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Abstract Demographic connectivity requires both the dispersal of individuals between sub-
populations, and their subsequent contribution to population dynamics. For planktonic, non-
feeding marine larvae, the capacity to delay settlement enables greater dispersal distances, but
the energetic cost of delayed settlement has been shown to adversely impact post-settlement
fitness in several taxa. Here, we assess whether delayed settlement influences mortality rates or
growth rates for the first six weeks following settlement of the scleractinian coral, Acropora
tenuis. Coral larvae that were settled at two, four, and six weeks after spawning, and then
deployed in the field, showed negligible effects of delayed settlement on post-settlement survival
and time to initial budding for colony formation. Between-cohort differences in budding rate
appeared to be explained by temporal variation in the post-settlement acquisition of
zooxanthellae. The potential for coral larvae to remain in the pelagic zone for increased periods
of time with little to no effect on post-settlement survival and growth suggests that the capacity
for delayed settlement is likely to have meaningful demographic consequences in reef-building
corals, and that the predicted trade-off between delayed settlement and post-settlement fitness is

less applicable to reef-building scleractinian corals than other taxa with non-feeding larvae.

Keywords coral reefs ¢ dispersal ¢ connectivity ¢ population dynamics * post-settlement

processes

Introduction
Dispersal affects many aspects of a species ecology and life history evolution, including
metapopulation dynamics, biogeography, and the genetic structure of populations. Benefits of

dispersal include escape from density-dependent competition and predation, colonization of new
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habitats, and recolonization of previously-occupied habitats (Bowler and Benton 2005).
Increased gene flow resulting from dispersal can reduce inbreeding depression, increase genetic
variability, and reduce extinction rates (Clobert et al. 2001). However, to be effective, dispersal
requires more than just movement of propagules; propagules must also successfully establish
themselves in their new environment long enough to contribute to the new population
(“effective” or “realized” dispersal: Kinlan and Gaines 2003). A trade-off exists between the
benefits of an extended dispersal period and increased population connectivity, and the potential
for post-settlement fitness costs, including reduced survival and reproductive success (Bonte et
al. 2011). Understanding the consequences of delays in settlement (or an extended period in the
plankton) is therefore essential to our understanding of a species’ ecology and evolution
(Marshall and Morgan 2011). Moreover, improved understanding of realized dispersal is
required to assess the evolutionary benefits of dispersal and regulation of populations (Travis et
al. 2012).

In the marine environment, most invertebrate species have a complex life cycle with a
benthic, relatively sedentary or sessile, adult phase and a dispersive larval stage. Dispersal times
can range from hours to months, but generally there is a minimum amount of time that must
elapse before a marine larva is competent to settle. Some larvae can delay settlement beyond this
obligate pre-competent stage, which increases the likelihood of encountering suitable habitat and
can enhance population connectivity (Pechenik 1999). However, increased time in the plankton
also has costs. Energy expended during dispersal is unavailable for use post-settlement, so in
addition to the risk of starvation during dispersal, propagules that delay settlement are likely to
have lower energy reserves at settlement than those that settle immediately after competence is

acquired. For non-feeding species, the effects of delayed dispersal on larval energetics are
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expected to be more severe than for planktotrophic species (Miller 1993). Most studies on non-
feeding larvae have examined species with short larval durations lasting only hours to days, such
as bryozans, ascidians, and sponges. In most cases, delayed settlement caused a decrease in post-
settlement survival and growth (Wendt 1998; Maldonado and Young 1999; Marshall et al. 2003;
but see Hunter et al. 1999; Marshall et al. 2003 for exceptions). Much less is known about the
effect of delaying settlement on non-feeding larvae with longer larval durations. A delay of two
to three weeks resulted in a 25-50% decrease in survival and a 20-30% decrease in post-
settlement growth for abalone (Roberts and Lapworth 2001; Takami et al. 2002; Onitsuka et al.
2010), which suggests that the energetic costs of dispersal may be larger and more
demographically significant for taxa with longer-lived, non-feeding larvae.

Scleractinian corals are the primary architects of coral reefs, which are among the most
productive ecosystems in the world. Most reef-building coral species are broadcast spawners,
releasing their gametes into the water column where fertilization and embryogenesis occur
externally (Baird et al. 2009). Initially, coral larvae pass through an obligate pre-competent
period, during which larvae undergo rapid morphological and physiological changes. This is
followed by a competent period, in which the larvae are capable of metamorphosis into juvenile
corals. Competence can be acquired as soon as 2-3 days after spawning for some species
(Nozawa and Harrison 2005), but peak competence, when the majority of a cohort is capable of
settling, does not generally occur until 4-13 days after spawning (Connolly and Baird 2010).
Coral larvae have unusually long competence periods, with some species capable of delaying
settlement for over 100 days (Connolly and Baird 2010). Most broadcast-spawned larvae are
non-feeding and derive all of their energetic requirements during dispersal from the yolk (Baird

et al. 2009).
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The extended periods of competency found for coral larvae suggest the potential for
considerable variation in age at settlement. Recent work has shown that there are costs associated
with increased time in the plankton. Connolly and Baird (2010) showed that the proportion of the
cohort that is competent to settle declines markedly after peak competence is achieved 1-2 weeks
after spawning. Similarly, survivorship also decreases after peak competence is attained (Graham
et al. 2008). However, there have, as yet, been no studies of the possible post-settlement costs of
delayed settlement for non-feeding coral larvae, such as effects of depletion of energy reserves
during dispersal on post-settlement growth and survival. In particular, the acquisition of
zooxanthellae is an important event in the life cycle of corals because the majority of a coral’s
energy needs post-settlement are met by the translocation of carbon from the photosynthesizing
zooxanthellae (Muscatine et al. 1981). Although some coral larvae inherit zooxanthellae
maternally and can supplement their energy reserves (Richmond 1987), the majority of species
must acquire zooxanthellae from the environment. Thus the rate at which zooxanthellae are
acquired after propagules arrive at the settlement site also has important implications for post-
settlement survival and growth.

Here, we examine the effects of delayed settlement on the post-settlement success of the
common, broadcast-spawning reef coral, Acropora tenuis. Our aim was to determine if coral
larvae that delay settlement have higher post-settlement mortality than larvae that settle without a
delay, and whether or not the process of colony growth, which occurs in corals through
replication of module polyps by a process known as budding, is hindered by a delay. We also
quantify the timing of zooxanthellae acquisition, to assess the extent to which it may provide an
alternative explanation for patterns in survival or growth. Demographic costs of delayed

settlement, if significant, could mean that the apparently high dispersal potential of corals, which
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has been identified in studies of coral larvae, is unlikely to translate into realized dispersal that

provides meaningful demographic connectivity over large distances.

Materials and methods

The study took place at Orpheus Island Research Station (OIRS), on Orpheus Island in the
central Great Barrier Reef (18° 61°S 146° 48’E) from Nov-2009 to Jan-2010. Acropora tenuis is
a locally abundant, broadcast spawning species with non-feeding larvae that lack zooxanthellae
when released. Larvae become competent to settle after ~4 days but have been observed to settle
as late as 69 days after spawning (Nishikawa et al. 2003).

Larvae were cultured from A. tenuis colonies collected from Pioneer and Cattle Bays as
follows. Six adult, gravid colonies were collected 2-3 days prior to the full moon and maintained
in outdoor aquaria. On 26-Nov-2009, spawned gametes from all colonies were collected,
combined, and left for two hours to fertilize. After fertilization, the developing embryos were
transferred to 500 L aquaria containing 0.2 um filtered seawater (FSW), where swimming larvae
developed between 36-48 h later. The aquaria were continuously supplied with fresh FSW, at a
flow rate of approximately 1.5 L/min, and air stones were provided to increase oxygenation. The
aquaria were maintained for 40 days in a temperature controlled room at 29°C with a 12:12 h
light:dark cycle.

At 12 days after spawning (DAS), when most larvae were competent to settle, ~ 2,000
larvae were transferred into 70 L settlement tanks containing 150mm x 15mm Petri dishes that
had been drilled with a hole through the centre, roughened with sandpaper and soaked in FSW
for 24 h. The dishes were also sprinkled with crushed crustose coralline algae, a known

settlement inducer for Acropora species (Morse et al. 1996). To maximize the number of settlers,
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larvae were left in the settlement tanks for 48 h. Water was changed after 24 hours and ~2,000
more larvae then introduced. After 48 h, a census of the number of successfully attached, solitary
juveniles on the settlement surfaces was completed. Within 24 h of the first census, the 40 dishes
with the greatest number of settled juveniles were randomly distributed onto four racks (10
dishes each) and transported to Cattle Bay. The racks were suspended from star pickets at 3 m
depth in habitat containing adult colonies of 4. fenuis. Censuses were then made weekly, with
the dishes collected from Cattle Bay, taken to OIRS for the census, and then returned to the field
within 24-36 h. Additional batches of larvae were settled after both a two-week (26 DAS) and
four-week delay (40 DAS), deployed to Cattle Bay, and censused weekly in the same manner as
described above. At each census, the number of living juveniles was recorded for survival
analysis and a digital photograph of each juvenile was taken for the determination of size at
settlement, number of secondary polyps, and onset of zooxanthellae infection. Size was
measured using ImagelJ software (Abramoff et al. 2004) and calculated as the average of the
longest diameter through the mouth of the settler and the diameter perpendicular to the first
measurement. Zooxanthellae infection was defined as the first time zooxanthellae were observed
inside the tissue of the settler using a stereo dissecting microscope. Censusing continued until 55
DAS. The study was terminated by Cyclone Yasi in Feb-2011, which destroyed most of the
racks and dishes. The three cohorts of juveniles will be referred to as 2 wk, 4 wk, and 6 wk
settlers in the following sections.

We used mixed effects models to determine if delayed settlement had an effect on the
size at settlement, survival, time to bud secondary polyps, or time to acquire zooxanthellae. The
mixed-effects approach allowed us to explicitly account for random variation associated with

settlement dish, or (where appropriate) with the deployment rack to which the settlement dish
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was affixed in the field. All analyses were done using R 2.13.0 (R Development Core Team
2011). Specifically, to determine if delayed settlement had an effect on size at settlement, we fit
a linear mixed effects (LME) model with age at settlement, measured as DAS, as a fixed effect,
and settlement dish as a random effect using the function “Ime” in package “nlme” (Pinheiro et
al. 2011). To determine whether delayed settlement had an effect on post-settlement survival,
time to bud, or acquisition of zooxanthellae after deployment in the field, we used a mixed
effects Cox Proportional Hazards (CPH) model (“coxme” package; Therneau 2011). The CPH
model is a time-to-event analysis, which is designed for data that record when a defined event
occurs (Muenchow 1986). CPH models allow for the hazard rate (the stochastic rate at which an
event occurs) to vary over time in arbitrary fashion, but make a “proportional hazards
assumption” that the relative effect of any treatment (i.e., the ratio of hazards between two
treatments) is consistent over time. For each CPH analysis, we first tested the proportional
hazards assumption using the “cox.zph” function in the “survival” package in R (Therneau and
Lumley 2011), which fits a least-squares regression to Schoenfeld’s partial residuals to diagnose
nonproportionality (Grambsch and Therneau 1994). Provided the assumption was met, we then
fit a series of models with and without the fixed effect of age at settlement, and all possible
combinations of the random effects of deployment rack and settlement dish (rack effect only,
dish effect only, dish effect nested within rack). To select the best model for the data, we used
Akaike’s Information Criterion (AIC). We calculated Akaike weights for each model, which are
estimates of the relative likelihood of a model, given the data, compared to the other models
being considered (Burnham and Anderson 2002). We also used Akaike weights to calculate
model-averaged parameter estimates of the fixed effect for each analysis. This is essentially an

average effect size across all models, weighted by the models’ relative likelihood, given the data.
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This approach yields more robust estimates of effect size than inference based solely on the best-

fitting model (Burnham and Anderson 2002).

Results

Delayed settlement had a negative effect on the initial size of settlers. The estimated mean size of

larvae that settled at 2 weeks (1139 +10.97 um) was significantly greater than that of 4 wk

settlers (944 + 14.56 um), which, in turn, was greater than that of 6 wk settlers (895 + 14.58 pm)

(LME model, effect of DAS: F»,100=151.41, p <0.001).

In contrast to the initial size of settlers, delayed settlement had no detectable effect on
survival of 4. fenuis juveniles (Fig. 1A; electronic supplementary material, Table S1). An initial
analysis using all three cohorts found highly significant violation of the proportional hazards
assumption of the Cox model (X* = 29.68; P<0.001). Inspection of the data suggested that this
was due to the 6 wk cohort, which had disproportionately high survival during the first week
post-settlement, but not the second week (Fig. 1A). Therefore, we excluded this third cohort and
compared only the 2 wk and 4 wk cohorts. For this subset of the data, the proportional hazards
assumption was met (X> = 0.685; P=0.408). The best-fit model included a random effect of dish
nested within rack, but no fixed effect of delayed settlement (electronic supplementary material,
Table S1). Indeed, survival was virtually indistinguishable between 2 wk and 4 wk cohorts, a
result that is apparent in their highly coincident survivorship curves (Fig. 1A), and the fact that
confidence intervals on the model-averaged hazard ratio are narrowly centred around one (i.e.,
no difference: Table 1)

For budding and zooxanthellae acquisition, there was strong evidence for between-cohort

differences, but they were contrary to our expectations (Fig. 1B, C). In both analyses, the
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proportional hazards assumption between groups was met for the analysis with all three cohorts
(budding: 4 wk X?=2.53, P=0.11; 6 wk X?>=0.50, P=0.48; zooxanthellae acquisition: 4 wk
X?=1.71, P=0.19; 6 wk X*=0.95, P=0.33). Also for both analyses, the best-fitting model included
a fixed effect of settlement cohort and a random effect of dish (electronic supplementary
material, Table S1). Budding commenced sooner after settlement in the 4 wk cohort, compared
to the 2 wk cohort (Table 1). In contrast, time to commence budding in the 2 wk and 6 wk
cohorts were not significantly different (i.e., confidence intervals on the model-averaged hazard
ratio encompassed 1: Table 1). Zooxanthellae were acquired sooner in both the 4 wk and 6 wk

cohorts, compared to the 2 wk cohort (Fig 1C, Table 1).
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Table 1 Model averaged estimates of the hazard ratio (with 95% confidence intervals) for the
effect of delayed settlement on survival, time to bud, and acquisition of zooxanthellae of three
cohorts of Acropora tenuis juveniles. “Hazard Ratio” is the rate at which the relevant event
occurs (mortality, zooxanthellae acquisition, or budding) for the indicated cohort, relative to the
2 wk cohort (e.g., a hazard ratio of 2.5 for the 4 wk cohort indicates that the event occurs at
approximately 2.5 times the rate at which it occurs in the 2 wk cohort). Random effects are noted
in parentheses in the “Best Model” column, with the forward slash (/) indicating nesting. Note
that there is no parameter estimate for the 6 wk cohort in the survival analysis because the

proportional hazards assumption was violated

Analysis Best Model Fixed Effect = Hazard Ratio Estimate P
Survival (rack/dish) 4 wk 0.99 (0.93-1.04) --
Budding cohort + (dish) 4 wk 2.06 (1.28-3.33) <0.01
6 wk 0.64 (0.29-1.40) 0.27
Zooxanthellae cohort + (dish) 4 wk 2.59 (1.59-4.24) <0.001
Acquisition 6 wk 2.39 (1.41-4.05) <0.001
Discussion

Survival and settlement competence of larval cohorts are known to decline substantially after
peak competence (typically 1-2 weeks after spawning for Acropora species: Graham et al. 2008;
Connolly and Baird 2010). However, for those larvae that do survive and successfully settle, we

found no evidence that the delay deleteriously affected the post-settlement processes measured in
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this study, despite the fact that newly settled lecithotrophic larvae were smaller when settlement
was delayed. Larval energetics are often invoked to explain the costs of delayed settlement on
non-feeding invertebrate larvae (e.g., Jaeckle 1994; Marshall et al. 2003); long larval durations
cause larvae to expend more energy, which leaves fewer reserves for post-settlement survival
and growth. Our results suggest that 4. tenuis larvae have ample energy reserves to sustain at
least a four-week delay in settlement, with no appreciable adverse effects on three critical post-
settlement processes: survival, budding, and the acquisition of zooxanthellae.

Contrary to our expectation, 4 wk settlers began budding more quickly after settlement
than 2 wk settlers, although 6 wk settlers did not. Presently, little is known about the initial
period of growth after settlement for corals, as they are difficult to track and usually not studied
in the field until they are large enough to be seen with the naked eye. Although growth of marine
invertebrates (including colonial organisms) generally increases with warmer water temperatures
and increased food availability (Hunter and Hughes 1993; Lambert 2005; Saunders and Metaxas
2009), temperature is an unlikely explanation for the more rapid growth of the 4 wk settlers.
Average water temperature during the second week after settlement, when differences in budding
rate first became apparent, differed by <0.1°C between the 2 wk (28.76°C) and 4 wk (28.73°C)
settlers, and was actually highest for the 6 wk settlers (29.74°C) (AIMS 2011).

One possible explanation for the lack of a negative effect of delayed settlement on polyp
budding is that this process might be more strongly dependent on the uptake of zooxanthellae
than on energy reserves at settlement, and that zooxanthellae uptake itself might not be affected
by delayed settlement. Corals derive the majority of their carbon from their endosymbionts
(Muscatine et al. 1981), so the acquisition of zooxanthellae is a key event in the life cycle of a

coral. Budding may well be sufficiently energetically expensive for a newly-settled coral that it
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is strongly dependent on the successful establishment of symbiosis. Consistent with this, the
proportion of juveniles with zooxanthellae increased slightly faster than the proportion with buds
(Fig. 1B, C), and, of the 190 settlers that produced secondary polyps during the study, only one
of these lacked zooxanthellae. To examine this possibility more quantitatively, we used a
generalized linear mixed model with a binomial response (success or failure to bud), fit only to
the subset of settlers that had acquired zooxanthellae, on each day separately (“glmer” function,
“Ime4” package; Bates et al. 2011). This analysis suggests that, once the presence of
zooxanthellae is accounted for, budding responds nearly identically in all three cohorts (Fig. 2).
Consequently, the variation in time to budding between cohorts appears likely to be explained, at

least in part, by the timing of zooxanthellae acquisition.
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Fig. 2 Proportion of juveniles with zooxanthellae that also have buds for the three cohorts of
Acropora tenuis settlers. Error bars represent the standard error of the estimated proportion,
obtained from a generalized linear mixed effects model fit to each day, with a random effect of
dish and binomial error. Note that standard errors are asymmetric because they have been back-

transformed from an inverse logistic scale.

There are two possible explanations for the temporal pattern of zooxanthellae acquisition.
The higher rate of acquisition in the 4 wk cohort could, in principle, be due to developmental
constraints on how soon after fertilization corals can acquire zooxanthellae, i.e., the age of the

individual rather than the time since settlement. However, this seems unlikely: in experiments
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where zooxanthellae were artificially supplied in the laboratory, several Acropora species
acquired zooxanthellae as early as 5 DAS, with the proportion infected approaching 100% by 7
DAS (Harii et al. 2009). This suggests that temporal variation in prevailing environmental
conditions that influence zooxanthellae availability or uptake is a more likely explanation.
Unfortunately, virtually nothing is known about the ecology of free-living zooxanthellae in reef
habitats. Regardless of the mechanism driving the observed variation in time to acquire
zooxanthellae, however, the onset of symbiosis appears to provide a much better explanation for
the among-cohort variation in budding rate than the length of delay prior to settlement.

The ability to delay settlement for a period of time after competence is achieved, without
suffering major deleterious post-settlement effects, supports the hypothesis that the long pelagic
larval durations and extended competence periods of corals enhance their potential for realized
dispersal. This is not to say that delayed settlement has no deleterious effects. Mortality in the
water column, though difficult to measure, is presumed to be quite high (Thorson 1950).
Moreover, the proportion of a cohort that survives and is capable of successfully
metamorphosing declines by 3-100-fold between two and six weeks in three Acropora species
(Connolly and Baird 2010). However, previous work has shown that, for some taxa, species with
non-feeding larvae are more likely to suffer physiological costs of dispersal after settlement,
compared to species with planktotrophic larvae, and thus costs of delayed settlement may
constitute a greater barrier to population connectivity in non-feeding larvae (Pechenik 2006). Our
results suggest that the trade-off between extended dispersal periods and post-settlement fitness
for A. tenuis is less severe than expected, with post-settlement costs close to zero, and thus that
the overwhelming majority of the cost of delayed settlement accrues during the planktonic phase

(due to larval mortality and loss of settlement competence), rather than after settlement. While
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our results are obviously specific to our study species, recent work shows that depletion of
energy reserves by non-feeding coral larvae declines to near zero within the first two weeks after
spawning across a range of species (including A4. fenuis), such that two and six week-old larvae
have very similar levels of energy reserves (Graham et al., in review). This offers a mechanism
underpinning the lack of effects of delayed settlement in A. tenuis, and suggests that low post-
settlement costs of delayed settlement may be similarly muted in other scleractinian coral

species.
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Electronic Supplementary Material Time-to-Event Model Selection Results

Table S1. Model selection results for time-to-event analyses of three cohorts of Acropora
tenuis juveniles. “NULL” is the simplest model with no fixed or random effects. Random effects
are noted in parentheses, with the forward slash (/) indicating nesting. “Cohort” refers to a fixed
effect associated with when settlement occurred (2 wk, 4 wk, or 6 wk). AAIC is the difference
between the AIC of the indicated model and the best-fitting model, which is indicated in bold

type. wi indicates the Akaike weight (the estimated probability that the model is the best in the

model set).
Zooxanthellae
Survival Budding Acquisition

Model AAIC Wi AAIC Wi AAIC Wi
1) NULL 213.68 0.00 20.50 0.00 76.49 0.00
2) (rack) 122.28 0.00 12.12 0.00 49.07 0.00
3) (dish) 7.63 0.02 14.11 0.00 16.14 0.00
4) (rack/dish) 0.00 0.71 9.62 0.01 7.14 0.02
5) cohort 214.07 0.00 4.30 0.08 48.85 0.00
6) cohort + (rack) 124.27 0.00 5.96 0.03 42.12 0.00
7) cohort + (dish) 9.59 0.01 0.00 0.65 0.00 0.57
8) cohort + (rack/dish) 1.99 0.26 2.01 0.24 0.65 0.41




