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Abstract. Dispersal influences ecological dynamics, evolution, biogeography, and
biodiversity conservation, but models of larval dispersal in marine organisms make simplifying
assumptions that are likely to approximate poorly the temporal dynamics of larval survival
and capacity for settlement. In particular, larval mortality rates are typically assumed to be
constant throughout larval life; and all larvae are frequently assumed to acquire and lose
competence at the same time. To improve upon these assumptions, we here develop simple
models of dispersal potential that incorporate rates of mortality, and acquisition and loss of
settlement competence. We fit these models to empirical competence and survival data for five
scleractinian coral species, to test the models’ ability to characterize empirical survival and
competence patterns, and to estimate the dispersal potential implied by those patterns. The
models fit the data well, incorporating qualitative features of competence and survival that
traditional approaches to modeling dispersal do not, with important implications for dispersal
potential. Most notably, there was high within-cohort variation in the duration of the
competent period in all species, and this variation increases both self-recruitment and long-
distance dispersal compared with models assuming a fixed competent period. These findings
help to explain the seeming paradox of high genetic population structure, coupled with large
geographic range size, observed in many coral species. More broadly, our approach offers a
way to parsimoniously account for variation in competence dynamics in dispersal models, a
phenomenon that our results suggest has important effects on patterns of connectivity in

marine metapopulations.
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INTRODUCTION

Dispersal plays a key role in the dynamics of
populations and communities. It can influence the
degree of spatial synchrony in population dynamics
(Bjornstad et al. 1999), the coexistence and relative
abundances of species (Mouquet and Loreau 2003), the
potential for localized genetic drift and adaptation in
populations (Bohonak 1999), and the geographical
distribution of species (Lester et al. 2007). Consequently,
an understanding of dispersal is important for answering
a broad range of ecological and evolutionary questions,
as well as for anticipating the effects of habitat
fragmentation (Tilman et al. 1997), and for designing
networks of protected areas (Almany et al. 2009).

Many organisms, including plants, arthropods, and
marine fishes and invertebrates, have a relatively
sedentary adult phase and a dispersive phase, during
which physical processes like winds and ocean currents
can transport propagules great distances (Nathan and
Muller-Landau 2000, Compton 2002, Strathmann et al.
2002). In the marine realm, the predominant view for
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much of the last half-century was that larvae of benthic
organisms are dispersed widely, and therefore that
subpopulations are demographically well connected
over large spatial scales, relative to terrestrial organisms
(Palumbi 1994). This is consistent with the large
geographic ranges of many marine taxa (Hughes et al.
2002, Paulay and Meyer 2002), and with comparative
estimates of dispersal distance from genetic data (Kinlan
and Gaines 2003). However, recent work also suggests
that a large proportion of marine larvae may be retained
locally, even in species with extended larval durations
(Sponaugle et al. 2002, Kinlan and Gaines 2003,
Hellberg 2007).

Attempts to understand the ecological and evolution-
ary effects of dispersal have included the development of
models that incorporate physical and biological deter-
minants of successful dispersal (Cowen and Sponaugle
2009). The characterization of physical processes in such
models has become highly sophisticated (Cowen et al.
2006, Siegel et al. 2008). In contrast, the characterization
of larval biology in most dispersal models tends to use
highly idealized assumptions; for instance, that larval
mortality is constant, and that all larvae in a cohort
acquire and/or lose competence simultaneously (e.g.,
Cowen et al. 2006, Siegel et al. 2008), although both
assumptions are likely to be violated in nature (Strath-
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mann 1974, Rumrill 1990, Graham et al. 2008). At the
other extreme, a few models infer survival and
settlement from individual-based sub-models of foraging
and growth (e.g., Vikebo et al. 2007). However, because
such models tend to be very parameter rich, there are
rarely sufficient data to calibrate them (Gallego et al.
2007).

The dispersal of broadcast-spawning scleractinian
corals is likely to be particularly sensitive to assumptions
about larval survival and the onset and duration of
settlement competence. Coral larvae become competent
to settle within a few days (Baird 2001, Miller and
Mundy 2003, Nozawa and Harrison 2008). Retention
times of water masses on coral reefs are of similar
duration (Black et al. 1991), suggesting that the extent of
local self-recruitment may be particularly sensitive to
small variations in larval development times or local
circulation characteristics. The swimming speeds of
coral larvae are substantially lower than most other
marine invertebrate larvae (Chia et al. 1984), and thus
less effective at reducing sensitivity to physical transport
mechanisms than many other taxa. At the other end of
the larval phase, little is known about the maximum
time that larvae retain competence, because most studies
expose larvae to settlement cues continuously, or
terminate before settlement ceases (e.g., Ben-David-
Zaslow and Benayahu 1998, Nozawa and Harrison
2008). Moreover, recent work suggests that mortality
rates are elevated both early and late in larval lifetimes
(Graham et al. 2008), in violation of the assumption of
constant mortality characteristic of most models of
larval dispersal. This has implications for the proportion
of larvae surviving long enough to be transported off the
natal reef, and subsequently for the potential to remain
alive for very long-distance dispersal. Indeed, the
prevalence of local retention vs. long-distance dispersal
is particularly enigmatic for corals, given that they tend
to have extremely large ranges (e.g., a median longitu-
dinal extent of 109 degrees; Hughes et al. 2002), but also
local genetic structure and stock-recruitment relation-
ships indicative of substantial local retention (Hughes et
al. 2000, van Oppen and Gates 2006). Historically, this
led to the invocation of unique mechanisms for long
versus short-distance dispersal, such as rafting of coral
recruits on floating pumice (Jokiel 1990).

In this study, we formulate, empirically calibrate, and
analyze models for the dynamics of survival and
settlement competence in scleractinian corals. Our
models characterize such dynamics more realistically
than most dispersal models, but are parsimonious
enough to be calibrated with readily obtainable empir-
ical data. Therefore, we collect data on survival and
settlement competence for five species of scleractinian
corals, and we use these data to calibrate our models.
Finally, we use our results to estimate dispersal potential
in the study species, and we compare those estimates
with estimates based on models that make the more
traditional assumptions of constant mortality rates, and
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no within-cohort variation in competence periods. These
comparisons reveal surprising effects of within-cohort
variation in competence on dispersal potential that may
help to resolve the seeming paradox of large geographic
ranges and fine-scale population structure that is
characteristic of scleractinian corals. These models also
offer a framework for characterizing more realistically,
but parsimoniously, the dynamics of survival and
competence in coupled biophysical dispersal models, a
characterization that our results indicate has important
effects on patterns of connectivity in marine metapop-
ulations.

A MOoODEL OF DISPERSAL POTENTIAL

We conceptualize the larval phase of scleractinian
corals as consisting of up to three phases: pre-
competent, competent, and post-competent. During
the pre-competent phase, development is still underway,
and larvae are not yet competent to settle. During the
competent phase, larvae are capable of settlement. Post-
competent larvae have lost the capacity to successfully
settle, but they remain alive (Richmond 1987, Ben-
David-Zaslow and Benayahu 1998). Specifically, we
model the dynamics of a larval cohort as follows:

dL,

—r= )Ly (0) — n(OLi (1) (1a)
c%z = a()Li () — B(t)La(t) — p(r)La(r)  (1D)
ddi; = B()La (1) — w(1)Ls (1) (1)

with initial conditions

Li0)=1  L0)=0  Ly0)=0. (2

The subscripts 1, 2, and 3 refer to the pre-competent,
competent, and post-competent larval stages, respec-
tively; L(¢) is the proportion of larvae that are alive and
in stage / at time 7; [(¢) is the per-capita mortality rate at
time f#; o(f) is the per-capita rate of acquisition of
settlement competence at time #; B(¢) is the correspond-
ing rate of loss of competence.

To keep the number of model parameters to a
minimum, we begin with the simplifying assumptions
that the acquisition and loss of competence occur at
constant per-capita rates: o(7) = a, B(z) = b. We then
solve the system of Eqgs. 1 and 2 explicitly to obtain the
proportion of the initial cohort of larvae that is alive and
competent as a function of time:

—at __ e—bt)

b—a

ale

Ly(1) = s(1) 3)

where s(7) is the proportion of the initial cohort that is
still alive at time ¢,

s(t) = exp {f / ;0 u(z) dz} . (4)
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To obtain the proportion of surviving larvae that are
competent, we normalize Eq. 3 by the total proportion
of the initial cohort that is still alive at time ¢:

_ L (1)
Li(1) + Lo(t) + Ls(1)

Note that Eq. S is independent of the mortality rate, p(7),
so mortality parameters can be estimated separately
from the competence parameters, a and b (see Empirical
methods).

Eq. 1 assumes that acquisition of competence begins
immediately. However, species that broadcast-spawn
gametes, including 85% of all scleractinians (and all
species used in this study), have an obligate planktonic
period of ~12-36 h, during which embryogenesis occurs
and larvae become motile (Harrison and Wallace 1990,
Baird et al. 2009). Additional time may be required to
develop the capacity to attach to the substrate and
metamorphose (Paruntu et al. 2000). One way to
approximate such a time delay parsimoniously is to
assume that the rate of acquisition of competence is zero
until this obligate period has expired:

0 1<t
a(f) = { (6)

a >t

a(e—bt _ e—at)

- a—b S

Pz(l)

where 7. is the development time required before
acquisition of competence can begin. With this modifi-
cation, the proportion of surviving larvae that are
competent at time ¢ is

0 t<t,

Pi(t) = a<e*"<’*’°) — e*“("m) - (7)
a—>b ¢

where the asterisk indicates the time-delay model.

For mortality, we considered both constant and time-
varying rates. If mortality rate is constant, the propor-
tion of an initial cohort that is still alive exhibits an
exponential decline

s(ty=e™ (8)

where A is the instantaneous mortality rate. To allow for
monotonically increasing or decreasing mortality rates,
we use a Weibull distribution, whose corresponding
expression is

s(1) = exp[=(1)"] ©)

where A > 0, v > 0. If v > 1, then mortality rate
increases with age; if v < 1, it decreases with age. When
v=1, Eq. 9 collapses to the exponential model (Eq. 8). A
third possibility is that mortality rates are high initially,
decrease, and then increase again late in larval life. To
allow for this possibility, we fit a “generalized Weibull”
distribution. For this model, the proportion of a cohort
still alive at time ¢ is
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s(r) = (1= o[n]")'/° (10)

where L > 0, v > 0, 6 < (AMpax) > and 7.y i8S the last
day on which larval abundance was estimated (Mud-
holkar et al. 1996). Depending on the values of the
shape parameters ¢ and v, mortality rate may be
increasing, decreasing, “bathtub-shaped” (decreasing,
then increasing), or hump-shaped. In the limit as ¢ — 0,
this model is equivalent to Eq. 9.

Eq. 3 is temporal dispersal potential: the proportion
of the cohort that is alive and competent as a function of
time. Such a model can be combined with physical
models of larval transport, and of the spatial distribu-
tion of reefs, to predict larval dispersal. Because both
transport processes and the spatial distributions of
habitat patches are highly context-specific, this will lead
to different dispersal kernels in different reef systems
and at different times. Nevertheless, to illustrate how
temporal dispersal potential can be translated into
spatial dispersal potential, we apply a simple generic
model of physical transport, in which diffusion produces
a Gaussian distribution whose width depends on the
strength of diffusive processes, k, and time spent being
transported, f:

L o)/
Vankt
Advection shifts this distribution downstream, but does
not change its shape (Largier 2003). Combining Eq. 3
and Eq. 11, we obtain dispersal potential as a function
of distance:

D(x,1) =

(11)

Lg(x):/ D(x, 1)L, (1) dt (12)
=t
(t. =0 for the model without a time lag).

Eq. 12 provides a wuseful basis for assessing
differences between species in, and effects of particular
model assumptions on, the potential for short and
long-distance dispersal. Note, however, that it does not
assume a particular distribution of habitat patches,
and thus does not predict where propagules will
ultimately settle. Rather, it gives the proportion of
larvae that will reach location x while alive and
competent to settle (i.e., the proportion of larvae that
would be able to settle at x) if they had not had an
opportunity to settle previously. It is therefore a spatial
analogue of Eq. 3.

As noted earlier, many models of dispersal, particu-
larly for coral reefs, assume that the onset and duration
of competence is the same for all larvae in a cohort, and
that mortality rates are constant over time. To
determine how violation of these assumptions changes
dispersal potential, we compared Eq. 12 with two
alternative models that make these more conventional
assumptions about competence and survival. To model
constant mortality, we simply apply Eq. 3, using the
exponential survival model (Eq. 8) for s(¢), but otherwise
use the same model structure. To model a fixed
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competence period, we use the fact that, in our full
model, the mean time to acquire competence is @' (or 1,
+ a ! if there is a time lag) and the mean time to lose
competence is a ' + b7" (or tc + a ' + b"). The fixed
competence model assumes that all larvae acquire and
lose competence at these times, yielding

(1/a)+(1/b)
Ly(x) = / " D(x,t)s(z) dr.
t=(1/a

(13)

EmpIRICAL METHODS

To characterize competence dynamics, we used larvae
from cohorts of five common broadcast-spawning
species: Acropora gemmifera, A. humilis, A. millepora,
A. valida, Goniastrea retiformis, and Platygyra daedalea
(see Plate 1). Larvae were cultured following the
methods of Babcock et al. (2003). Once larvae were
motile (two to three days post fertilization) water was
changed every three days until larvae were two weeks
old, after which water was changed weekly. Water was
changed by concentrating larvae in a plankton mesh
sieve and placing them in fresh filtered sea water (FSW).
Larval cohorts were maintained in 3.5-L polystyrene
containers containing 0.2 pm FSW to deprive them of
the cues required to induce settlement. Initial stocking
densities were approximately 1000 larvae/L (Morse et al.
1996). Periodically after spawning, between 5 and 100 of
the surviving larvae were pipetted from the cultures and
introduced into replicate 500-mL plastic buckets con-
taining a single conditioned clay tile. Tiles were
conditioned by placing them in a horizontal position
on the reef crest at 2 m at Orpheus Island Research
Station for two months. This period is sufficient for tiles
to develop a fouling community with sufficient crustose
coralline algae to induce larval settlement (Babcock
1992, Baird et al. 2003). These larvae were left for 72 h,
after which the tiles were removed and the number of
larvae successfully completing metamorphosis recorded.
Metamorphosis was defined as the deposition of a basal
disc, which is visible through the tissue of the polyp.
Experiments were performed in the laboratory under
controlled temperature (26—28°C) under cool fluorescent
lights with a 12:12 h light : dark photoperiod. Sampling
intervals were shorter early in larval life, to better
characterize the onset and peak of competence, then the
sampling interval was reduced to ensure availability of
larvae for competence assays until competence ap-
proached zero. The intervals also varied among species
because initial cohort size, and larval mortality, varied
among species.

Larval survivorship was determined periodically from
density estimates in replicate 50 mL subsamples
following agitation of the larval cultures. This protocol
was followed until the total number of larvae in cultures
dropped below approximately 200, at which point all
larvae remaining in culture were counted. As with
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competence assays, sampling intervals were shorter early
in larval life to better capture any early, rapid changes in
survivorship.

Competence and survival models were fitted to these
empirical data using maximume-likelihood methods. For
competence, we estimated a, b, and (for the time delay
model) 7. by fitting Eqgs. 5 and 7 with a binomial error
structure. For our survival experiments, total larval
densities were estimated by subsampling. Because
standard survival analyses assume complete censuses
of the study population, such methods were not
appropriate. Instead, we modeled counts as following

a Poisson distribution with mean
fOLO x=0

W, = (14)

fx [Lx—l - Rx—l} x>0

where f is the (known) fraction of the total volume of
water that is sampled at census time x, and R, is the
(known) number of larvae removed just after census
time x — 1 for settlement competence experiments. The
expression s(.) is the appropriate survival function (Egs.
8, 9, or 10), with estimated parameters A and (where
appropriate) v and o; L, is the estimated initial larval
population size; and L, ; is the estimated larval
abundance at census x — 1, obtained from
_ Wy—1
-1 = .
f:\'fl
For both competence and survival analyses, we used
likelihood ratio tests for model selection in both cases,

and obtained confidence limits from profile likelihood
intervals.

Ly

(15)

REsULTS
Larval competence

Likelihood ratio tests indicated support for a time-
delay of approximately three days for three of the
species (4. millepora, A. gemmifera, and P. daedalea),
before competence began to be acquired (Fig. 1, Table
1). For the other two species (4. valida and G.
retiformis), competence was already close to its peak
value by the first competence assay (Fig. 1B, D);
therefore, the time delay was not statistically distin-
guishable from zero, and the model without a time
delay was favored (Table 1). Those species exhibiting a
significant delay did not necessarily have the most
rapid acquisition of competence: A. millepora, with a
three-day time delay, and A4. valida, with no time delay,
had the lowest rates of acquisition of competence (0.18
d™! and 0.22 d7!, respectively), while A. gemmifera
(with a time delay) and Goniastrea retiformis (with no
delay) had much higher rates of acquisition of
competence.

The per capita rate of loss of competence, b, varied
approximately five-fold among species, but was always
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FiG. 1. Observed values (circles) and best-fit models (solid lines) for the proportion of the surviving larval cohort that are
competent to settle as a function of time. Fitted model values were generated using either the model without (Eq. 5) or with (Eq. 7)
a time delay, depending on which model was favored by model selection (Table 1).

substantially lower than the rate of acquisition of tence was lost most rapidly in 4. gemmifera, followed by
competence (Table 1). Thus, competence in all species  P. daedalea, G. retiformis, A. millepora and A. valida.
peaked relatively quickly (4-13 d), then underwent a  Note that the reciprocal of the competence loss rate, ™",
prolonged, approximately exponential decline. Compe- is the mean duration of the competence period. These

TasLe 1. Maximum-likelihood estimates of rates of acquisition (4) and loss (5) of competence, and (where appropriate) time lag

(to).

Likelihood ratio test

Species a b t. Statistic P
Acropora millepora 0.18 (0.14-0.24) 0.050 (0.040—-0.062) 3.239 (2.729-3.553) 39 <0.0001
Acropora valida 0.22 (0.19-0.27) 0.031 (0.027-0.036) N/A 0.000 >(.999
Acropora gemmifera 0.39 (0.25-0.65) 0.145 (0.107-0.192) 3.471 (3.025-3.717) 29 <0.0001
Goniastrea retiformis 0.58 (0.43-0.83; 3.08+4)T 0.096 (0.086-0.107) N/A 0.000 >0.999
Platygyra daedalea 0.39 (0.15+) 0.099 (0.070-0.137) 2.937 (0.442-3.999) 4.67 <0.05

Notes: Values in parentheses indicate 95% profile likelihood intervals. The last column shows the results of a likelihood ratio test
of the models with vs. without a time lag; P < 0.05 indicates that there is statistically significant support for the more complex time-
lag model. Model selection by AIC, yields the same best-fitting models as likelihood ratio tests.

* The “+” symbol indicates that there was no upper bound to the 95% confidence region; i.e., the upper bound to the rate of
acquisition of competence includes instantaneous acquisition at time 0 (for G. retiformis) and t. (for P. daedalea).
dquo;N/A” indicates that the best-fitting model omitted this parameter.

+ For G. retiformis, profile likelihood intervals on the competence acquisition rate « indicated two distinct confidence regions,
one extending from 0.43 to 0.83, and another for ¢ > 3. The log-likelihood function exhibited an upper asymptote with increasing «;
therefore, a true maximume-likelihood estimate could not be obtained.



December 2010 MODELING REEF CORAL DISPERSAL POTENTIAL 3577
6000 —| A) A. millepora —Ho B) A. valida o C) A. gemmifera
o 8
©
z
© 3000 — —
5 o
8 1000 . .
E
=
Z 200 — —
0 — — o}
L T I I I T I T T I T I I I I
0 2 10 30 60 100 0 2 10 30 60 100 0 2 10 30 60 100
Cohort age (d) Cohort age (d) Cohort age (d)
6000 — D) G. retiformis | E) P daedalea 7 F) All species
g =
g o o 020
o© 3000 — — P
5 ¥ 7
5 >
2 1000 — = 010 |
E T
Z 200 . 2 .
0 — 0.00 -
I T T T 1 1 T T T T T T T T
0 2 10 30 60 100 0 2 10 30 60 100 0 10 20 30 40
Cohort age (d) Cohort age (d) Cohort age (d)

F1G. 2. (A-E) Number of larvae remaining over time in the survival experiments. Circles show the estimated total number of

larvae based on the subsample counts. Lines represent survival model predictions (Eq. 15), incorporating the best-fitting survival
model as determined by model selection. All axes are plotted on a square-root scale. (F) A comparison of best-fit mortality rate
curves for the five study species, based on parameter estimates from the model fits shown in panels A-E.

mean competence periods ranged from 7 to 33 d, and
they were identical, in rank order, to the maximum time
at which settlement was observed (A. gemmifera, 34 d; P.
daedalea, 34 d; G. retiformis, 36 d; A. millepora, 60 d; A.
valida, 110 d).

Larval survival

Survival models provided extremely good fit to the
empirical survival data (Fig. 2A-E). To avoid dense
clusters of points near axes, and facilitate visual
inspection of model fit, axes in Fig. 2 have been
square-root transformed. Consequently, changes in the
slope of the best-fit line do not correspond to changes in
mortality rates. However, parameter estimates and
model selection, which do allow a rigorous assessment
of time-varying mortality, provide strong evidence for
elevated initial mortality in three species, but only weak
evidence for elevated mortality late in life (Table 2).
Specifically, generalized Weibull parameters were, for all
species except A. gemmifera, consistent with “bathtub-
shaped” (decreasing, then increasing) mortality rates (o
> 0, v < 1). However, model selection always rejected
this model in favor of one of the simpler ones. For 4.
millepora, A. valida, and P. daedalea, model selection
favored the Weibull model, and, for all species, Weibull
parameter estimates indicated high initial mortality that
decreased as larvae aged in all cases (i.e., v < 1; Fig. 2F).

For A. gemmifera and G. retiformis, model selection
favored the exponential model, suggesting that mortality
rates in these two species were approximately constant
over time (Fig. 2F).

Despite similarities in the shape of the survivorship
curves, there were discernable differences in overall
survivorship among the five species (Appendix). Specif-
ically, over most of the study period (z > 10 d), 4. valida
had the highest survival, followed by A. millepora, P.
daedalea, A. gemmifera, and G. retiformis. Except for G.
retiformis, this is identical to the rank ordering for the
mean competence duration, p ! indicating that species
with high survival also retain competence longer. In
addition, early survivorship was variable among species,
with some evidence of a trade-off between high initial
and later survivorship: A. valida and A. millepora, for
instance, had the lowest survivorship during the initial
phase, whereas A. gemmifera and G. retiformis had the
highest.

Dispersal potential

Integrating survival and competence indicates marked
differences in dispersal potential among species (Fig. 3).
The proportion of larvae both alive and competent
peaked within a week after spawning in 4. gemmifera, P.
daedalea, and G. retiformis, then dropped concomitantly
to about 10% at ~15-20 d. In contrast, the proportion



3578

TABLE 2.
likelihood ratio test.
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Parameter estimates and maximized log-likelihoods (MLL) for the survival models, and model comparisons by

GW vs. Weibull Weibull vs. Exponential

Model A v & MLL Statistic P Statistic P
A. millepora 0.005 0.94 64.5 <0.0001
GW 0.044 0.58 —0.009  —84.736
Weibull 0.043 (0.037-0.048)  0.57 (0.50-0.67) —84.738
Exponential 0.050 —117.009
A. valida 0.081 0.78 58.4 <0.0001
GW 0.022 0.48 —0.108  —77.817
Weibull 0.019 (0.012-0.023)  0.46 (0.41-0.59) —77.858
Exponential 0.36 —107.081
A. gemmifera 0.610 0.43 0.840 0.36
GW 0.059 1.00 0.189  —55.626
Weibull 0.066 1.08 —55.931
Exponential  0.067 (0.063-0.070) —56.351
G. retiformist 3.89 <0.05 0.107 0.74
GW 0.248 4.48 —6.122  -73.975
Weibull 0.086 0.97 —75.918
Exponential  0.087 (0.083-0.092) —75.972
P. daedalea 2.49 0.11 4.43 <0.05
GW 0.039 0.57 0.485  —066.516
Weibull 0.060 (0.056-0.065) 0.72 (0.51-0.97) —67.761
Exponential 0.058 —69.974

Notes: GW indicates the generalized Weibull model. A statistically significant result in the model comparisons indicates rejection
of the simpler model in favor of the more complex one (all tests are on 1 df). The best-fit models are indicated in boldface type. For
all species, model selection by AIC, chooses the same best-fit model as the likelihood ratio tests. Estimated parameters are: A, the
survival rate parameter; ¥, a shape parameter of the Weibull and generalized Weibull distributions; and &, the second shape

parameter of the generalized Weibull distribution.

1 For G. retiformis, the likelihood ratio test comparing the exponential and Weibull models favors the exponential model, but the
test comparing the Weibull and generalized Weibull models marginally favors the generalized Weibull. Therefore, we also
compared the generalized Weibull and exponential models directly. This test favors the exponential model (statistic=3.99, P=0.14:
note that this test is conducted on two degrees of freedom, not one, because the generalized Weibull has two more parameters than

the exponential).

of A. valida and A. millepora larvae alive and competent
peaked 8-10 d after spawning and dropped much more
gradually (Fig. 3A). When physical transport is incor-
porated, all species exhibit very leptokurtic dispersal
potential (i.e., narrow peaks and thick tails, relative to a
Gaussian distribution; Fig. 3B).

Comparison of our best fit models of dispersal
potential with the fixed competence and constant
survival models indicates that both within-cohort
variation in competence dynamics and temporal varia-
tion in mortality rates qualitatively change dispersal
potential (Fig. 4). Specifically, the fixed competence
model underestimates the proportion of the cohort that
could settle both very near to and very far from the site
of origin (Fig. 4A-E). For A. millepora, A. valida, and,
to a lesser extent, P. daedalea, the constant survival
model also underestimates the proportion of larvae that
could settle far from the site of origin, but it
overestimates the proportion that could settle very near
to the site of origin (Fig. 4F, G, J). Because there was no
significant support for time-varying mortality in the
other two species, the constant survival model was
identical to the best-fit full model for 4. gemmifera and
G. retiformis (Fig. 4H, 1).

DiscussioN

Most existing approaches to modeling dispersal
assume that all larvae in a cohort acquire competence
at the same time, and lose competence at the same time,
implying a rectangle-shaped competence pattern. Our
models, which are based instead on rates of acquisition
and loss of competence within cohorts, provide a better
characterization of empirical competence dynamics in
scleractinian corals. Specifically, the models capture the
fact that peak competence is less than 100% of the
cohort. They also capture the protracted, approximately
exponential declines in competence after this peak
competence is reached, which imply high within-cohort
variation in the duration of competence periods. This
variability in competence dynamics increases the poten-
tial for both self-recruitment (i.e., settlement at the natal
site), and long-distance dispersal. For three of our study
species, we also find strong evidence for time-varying
larval mortality rates, in violation of the assumption of
constant mortality that is commonly made in dispersal
models. This implies lower self-recruitment and higher
long-distance dispersal than under the conventional
constant-mortality assumption. In our study, this latter
effect is smaller in magnitude than that produced by
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Fig. 3. Predicted dispersal potential as a function of (A)

time and (B) distance for the five study species, based on the
competence and survival data. In panel (B), the diffusion
parameter k influences the scale, but not the shape, of the
dispersal kernel, so we have expressed horizontal and vertical
axis values as functions of k. To facilitate comparison of their
shapes, the curves in panel (B) have been normalized to
integrate to the same value. Panel (C) shows the same curves as
panel (B), but with axes on a square-root scale to facilitate
comparison of the tails of the curves.
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within-cohort variation in competence duration, except
for self recruitment of A. valida (Fig. 4).

Competence dynamics

Within-cohort variation in the acquisition and loss of
competence makes dispersal potential more leptokurtic
than predicted by models that omit such variation (Fig.
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4A-E). This leptokurtic shape means that, if the
opportunity presents itself, a higher proportion of coral
larvae will self-recruit (i.e., recruit back to the natal reef’)
than one would predict based on the assumption of fixed
times of acquisition and loss of competence. However, if
larvae are transported away from their natal reef into
the open ocean before competence is acquired, a larger
proportion of the cohort also will retain the ability to
complete metamorphosis for extended periods.

Our idealized model of physical transport was used to
compare dispersal potential for models with and without
within-cohort variation in competence. However, phys-
ical transport in real reef systems will be less spatially
homogeneous than these models imply. Specifically, we
assumed a constant diffusion parameter, but, in nature,
the extent of diffusive mixing will depend upon the
spatial scale of the predominant oceanographic process-
es (Okubo 1994). In reef systems, for instance, complex
local circulation around reefs will influence local
retention and self-seeding, whereas dispersal among
reefs will be more influenced by mesoscale processes. We
expect such characteristics of circulation in reef systems
to amplify the effects of within-cohort variation in
competence, by increasing the extent of both self-
recruitment, and long-distance dispersal, relative to
our simple diffusion model. In particular, hydrodynamic
modeling indicates that mean retention times of larvae
on reefs can vary from a few hours to more than a week,
depending on local wind conditions (Black et al. 1991), a
range that is highly consistent with observed retention
times of coral “spawning slicks” (visually apparent
aggregations of larvae) in reef lagoons (Willis and Oliver
1988, Gilmour et al. 2009). The longer retention times
associated with quiescent conditions are more than
adequate for a substantial proportion of the cohort to
attain competence and settle while still on the natal reef
(Fig. 3A). However, when strong surface currents
transport larvae off the reef quickly, dispersal will be
determined principally by mesoscale processes. In such
cases, the thicker tails associated with within-cohort
variation in competence will substantially increase the
proportion of larvae that may be transported long
distances (Fig. 4). Qualitatively similar complexities are
likely to hold in other systems. For instance, larvae from
coastal intertidal and subtidal habitats may be locally
retained by tidal fronts and other nearshore circulation
features over short time scales, with mesoscale features
dominating when larvae escape these retention zones
(Lagos et al. 2008). However, because their competence
acquisition times correspond closely with local retention
times, variation in competence duration may be a
particularly important determinant of dispersal poten-
tial in scleractinian corals. This may help to explain why
they have relatively high levels of spatial population
genetic structure, but also very large ranges, compared
with many other marine organisms (Paulay and Meyer
2002, Hellberg 2007).
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Survival dynamics

We found support for elevated mortality rates early,
but not late, in larval life. This appears to differ from
earlier work showing both phenomena in some of the
same species (Graham et al. 2008). However, this
discrepancy is probably due to differences in the
duration of our experiments, rather than real differences
in survival patterns. Specifically, Graham et al. (2008)
found increasing mortality rates after about 100d,
whereas, due to the repeated removal of larvae for
settlement assays in the present study, only A. valida and
A. millepora larvae were still alive after 100 days, and all
cultures had expired by 130 days. Thus, we would have
been unlikely to detect increases in mortality rate this late
in larval life. Nevertheless, we suspect that the effect of
such increases in mortality would have a relatively small
effect on dispersal potential, because most of the few
remaining larvae still alive at the onset of senescence
would have already lost competence. For instance, based
on our parameter estimates at 100 days, less than 1% of
larvae of any of our study species would be alive and
competent to settle. Moreover, 100 days is more than
adequate for extremely long-distance dispersal (e.g.,
across the 4000 km East Pacific Divide; Richmond 1987).

Robustness

Tracking of larval cohorts, and repeated sampling for
competence and survival, are rarely (if ever) practical
under field conditions. For corals, field data for larval
competence encompass only the first few days after
spawning for a single study (Gilmour et al. 2009), and
we know of no field studies of survival. Consequently,
our model calibration was based on laboratory data.
Nevertheless, it is important to evaluate the robustness
of our principal conclusions to differences between field
and laboratory conditions. With respect to competence,
field conditions differ from those in the laboratory in
ways that are likely to increase within-cohort variation
in competence, and thus amplify the effects on dispersal
potential identified in our analyses. Specifically, in the
laboratory, gametes from a small number of colonies
give rise to the larval cohorts. Thus, any variation in
competence duration that is due either to genetic
variation among parents, or to variation in parental
condition, would tend to be greater in the field than in
culture. Moreover, larvae in culture are retained in
homogeneous conditions, whereas diffusion of larvae in
the field means that different larvae experience different
environmental conditions (e.g., temperature), which
can, in turn, influence development rates or energy
expenditure. This too would tend to increase the
variability in the acquisition and duration of compe-
tence, relative to the laboratory, and thereby lead to
even greater relative increases in self-recruitment, and
long-distance dispersal, compared to our results. Sim-
ilarly, spawning, even by individual coral colonies, can
be spread over multiple days or even lunar cycles (e.g.,
Bastidas et al. 2005), such that offspring of the same
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PLATE 1.

Goniastrea aspera releasing egg sperm bundles two hours after sunset in Palau (western Carolina Islands, in the

Philippine Sea) in May 2004. Most corals, including all species used in this study, broadcast-spawn positively bouyant gametes,
which then have an obligate planktonic phase of variable duration, depending on the species, before the larvae become competent

to settle. Photo credit: A. H. Baird.

parent may be subjected to differing environmental
conditions that accelerate or retard the acquisition or
loss of settlement competence.

Potential sources of mortality differ in kind and
degree under laboratory and field conditions, with
implications for overall mortality rates, and for changes
in mortality rates over time. Some sources of mortality
in the field, such as predation, are not present in the
laboratory, and many abiotic stressors, such as UV
radiation, and fluctuations in temperature or other
physical parameters, are absent or minimized. Indeed,
after the first week of our study, mortality rates were
relatively low (~2-8% per day), whereas values at or
above 10% are commonly reported in the field (Rumrill
1990, Lamare and Barker 1999). It seems unlikely that
this affects substantially the qualitative effects of time-
varying mortality, or variation in competence duration,
found in this study. However, it does suggest that there
may be less long-distance dispersal in the field than our
mortality estimates imply. Similarly, for lecithotrophic
larvae, long-distance dispersal is likely to be associated
with depletion of energy reserves, and there is some
evidence that this may lead to lower post-settlement
survival for at least some marine invertebrates (Pechenik
2006).

With respect to time-varying mortality, larval densi-
ties in the laboratory tend to be kept high for logistical

reasons, and this can potentially exacerbate the risk of
pathogen outbreaks, or mortality of larvae as they
become entrained in the lysed tissues of dead larvae. We
observed no signs of pathogens in our cultures,
suggesting that this was not a major determinant of
elevated early mortality. Rather, for our study species,
mortality rates had stabilized within 10 days (Fig. 2F).
This corresponds approximately to the expected time to
peak competence, implicating developmental failure as a
likely cause of increased early mortality. We have no
reason to expect such problems to be more or less severe
under field conditions. However, predation is an
additional cause of larval mortality in the field,
particularly just after spawning (Pratchett et al. 2001).
This could change the magnitude of the initial decline in
mortality rates, depending on how increased predator
activity trades off against higher densities of larvae
immediately after spawning. It seems less likely that
predation rates would vary markedly towards the end of
the larval phase, when larval densities are much lower.
Thus, while we suspect that larval mortality rates in the
field are elevated early in larval life, it is less clear
whether such effects are larger, or smaller, than those
found in this study, and thus whether the predicted
increase in self-recruitment arising from this elevated
mortality would be larger, or smaller, than our results
indicate (Fig. 4F-J).
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CONCLUSIONS AND IMPLICATIONS

Estimates of dispersal potential are critical to
understanding metapopulation dynamics, population
genetic structure, biodiversity, and biogeography. Such
estimates are also needed to improve the design of
reserve networks (Almany et al. 2009). For marine
systems, our capacity to construct realistic, detailed
models of the physical mechanisms that drive larval
transport has outpaced our ability to characterize
biological influences on dispersal (Cowen and Sponaugle
2009). Although there has been increasing attention to
the incorporation of larval swimming behavior and
position in the water column, particularly for fishes
(Paris and Cowan 2004, Paris et al. 2007), competence
and survival dynamics have received much less atten-
tion, and tend to be characterized relatively crudely in
dispersal models. We have shown here that simple,
parsimonious models of competence dynamics can
substantially improve our characterization of empirical
competence patterns. Such models can be readily
calibrated and integrated with hydrodynamically realis-
tic models of physical transport in particular regional
contexts, and thereby substantially improve estimates of
connectivity in those systems. Our findings in this study
indicate that modeling within-cohort variation in
competence dynamics will change our estimates of both
local self-seeding and long-distance dispersal in marine
metapopulations.
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APPENDIX
Comparison of best-fit survival curves for the five study species (Ecological Archives E091-251-A1).
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