17 0.25 0.13 0 0.20 0 0
2.00 0 0 0 0 0 0
0 0 0 0 0.20 0.20 0.80
0 0 0 0 0 0 0

The matrix Pt0 was  then multiplied by the Lefkovitch transi-
tion matrix (M), which was derived from field data collected at
each respective locality (Rogers and Muller, 2012; Roth et al., 2010;
Tables 3 and 4). Their product created a new abundance matrix, Pt1 ,
for the following time step. In order to derive M,  we  first defined
an initial Lefkovitch matrix, L, as:

L =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

l1,1 l1,2 l1,3 . . . l1,n

l2,1 l2,2 l2,3 . . . l2,n

l3,1 l3,2 l3,3 . . . l3,n

...
...

...
. . .

...

ln,1 ln,2 ln,3 . . . ln,n

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(3)

where, reading the matrix from row to column, the upper-right tri-
angle of the matrix represents growth (e.g. l1,2 represents growth
from size class 1 to 2), the diagonal represents the proportion of
colonies that do not change size class (e.g. l1,1), and the lower-left
triangle represents partial mortality (e.g. l3,1 represents a colony
originating in size class 3 shrinking or splitting into a colony of size
class 1; Fig. 2). While fragmentation is a form of partial mortality,
it can be found, theoretically, in any of the above transitions. If a
colony split and created colonies that had time to grow into larger
size classes, before the next measurement was taken, fragmenta-
tion would be added to the upper-right triangle. If a colony split
but created colonies that stayed in the same size classes, fragmen-
tation rates would be added to the diagonal of the matrix. In most
cases, however, fragmentation creates colonies in the smallest size
class, adding fragmentation rates to the lower-left triangle of the
matrix (Fig. 2). The mortality rate for each row (i.e., size class) is
derived by summing each row and subtracting from 1. In a standard

Lefkovitch matrix, all three of these rates (growth, partial mortal-
ity, and mortality) sum to one. For our model, we  adjusted these
rates to include rates of fragmentation calculated in the field. For
example, for a transition from size class 4 to size class 3 (because
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ig. 2. Schematic representation of three representative coral colony size classes an
he  position of the measured process within the Lefkovitch matrix.

his figure has been adapted from Roth et al. (2010).

f partial mortality or fragmentation), the density of size-class 3 is
ivided by the original density in the larger size class 4. These calcu-

ations thereby account for all additions to the population through
ragmentation while still taking into account the other calculated
ates. If fragmentation rates were high enough to exceed mortality
ates, then that particular row could sum to >1, adding ramets to
he system.

To provision for a carrying capacity, we defined the proportion
f space available for growth as K:

 = f (x1, x2, ..., xn) =
1 −

[
(C − Ac)  +

n∑
i=1

cixi

]

(1 − C)
(4)

here colony size class was defined by xi, C was  the total propor-
ional cover of all the corals present in each quadrat, and Ac was
he total proportional cover of all study coral colonies (A. palmata
r corymbose Acropora) at the initial time step, in each quadrat. The
onstant ci was determined by:

i = axi

T
,  i = 1, ..., n (5)

here axi
was the average area occupied by a colony in the size class

i and T was the total sample space (i.e., quadrat or reef surface
rea). The abundance of colonies in each size class is then multi-
lied by the corresponding ci to estimate the density of Acropora in
ach size class at each time step, allowing colony density to vary
hrough time. All the size-class densities were summed to give a
otal proportion of area covered by the study species at each time
tep. The carrying capacity was then divided by (1-C) to normalize
he density to the initial conditions, or to normalize the density to
he existing carrying capacity. The revised Lefkovitch matrix, which
akes into account fragmentation, can be expressed in the following
orm:⎡

⎢⎢⎢⎢
l1,1 l1,2 l1,3 · · · l1,n

l2,1 l2,2 l2,3 · · · l2,n

l l l · · · l

⎤
⎥⎥⎥⎥

⎡
⎢⎢⎢

1 K K · · · K

1 1 K · · · K

1 1 1 · · · K

⎤
⎥⎥⎥
 = ⎢⎢⎢⎣
3,1 3,2 3,3 3,n

...
...

...
. . .

...

ln,1 ln,2 ln,3 · · · ln,n

⎥⎥⎥⎦
∗ ⎢⎢⎣ ...

...
...

. . . K

1 1 1 · · · 1

⎥⎥⎦ (6)
major processes within the genet-ramet model. Variables in parentheses represent

where the upper-right triangle of the first matrix represents
growth, which is adjusted by K in the second matrix to account
for carrying capacity, and the lower-left triangle of the first matrix
represents partial mortality. A new 3-dimensional matrix (Pt1 ) was
formed by multiplying each layer of Pt0 independently with M,
which remains constant through all time steps. For each time step,
the total population was calculated by summing all colonies present
within all layers of the resulting matrix. The number of genets was
given by summing the number of layers (S) within the resulting
matrix Pt1 , whereas the number of ramets was calculated by find-
ing the difference between the total population and the number of
genets.

2.3. Simulations

We conducted a series of simulations of population trajec-
tories using equations 1–4 for A. palmata from Haulover Bay
and for corymbose Acropora data from Aka Jima. As a Lefkovitch
matrix gives data for the transition between years, these transi-
tional data are indicated by delta (�), which represents a change
from the listed year to the following year (i.e. �2003 represents
the transition from 2003 to 2004). The model was run for each
yearly transition for which that data were available (Haulover:
2003–2007; Aka Jima: 1996–2000), giving a total of 4 simulations
for each location. These simulations provided a projection of the
size-frequency distribution of each population through time. We
also conducted a disturbance simulation, which combined two dif-
ferent Lefkovitch matrices that used all data from each location.
The first Lefkovitch matrix was an average of every data matrix,
excluding data for the thermal-stress year (�2005 for Haulover
Bay and �1998 for Aka Jima). The averaged matrix, representing
all non-thermal-stress years, was used for every time step, except
for when simulating the thermal-stress year, for which we used
�2005 and �1998 data to mimic  the thermal-stress events that
occurred in the field.

Using a Bayesian approach (Betancourt, 2010), we compared
the size-frequency distributions of the final year of the observed
field data (i.e., 2010 at Haulover Bay and 2000 at Aka Jima) with

the same corresponding year of each simulation (i.e., for �2003,
simulation data from year 7 was used). With this approach, the
observed and simulated distributions were compared with two dif-
ferent Bayesian distribution models: (1) where the distributions
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Table 5
Results from the log-normal curve fit comparing frequency of A. palmata (Haulover
Bay,  US Virgin Islands) and corymbose Acropora colonies (Aka Jima, Japan) by size
class (Fig. 4). �: mean; �: variance.

Site Year � � R2

Haulover

2003 1.248 0.426 0.941
2004 1.383 1.313 0.829
2005 53.200 18.650 0.906
2006 0.000 2.392 0.957
2007 1.331 1.153 0.855
2010 0.957 0.606 0.718

Aka

1996  0.930 0.664 0.977
1997 0.976 0.560 0.990
1998 1.038 0.708 0.842
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1999 1.039 0.493 0.850
2000 1.013 0.571 0.901

ere drawn from the same, over-lapping distribution (� = 1), and
2) where the distributions were drawn from non-overlapping
istributions (� = 0), assuming a uniform, non-informative prior
istribution. For these models, � represents a mixture coeffi-
ient that describes the relative contribution of each model (1
nd 2) to the final distribution. The over-lapping distribution
odel best described the simulated and observed size-frequencies
hen � > 0.5, whereas, the non-overlapping distribution model

est described the simulated and observed size-frequencies when
 < 0.5. All models were run with MATLAB® 2009 (and are available
pon request).

. Results

Fragmentation rates observed in the field were much higher
or A. palmata colonies at Haulover Bay than for corymbose Acro-
ora colonies at Aka Jima (Tables 1 and 2; Fig. 3). At Haulover
ay, the highest number of fragments formed during the ther-
al  anomaly in 2005, when the number of ramets far exceeded

he number of genets (Figs. 3 and 4). Additionally, the size-
requency distribution of A. palmata shifted toward small colonies
uring, and soon after, the 2005-thermal-stress event (Fig. 5). By
ontrast, at Aka Jima there was a relatively low but consistent
ragmentation rate through time (Fig. 3). During the 1998-thermal-
tress event in Aka Jima, fragmentation rates did not increase
Fig. 3), although there was a reduction of both genets and ram-
ts (Figs. 3 and 4; Table 2). The population of colonies in Aka
ima showed a loss in the smallest and largest colonies following
he thermal-stress event, effectively narrowing the distribution,
lthough when compared with the A. palmata distributions the
orymbose Acropora distributions remained relatively consistent
hrough time (Fig. 5). For both locations, a log-normal distribu-
ion was consistently the best-fit distribution for the size-frequency
ata (Fig. 5; Table 5).

The Bayesian analysis that examined goodness of fit, indicated
hat at Haulover Bay the modeled size-frequency distributions were
ot similar to the observed size-frequency distributions (i.e., drawn

rom non-overlapping distributions), at least when we used the
ata matrices for �2003 and �2004 to parameterize the models
Fig. 6). The �2005 simulation (i.e., the thermal anomaly transi-
ion) yielded the highest � value, indicating it was the closest fit

odel to the observed field data (Fig. 6). The highest generation
f ramets of A. palmata in the USVI occurred when projecting the
2004 matrix through time (Fig. 4). Notably the �2004 transi-

ion occurred in a non-thermal-stress year, when the large colonies

>110 cm)  either had split or had partially died. The consequence
f fragmentation of these large colonies, although there were few
arge colonies, had major repercussions on subsequent trajectories
Fig. 4; Tables 1 and 3). By contrast, all years that were modeled at
ing 263 (2013) 223– 232

Aka Jima, showed a good fit with the observed size-frequency distri-
butions, independent of the year for which the transition matrices
were constructed (Fig. 7).

4. Discussion

The results of our study suggest that the fragmentation rate
and therefore the size-frequency distributions of the branching
coral A. palmata in the USVI were more sensitive to thermal-
stress events than corymbose Acropora populations in Aka Jima.
The thermal-stress event in 2005, at Haulover Bay, St. John, shifted
the already log-normal distribution toward even smaller colonies.
However, by the end of the study, five years later, there was a
shift toward large colonies, as small colonies grew and transitioned
into larger size classes. By contrast, corymbose Acropora lost both
large and small colonies at Aka Jima, Japan, but there was less
change in the overall shape of the log-normal distribution through
time.

Still, the resulting size-frequency distribution of a particular
Acropora population will ultimately depend of the intensity of the
disturbance. As noted by Roth et al. (2010), the coral colonies on
the reefs of Aka Jima in 1998 experienced a +1.8 ◦C temperature
anomaly, narrowing the size-frequency distribution of corymbose
Acropora. By contrast, the coral colonies on reefs surrounding
Sesoko Island in southern Japan, in the same year (1998), were sub-
jected to a more extreme +3 ◦C temperature anomaly. Only Acropora
colonies <9 cm in diameter survived the extreme thermal event at
Sesoko Island, shifting the size-frequency distribution to a highly
positively-skewed distribution (Loya et al., 2001).

The present study also suggests that while Indo-Pacific corym-
bose Acropora spp. are susceptible to bleaching-induced mortality
(Loya et al., 2001; Stimson et al., 2002), they rarely undergo par-
tial mortality and survive. By contrast, A. palmata in the Caribbean
tended to fragment during the thermal-stress event and survive.
Therefore, the 2005-thermal-stress event increased the ramet den-
sity of A. palmata, but tended to select out thermally intolerant
genotypes of corymbose Acropora. As a consequence, the ramet to
genet ratio did not vary much through time on Aka Jima, whereas A.
palmata showed the potential for rapid population growth (Fig. 4),
caused primarily by an increase in the number of ramets, while
maintaining a constant number of genets.

Our simulations suggest that population increases of A. pal-
mata may  give false hope if those colonies are primarily ramets
(Baums et al., 2006). In general, a population dominated by genet-
ically identical individuals is less likely to persist and recover from
stress events than diverse populations. Our simulation models
also showed that some Acropora species may  be easier to predict
than others. All simulations of corymbose Acropora at Aka Jima,
largely independent of the year that was  used to parameterize
the model, accurately predicted the size-frequency distributions
through time. These predictions were most likely accurate because
there was  less variability in the model parameters among years,
and fragmentation rates were lower in this species group compared
with A. palmata. Our results also suggest that the size-frequency
distributions of corymbose Acropora are not overly useful at deter-
mining the occurrence of subtle thermal-stress events in the Pacific
through back-propagation analysis, but are probably more useful
at determining the occurrence of extreme thermal-stress events
(Done et al., 2010; van Woesik et al., 2011). By contrast, simulations
of A. palmata at Haulover Bay showed that size-frequency distri-
butions were not easy to predict because of the high inter-annual
variance in fragmentation rates. Our model showed that thermal-

stress events have different effects on two  Acropora populations,
and those events may  also be long-lasting. Still, a comparison
between only two  species, one from the Caribbean and one from the
Pacific, does not constitute a representative study of the Acropora
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Fig. 3. (a and b) The percentage of coral colonies that fragmented in the field out of the total number of colonies present during four yearly transitions for: (a) Haulover Bay,
U ymbo
( 03 re
a

r
s
s
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t
t
t

F
a
a
2
(

S  Virgin Islands, depicting Acropora palmata and (b) Aka Jima, Japan, depicting cor
�)  which represents a change from the listed year to the following year (i.e. �20
nomaly in Haulover Bay and the 1998 thermal anomaly in Aka Jima.

esponse to thermal-stress anomalies. Indeed, it has been recently
hown that even among the more temperature-sensitive species,
uch as Acropora, there are winners and losers in rapidly warming
ceans (van Woesik et al., 2011).

In summary, this study outlines a novel technique that separates

he process of coral-colony fragmentation from colony growth, and
racks the relative contribution of genets and ramets to popula-
ion dynamics. Differentiating these processes will lead to more

ig. 4. (a–j) Results using the adjusted Lefkovitch matrix for all data sets from four year
nd  from the disturbance simulation for Haulover Bay (e), and Aka Jima (j). The disturban
nomaly years of 2005 for Haulover Bay and 1998 for Aka Jima) for every year except for
–3  comes from the matrices for the thermal anomalies in 2005 at Haulover Bay, and in 19
�)  which represents a change from the listed year to the following year (i.e. �2003 repr
se Acropora (mostly A. nasuta). Transitional data are indicated by the delta symbol
presents the transition from 2003 to 2004). Bold font indicates the 2005 thermal

accurate predictions of population trajectories through time. Our
model showed that the number of A. palmata colonies at Haulover
Bay have the potential to substantially increase within the next 10
years, although the population will most likely consist of geneti-
cally similar individuals, creating a population that may  be highly

vulnerable to future thermal-stress events. By contrast, corymbose
Acropora colonies at Aka Jima may  be more inclined to undergo
directional selection in the warming oceans.

ly transitions for Haulover Bay, US Virgin Islands (a–d), and Aka Jima, Japan (f–i),
ce scenario uses an average matrix of all the data matrices (excluding the thermal

 years 2–3 at both Haulover Bay and Aka Jima. The genet and ramet data for years
98 at Aka Jima (Tables 1 and 2). Transitional data are indicated by the delta symbol
esents the transition from 2003 to 2004).
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Fig. 5. (a–k) The size-frequency of field data for Haulover Bay, US Virgin Islands, using 12 size classes (a–f), and Aka Jima, Japan, using 7 size classes (g–k). Each size class
ranges  10 cm.  The abundances are for the entire 500 m × 40 m area in Haulover Bay and the quadrat area of 2 m × 2 m in Aka Jima. Bold font indicates the 2005 thermal
anomaly in Haulover Bay (c) and the 1998 thermal anomaly in Aka Jima (i).

Fig. 6. (a–j) Haulover Bay, US Virgin Islands, size-frequency distributions of field data compared with simulations. The indicated years represent the field data used for each
simulation in (a–d). The disturbance scenario is depicted in (e). The disturbance scenario uses an average matrix of all the data matrices (excluding the thermal anomaly year
of  2005) for every year except for years 2–3. The data for years 2–3 comes from the matrices for the thermal anomaly in 2005 at Haulover Bay (Table 1). All simulations were
run  until year 2010 to determine size class abundances for comparison with field data for that year. The Bayesian outputs (f–j) indicate which model type best describes the
two  distributions (where � > 0.5 is “over-lapping distribution model” and � < 0.5 is “distinct distributions model”). The maximum � values for each simulation are (f) 0.423,
(g)  0.075, (h) 0.856, (i) 0.621, (j) 0.728. Transitional data are indicated by the delta symbol (�) which represents a change from the listed year to the following year (i.e.
�2003  represents the transition from 2003 to 2004).
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Fig. 7. (a–j) Aka Jima, Japan, size-frequency distributions of field data compared with simulations. The indicated years represent the field data used for each simulation in
(a–d).  The disturbance scenario is depicted in (e). The disturbance scenario uses an average matrix of all the data matrices (excluding the thermal anomaly year of 1998)
for  every year except for years 2–3. The data for years 2–3 comes from the matrices for the thermal anomaly in 1998 at Aka Jima (Table 2). All simulations were run until
year  2000 to determine size class abundances for comparison with field data for that year. The Bayesian outputs (f–j) indicate which model type best describes the two
d stinct 
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