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Larval settlement is shaped by the interaction of biological processes (e.g., life history
strategies, behavior etc.) and the environment (e.g., temperature, currents etc.). This is
particularly true for many reef fishes where larval stages disperse offshore, often spending
weeks to months in the pelagic realm before settling to shallow-water reefs. Our ability
to predict reef fish settlement and subsequent recruitment and population dynamics
depends on our ability to characterize how biological processes interact with the dynamic
physical environment. Here we develop and apply an individual-based model that
combines biological processes with high-resolution physical forcing to predict larval fish
dispersal and settlement over time and space. Our model tracks individual larval fish from
spawning to settlement and allows for the inclusion of biologically relevant stochasticity
(individual variability) in modeled processes. Our model is also trait-based, which allows
individuals to vary in life history characteristics, making it possible to mechanistically link
the resulting variability in settlement probabilities to underlying traits such as spawning
date and location, pelagic larval duration (PLD), body morphology, etc. We employ our
biophysical model to examine how biology interacts with the physical environment to
shape settlement predictions for reef fish off western and southern Hawai'‘i Island. Linked
to prevailing surface currents, we find increased probabilities of settling associated with
shorter PLDs and fish spawned in southern and southwestern locations. Superimposed
on this, eddies, common to leeward Hawai'i Island, offer a second pathway to successful
settlement for individuals with longer PLDs, particularly for fish spawning in summer
months. Finally, we illustrate how lunar-timed spawning as well as morphological features
(e.g., fin and head spines) may impact settlement success by altering the mortality
landscape experienced by larvae. This work identifies life history characteristics that
predict the self-recruitment pathways necessary for population persistence for the
relatively isolated Hawai‘i Island. Our results can be used to develop future hypotheses
regarding temporal and spatial variation in recruitment for reef fishes on Hawai‘i Island
and beyond.

Keywords: early life history, settlement, recruitment, pelagic larval duration, reef fish, individual-based model,
connectivity, Hawai‘i Island
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INTRODUCTION

A large variety of marine invertebrates and fishes begin life with
a planktonic larval stage. Coral reef fishes are typical in this
respect, and larvae often spend weeks to months in the pelagic
realm before settling back to the reef as new recruits (Lester and
Ruttenberg, 2005). Survival and dispersal during this vulnerable
planktonic stage will influence population connectivity, as well
as production and viability of adult populations (Houde, 2009).
Self-recruitment is critical for the replenishment of reef fish
populations that are not likely to receive recruits from other
populations, such as the Hawaiian Islands (Toonen et al.,
2011). Hawai‘i Island is located at the southern end of the
Hawaiian archipelago. Major surface currents in the Hawaiian
archipelago include the westward flowing North Equatorial
Current that bifurcates around Hawai‘i Island to result in
northward flowing currents up the archipelago (e.g., Hawaiian
Lee Current, North Hawaiian Ridge Current, Lumpkin, 1998,
Figure 1). The prevailing currents as well as Hawai‘i Island’s
position at the southernmost end of the archipelago means
that this island likely relies on self-recruitment for population
persistence and may act as an important source of larvae for
islands downstream (Wren et al., 2016). Indeed, self-recruitment
has been measured via parentage analysis for reef fish on
this island (e.g., lau‘ipala or yellow tang, Zebrasoma flavescens;
Christie et al., 2010).

The return of young fish to reefs after spending time in
the plankton (i.e., “settlement” leading to “recruitment,” or the
observation of a newly arrived juvenile in the adult habitat, Caley
et al., 1996) can be influenced by a variety of biological and
physical factors (Victor, 1983; Jones et al., 2005; Puritz et al,
2016). Interactions between a fish’s life history characteristics
(e.g., birth date, larval morphology, pelagic larval duration or
PLD) and the physical environment such as temperature (Balch
et al,, 1999), food availability (e.g., phytoplankton abundance,
Polovina et al., 2001; Platt et al., 2003) and currents (e.g., cyclonic
eddies, Fox et al., 2012; Pusack et al., 2014) result in within-
and between-species variations in production, connectivity and
recruitment. For example, an individual’s location and date of
birth selects the state of the environment to which they are
exposed during pelagic development, including their advective
environment, as well as the temperature, food and mortality
landscape. An individual's PLD controls the length of time
they are exposed to the pelagic environment, and influences
their ability to disperse and find suitable reef habitat. In
addition, morphological features can influence both the costs
of development as well as how larvae experience factors such
as mortality during development (Sogard, 1997). For example,
larval development of elongate fin and head spines found in a
number of reef fish species may reduce size-selective mortality
by gape-limiting predation (e.g., Moser, 1981; Price et al., 2015),
thereby allowing fish with spine morphology to successfully
exploit areas with higher predator densities.

These interactions between larval biology and the physical
environment cause inter-annual variation in settlement and
recruitment, and they ultimately influence the production and
persistence of the resulting adult population (Houde, 2009).

Moreover, these biophysical dynamics will shape dispersal and
connectivity, as well as the potential for local adaptation
(Warner, 1997). Identifying the mechanisms and outcomes
regarding these biophysical interactions can help us explain
production and population dynamics in coral reef ecosystems.
In this contribution, we tested the hypothesis that variation in
biological characteristics of birth date, birth location, PLD, and
spine morphology result in variations in predicted settlement
probabilities for reef fish off the western and southern coasts
of Hawai‘i Island. To test this hypothesis, we developed and
applied an individual-based model (IBM) that included a range
in life history strategies forced by high-resolution hydrodynamic
estimates of the ocean state for the region generated by
the Regional Ocean Modeling System (ROMS). We followed
individuals from spawning to settlement and explored the
resulting trajectories and settlement success with respect to
their individual life history traits. In so doing, we identified
biophysical pathways influencing settlement probability and how
these biophysical interactions may explain observed patterns in
reef fish life histories.

MATERIALS AND METHODS

We developed a stage-based model that tracks individuals from
spawning, through egg and larval stages, to settlement. Our
IBM links biological traits to the physical environment similar
to previous IBM modeling tools (e.g., Paris et al., 2005, 2013;
North et al., 2008; Banas et al., 2009; Gilbert et al., 2010;
Neuheimer et al., 2010; Bidegain et al., 2013), while also allowing
for individual variability in life history strategies (e.g., birth
date, location, PLD, and morphology) to test the influence
of life history variability on settlement probability. Moreover,
our model set-up exploits the “individual” in individual-based
modeling to track individuals representing all combinations of
life-history traits tested. This approach allows us to quantitatively
compare effects of different life history traits (e.g., spawning
location vs. PLD) on settlement success, as well as consider
interactions among effects (e.g., spawning date and PLD). The
model followed a population matrix through time where each
row was an individual and columns tracked physiological and
ecological metrics as the fish moved through time and space
(following Neuheimer et al., 2010). The model was initially
parameterized with spawning sites and life history traits to
represent a range of Hawaiian reef fishes, but at times used values
specific to lau‘ipala or yellow tang (Z. flavescens), one of the better
studied species in this region (e.g., Table S1 for further details).

The model was initialized with one female at each of
seven known spawning locations spanning the western and
southern coasts of Hawai‘i Island (Figure 1, Table S1; based on
Christie et al., 2010). At each time-step (2h), the population
evolved based on stage-dependent reproduction, development,
growth, transport, and mortality. A time-step of 2h allowed
for a balance between computational efficiency and the high-
resolution temporal and spatial physical forcing (see also section
Transport below). All modeling and data analysis was done in the
programming language R (R Core Team, 2016).
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FIGURE 1 | (A) Main Hawaiian Islands with major surface currents (after Lumpkin, 1998). Model domain denoted in red. (B) Hawai‘i Island with spawning locations
(colors) as in Table S1.

Reproduction

At each time-step, individuals were spawned into the larval
population. As our intention was not to investigate effects of
fecundity characteristics on settlement success, individuals were
added to the population based on a constant mean daily number
of eggs chosen to be (i) large enough to provide a population of
individuals to represent modeled life history trait variability, (ii)
small enough to keep computations tractable, and (iii) realistic
regarding observed variability in egg production rates among reef
fishes. We used an estimate of 425 eggs female™! day~!, which
was measured for bluehead wrasse (Thalassoma bifasciatum) in
the Florida Keys (Holt and Riley, 2001) and is within the range
of daily egg production rates for other species and locations (e.g.,
between 44 and >24,000 eggs female ™! day~! for Z. flavescens off
Hawai'i Island, Bushnell et al., 2010).

Individuals were spawned at every time-step and each of seven
spawning locations (Figure 1, Table S1) to test the respective
influence of birth date and spawning location on the probability
of settlement. At spawning, new individuals (rows) were added
to the population (matrix) representing the total number of
individuals spawned. Their birth date (current time-step) and
location (based on their mother) were recorded. We restricted
our analyses to pelagic spawners with buoyant eggs (excluding
demersal spawners), as these represent the majority of reef fish
species (Thresher, 1984; Leis and Carson-Ewart, 2001; Luiz et al.,
2013). Individuals were assigned an egg hatch time chosen from
a uniform distribution between 24 and 48h (Thresher, 1984).
Each individual was also assigned a PLD sampled from a uniform
distribution between 25 and 100 days. This PLD range represents
observed PLDs for a range of pelagic spawning reef fish species
(e.g., 25-90 days for Hawaiian endemics; Lester and Ruttenberg,
2005; Luiz et al., 2013), allowing us to assess the influence of PLD
on settlement success. Spawned eggs are assigned a depth of 2m

to represent the positive buoyancy of eggs for the majority of
reef fishes (Thresher, 1984; Colin and Clavijo, 1988) and based
on field observations from Walsh (personal communication). In
addition, individuals were randomly assigned spine morphology
with presence or absence of elongate fin or head spines (50%
probability of spine) allowing us to test the indirect influence of
morphological changes on settlement probability (see also section
Mortality). Eggs were assumed to be fertilized with 100% success
(see section Discussion). Hereafter, “egg” refers to fertilized egg
or zygote.

Development

At each time-step, egg age was compared to the individual’s
hatch time and eggs that were estimated to have hatched (i.e.,
age > hatch time) were relabeled as larvae and assigned a larval
depth. Larval depth was chosen from a Poisson distribution with
a A of 28 m (based on observed vertical distribution of larvae
in Hawai‘i; Boehlert and Mundy, 1996; Wren et al., 2016) and
was restricted to the available advection depth layers (see section
Transport). For all larvae, age was compared to the individual’s
PLD to identify those that were expected to have settled within
the time-step. Settled individuals were marked settled, recorded
along with their location at settlement, and then removed from
the population matrix at the beginning of the next time-step.

Growth

An estimate of individual size (total length) was needed to
assess size-dependent mortality risk. Length at hatching was
set at 1.5mm (Leis and Carson-Ewart, 2001). Once hatched,
individuals started growing at a constant growth rate of 0.037 mm
hr~!; an estimated growth rate based on a settlement size of
50 mm (Leis and Carson-Ewart, 2001; Claisse et al., 2009) and
PLD of 55 days (Christie et al., 2010) for Z. flavescens. Size at
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settlement ranges from 7 to 75mm for a range of coral reef
perciform fishes (Leis and Carson-Ewart, 2001).

Transport

At each time-step, all non-settled individuals were transported
based on their geographic location-specific and depth-specific
advection. Swimming behavior was not included in the current
study but could be defined in future efforts where information
on swimming speed and directionality exists (see also section
Discussion). Advection estimates were obtained from a Regional
Ocean Modeling System (ROMS) model developed and operated
for waters around the Hawaiian Islands (Souza et al., 2015). The
ROMS model assimilates daily, real-time data from satellites,
autonomous gliders, Argo drifters, ship measurements, real-time
high-frequency radar, and other data of opportunity. For this
study, a 1km high-resolution ROMS model was nested within
the 4km operational model described in Souza et al. (2015).
We limited the larvae to the upper 100 m of the water column,
which is represented by 16 depth layers: 2m, every 5m from 5
to 50 m, and then every 10 m from 50 m until 100 m. The ROMS
model provides physical forcing estimates (current velocity and
temperature) on an hourly time-step. The influence of biology on
transport was included through birth date, birth location, PLD,
spine morphology, and the stage-specific depth distributions
described above.

At each time-step, the time-specific advection (u: m s~ east-
west or zonal component; v: m s~ north-south or meridional
component), for each individual was estimated via a 4th order
Runge-Kutta method. Advection estimates on the ROMS grid
were interpolated to each individual’s location based on a two-
dimensional barycentric interpolation. The distance traveled in
the zonal direction at each time step was added to the current
longitude to determine east/west movement (u- At). The distance
traveled in the meridional direction at each time step was added
to the current latitude (v - At) to determine the individual’s new
latitude. Distances were corrected for the spherical shape of the
Earth. Any individual estimated to have moved onto land was
placed back to its last position in the ocean. To allow for sloping
coastal bathymetry, individuals moving to locations shallower
than their current depth were reassigned to the depth-layer
closest to the bottom depth at their new location. Individuals
leaving the model domain were removed from the population.

1

Mortality

Individuals were removed from the population based on size-
dependent and spatially varying mortality rates (and resulting
survival probabilities, Figure S1). Mortality rate decreased with
increasing size to represent general patterns of declines in
predation with increasing size in the ocean (e.g., Landry, 1976;
Bailey, 1984; Dekshenieks et al., 1997!, Figure S1A). Mortality
rate also decreased with bottom depth to represent the decrease
in visual predators with depth in pelagic waters (e.g., following
Dekshenieks et al., 1997, Figure S1B), particularly as vulnerable
larvae move away from the more densely populated communities
of potential predators on the reef. In both cases, mortality

Prior to 2002 MA McManus published as MM Dekshenieks.

functions were chosen such that estimates of the integrated
mortality rates did not differ significantly from that of a constant
mortality rate (Mcopstant> see below) based on the number
of recruits per female (following Dekshenieks et al., 1997;
Figure S1). At each time-step (¢), the survival probability of each
individual (i) was estimated as:

Sip = el (1)

where the mortality rate for individual i and time-step ¢ (m; ;) was

—0.007-Depth;; + —0.2-Length;
Mt = Mconstant * el Pt gthie) (2)

based on the constant mortality estimate (#1copnstant> Table S1),
Depth;; is the bottom depth at the individual’s location (m)
and Length;; is the individual’s effective length (mm). The
instantaneous mortality rate (#coustant) Was obtained from the
observed annual survival probability (Syesr, dimensionless) of
100 individuals from 155,125 eggs female™! (425 eggs female™!
day~! x 365 days):

100

— = 0.00064 3)
155125

year —
and converted to a constant mortality estimate (#1copstant) With:

1 hr

24 hr
365 days - T day

4)

Meonstant = (— logn Syear) :

This approach led to a constant mortality rate of 8.4 x 10~* hr~!
or 2.0 x 1072 day~!; an estimate within the range of natural
mortality estimates for fish egg and larval stages across species
(~1071-1072 day~!; McGurk, 1986). Effective length was defined
as egg size for egg stages (Table S1) and was defined by larval size
and spine morphology for larval stages. The latter allowed us to
include possible size-dependent mortality (predation) reduction
for those fish exhibiting spines to make themselves effectively
bigger (i.e., reducing gape-dependent predation, Fuiman and
Magurran, 1994). Presence of a spine increased the effective
length of individual larvae by 40%, a value within the range of
relative spine length for reef fish larvae (e.g., gray triggerfish,
Balistes capriscus, exhibiting spine lengths ranging from 7 to
50% of fork length during larval development; Matsuura and
Katsuragawa, 1981). Each individual’s fate was determined by
sampling from a binomial distribution (1 = survive) based on
their S;;.

Model Simulations

The focus of this analysis was on intra-annual changes to the
probability of successful settlement success. Individuals were
modeled for January 2011 through December 2013, representing
typical (between-ENSO) years. Three separate model runs were
simulated, each for the complete time period (2011-2013), and
run results were consolidated to minimize stochastic effects on
model results. The population matrix was stored at each time-
step with output including individual larval trajectories, as well
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as information on individual fish traits (e.g., birth date, year, birth
location, PLD, spine morphology).

While no trade-offs in traits (e.g., spawning date, location,
PLD, spine) were explicitly assigned, trade-oftfs due to life
history strategy were implicit. For example, PLD varied among
individuals. This in combination with size-dependent mortality
and invariable growth rates meant shorter-PLD individuals
experienced higher mortality at settlement size than those with
longer PLDs.

Statistical Modeling

We used model output to test the hypothesis that variability
in the settlement success of individuals back to Hawai‘i Island
is explained by a suite of life history characteristics (i.e., birth
date and location, PLD, and body morphology). Here, the
binomial settlement result (Settled) is recorded as successful
when an individual is within the 50 m depth contour of Hawai‘i
Island at time of settlement (i.e., when age;; > PLD;). Reef
fish are found continuously along the west Hawai‘i Island coast
and, besides depth-dependence, habitat suitability is considered
constant across our model domain. Future studies exploring e.g.,
benthic invertebrates requiring particular substrate for settling
could expand on the definition of habitat suitability modeled
here.

For our purposes (focus on Hawai‘i Island self-recruitment),
we did not consider individuals that may settle outside the
model domain (addressed in the Discussion). We assessed the
hypothesis that settlement back to Hawai‘l Island (Settled) is
explained by variability in life history traits: birth date (BirthDay),
PLD, and morphology (i.e., presence/absence of a spine, Spine).
Attempting to identify possible mechanisms behind temporal
variations in settlement probability, we also included information
on tidal height (Tide, m) and moon phase (Moon). The former
was obtained for the Kawaihae, Hawai‘i station from the National
Oceanic and Atmospheric Administration’s (NOAA) Center for
Operational Oceanographic Products and Services. In the latter,
birth dates were labeled “New” or “Full” when they were within
+3 days of the new or full moons, respectively, or “Other”
if otherwise. We also tested sensitivity of statistical results to
this moon phase definition by re-assessing model results with
days labeled “New” or “Full” when birth dates were 1 or 5
days of the new or full moons (else days are labeled “Other,”
as above). Finally, though the focus of this analysis is on intra-
annual and island-scale changes to settlement probability, we
included possible variations across years and spawning locations
by including birth year (BirthYear) and spawning location
(Location) as predictors.

The response (Settled;) was modeled as observations from a
binomial distribution (successful vs. unsuccessful settlement back
to Hawai‘i Island):

Settled; ~ B (n;, ;) (5)
E(Y;) =n; 7,

mean(expected)value (6)

var (Y;)) = n; - ;- (1 — ;) variance (7)

where the number of trials (binomial denominator) is n; = 1
(independent trials, ie., a Bernoulli distribution) and the
probability is 7r;. The probability (;r;) was modeled as a function
of our predictors using a generalized additive model (GAM):

g(EWY)) = g(m) ~ f(BirthDay,-, PLDi) + Spine; (8)
+ Location; + Moon; + f (Tidei) + BirthYear;

including non-linear effects of continuous variables BirthDay,
PLD, and Tide, in addition to interactions between BirthDay and
PLD through a tensor product smoother. Effect of BirthDay was
fit with a cyclic cubic spline to allow for the cyclical nature of the
predictor (i.e., 31 December and 1 January are adjacent), while
effects of PLD and Tide were both fit with thin plate splines.
Linear effects were included for Spine (categorical with two
levels as “absence” or “presence” of spine, see previous Methods),
Moon (categorical with three levels as “New,” “Full,” or “Other;’
see previous Methods), Location (categorical with 7 levels for
locations, Figure 1, Table S1) and BirthYear (categorical with
three levels as 2011, 2012, and 2013). Further interactions among
predictors (e.g., Location and PLD) were not within the scope of
our analysis but could be included in the future to test additional
hypotheses, e.g., investigations into the spatial variability in life
history characteristics of successful settlers.

The link function, g (77;) provides the relationship between
the expected value of the response and the linear predictor. The
canonical logit link function was originally employed:

g () = logit (;) = log, (1 T:‘r-) , 9)

As alternative link functions may increase model performance,
we also fit our model using alternate link functions of probit:
g () = probit (m;) = @~ (1), (10)
where @ is the standard normal distribution function, and the
complementary Log-Log (cloglog) link:
g (m;) = cloglog (7r;) = log, (— log, (1 — ni)) , (11)
and assessed model results.

The GAM was fit using the bam() function from the mgcv
package in R, which eases GAM fits for very large datasets
(Wood, 2011). While GAMs are somewhat robust to predictor
collinearity issues, pairwise correlation among all predictor
combinations was assessed prior to model fitting. Inspection of
residuals and comparisons of explained deviance were used to
test model validity and select among non-nested models (e.g.,
among link functions). In addition, the level of complexity
(basis dimension) of the smoothers was assessed by examining
residual variance of near neighbors compared to overall residual
variance (i.e., the k index, following Wood, 2011). Model
selection based on a ranking of both Akaike’s Information
Criterion (AIC) and Bayesian Information Criterion (BIC) was
used to compare across a set of (nested) candidate models. AIC
favors the predictive power of the models while BIC includes
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harsher penalties for complex models, making the latter useful
for identifying important processes (predictors) underlying the
explained deviance, particularly when sample sizes are large
(Efron and Hastie, 2017). While an exhaustive model selection
(including all possible predictor combinations) was not possible
due to the large sample size, the candidate model set allowed us
to assess the importance and likely nature (shape, interactions)
of each predictor’s effects (Table S2). Once the best-specified
model was chosen, explained deviance was partitioned among
predictors by refitting the model reduced by one predictor at
a time while maintaining the estimated smoothers from the
best-specified model.

RESULTS

In total, 9,683,781 individuals were tracked over the three model
runs, with a total of 56,702 fish (0.585%) successfully settling to
western and southern Hawai‘i Island. Figure 2 shows examples
of simulated trajectories for successful settlers.

There were no significant pairwise correlations between
predictor pairs, with all correlation estimates being <0.0074; the
highest pairwise correlation was expectedly between Moon and
Tide at 0.0074. The starting model (with logit link, Equation 9)
explained 19.2%, of the overall deviance in settlement probability.
A switch of link functions to probit (Equation 10) increased
explained deviance to 19.7% and resulted in slightly better-
behaved residuals (though departures from normality were
found, and expected given the large sample size and low
probability of settling, e.g., Augustin et al., 2012). Following this,
a set of candidate statistical models assembled to test model
structure and predictor importance were fit using the probit link
function (Table S2). Models in the candidate model set were
ranked by both AIC and BIC. Two models were favored via BIC
comparisons (i.e. models within ABIC < 2.14 of lowest):

probit (;) ~ f(BirthDayi, PLDi) + Spine; + Location; (12)

probit (mr;) ~ f (BirthDayi, PLD,-) + Spine; + Location;+ Moon;

(13)
with a BIC weight of 74.5 and 25.5% for Equations (12, 13),
respectively (Table S2). These models included non-linear and
interaction effects of BirthDay and PLD as well as linear effects
of Spine, Location, and in one model (Equation 13) Moon.
AIC ranking included these models in the top 55% of models,
ranking the more complicated starting model (Equation 8) as
the top model with an AIC weight of 100% (Table S2). The
addition of these extra predictors in the AIC top model did
not add a significant amount to the overall explained deviance
(40.006%) and we chose Equation (13) as our best-specified
model, explaining 19.7% of the overall deviance in settlement
probability.

Probability of settling varied significantly across birth
locations, explaining the highest proportion (15%) of the total
overall explained deviance (Table 1). The greatest probability of
settling occurred for fish born on the south coast at Punalu‘u (4.7
x 1072 + 6.2 x 10™%) with all other sites associated with an

order of magnitude lower probability of successfully recruiting
(1.7 x 1073-8.7 x 1073, Table 1). Fish born in the second most
southerly location (Miloli‘i) had the second highest probability
of settling (8.7 x 1073 4+ 1.7 x 10~%), while individuals born
at Puako and Anaeho‘omalu in the north and Ho‘okena on
the southwest coast were associated with similar probabilities of
settling (~2.4 x 1073, Table 1).

The non-linear and interacting effects of BirthDay and PLD
explained 4.6% of the overall deviance with ~4.1% attributable to
PLD and ~0.64% to BirthDay (Table 1, Figure 3). Including both
non-linear and interacting effects increased model performance
(Table S2). Throughout the year, those larvae with the shortest
PLDs (e.g., 25 days) had the highest probability of successfully
settling (Figure 3). For fish with longer PLDs (e.g., >50 days),
probability of settling increased from a minimum in winter
months (December-January) to a maximum in the summer (June
for PLDs of 75-100 days) or fall (August/September for PLD = 50
days, Figure 3). Median PLD of individuals successfully settling
was highest during typical reef fish spawning seasons (i.e., 15
January through 15 October; Walsh, 1987, see section Discussion,
Figure 3, Figure S1). Due to the range of PLDs modeled, size at
settlement ranged between 22 and 89 mm, similar to observed
size at settlement of coral reef perciform fishes (7-75 mm, Leis
and Carson-Ewart, 2001).

Effects of spine morphology explained 0.7% of the overall
deviance in probability of settling, with higher probability of
successfully settling for fish with a spine than without (P
< 0.0001). Effects of moon phase during spawning (Moon)
appeared in only one of the top two models, explaining 0.0044%
of overall deviance in settlement probability. Moon effects were
significant only when model phase was defined +3 days of
the new or full moons; predictors estimated with definitions of
+1 day or £5 days were not significant (based on AIC and
BIC model ranking). Effects of moon phase estimated fish born
under a new moon phase had a probability of settling of 0.047
(£6.2 x 10™* standard error), which was slightly (0.001) but
significantly higher than fish born under Full (P = 0.0027) or
Other (P < 0.001) moon phases. There was no difference in
probability of settling between fish born under Full vs. Other
moon phases (P = 0.30, Table 1).

DISCUSSION

Our results demonstrate how life history characteristics (e.g.,
location of birth, birth date, PLD, body morphology) can interact
with the physical environment to affect the probability of reef fish
settlement, using western and southern Hawaii Island as a case
study.

Physical Challenges “Select” for Biological

Characteristics

Successful settlement back to Hawai‘i Island is necessary for
population persistence especially considering the remoteness
of the Hawaiian archipelago. In particular, Hawaii Island
represents the southward limit of the archipelago with surface
currents generally flowing northwestward toward the rest of
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spawning locations in Figure 1B, Table S1.

FIGURE 2 | Example trajectories for successfully settling individuals in February (A; 962 individuals) and May (B; 215 individuals) of 2012. Colors correspond to
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TABLE 1 | Results of the best-specified model (Equation 13) including % explained deviance by each predictor as well as probability of settling estimates.

Predictor Explained deviance (%)

Predictor level

Predicted probability of settling (+ standard error)

Location 15

Anaeho’omalo Bay
Wawaloli Beach

Puako

25x 1078 £7.2 x 1075/
24 %1078 £6.9 x 1075/
1.7 x 1073 £ 55 x 107°

Honokohau 1.9 x 1073 £6.1 x 107°
Ho’okena 23x 1073 £6.8 x 10757
Milol’i 87 x 103 +£17 x 1074
Punalu’u 47 x 1072 £6.2 x 1074

f(BirthDay, PLD) 4.6 (PLD: 4.1%; BirthDay: 0.64%) See Figure 3

Spine 0.71 Present 47 x1072 +£6.2 x 1074
Absent 28x 1072 +4.1 x 1074

Moon 0.0044 New 47 %1072 £6.2 x 1074
Full 46 x 1072 £6.0 x 1074*
Other 45x 1072 £52 x 1074*

For predicted probability of settlement, non-target predictor variables are held constant at Location = Punalu’u, BirthDay = 218, PLD = 50 days, Spine = Present, Moon = New as
needed. Similar symbols (* or **) indicate predictor levels resulting in similar probability of settling estimates (P > 0.026).

the main Hawaiian Islands (Figure 1). Because of this general
northwestward flow, individuals born in the more southerly
spawning locations (Punalu‘u and Milolii) had the highest
probability of settling back to the western and southern coast
of Hawaii (e.g., 4.7 x 1072 and 8.7 x 1073 probability of
settling, respectively, when other factors held as per Table 1),
while fish born in more northerly locations had a high probability
of being advected out of the model domain (e.g., 1.7 x
1073 probability of settling when spawned at Wawaloli Beach
and other factors held as per Table 1). Christie et al. (2010)
provide empirical data consistent with these predictions for
yellow tang (Zebrasoma flavenscens). While fish lost through this
northern model boundary did not contribute to self-settlement
on Hawai'‘i Island, they may represent a source of larvae for other

populations in the Hawaiian archipelago. Spawning location
explained the most variability (deviance) in settlement success
(15% of explained deviance) in our model, followed by PLD
(4.1% of explained deviance; Table 1). Regarding the latter, short
PLDs were associated with higher probabilities of settling—again,
allowing fish to settle before they are advected out of the model
domain (Figure 2A, Table 1). Short PLDs may be particularly
advantageous in the southwest of Hawai‘i Island where steep
bathymetry means fish do not need to go far to escape high-
predation shallow waters (more on mortality in the text that
follows).

Superimposed on top of this general surface current pattern,
cyclonic, and anticyclonic eddies are common on the leeward
side of Hawai‘i Island (Qiu et al., 1997). These eddies offer a
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FIGURE 3 | (A) Predicted probability of settling (contours and color scale), from high (red) to low (purple) probability, as a function of birth date (x-axis, BirthDay) and
PLD (y-axis, days). (B) Predicted probability of settling (2 standard error) as a function of birth day of year (BirthDay) and PLD (days, colors, with green = 25 days,
red = 50 days, yellow = 75 days, and purple = 100 days). In both panels, times outside the common spawning season are shaded in gray (Walsh, 1987; see section

Discussion). Other predictors are held constant at Location = Punalu’u, Spine = present, Moon = New.

mechanism for reef fish (particularly those with longer PLDs,
Christie et al., 2010) to develop and grow away from nearshore
high predation waters while at the same time provide a path
back to the reef for settlement when larger (Lobel and Robinson,
1986). A similar hypothesis was offered for juvenile anchovies,
which move away from higher densities of predators on the
shelf where they are spawned in the Bay of Biscay to offshore
waters with lower densities of predators for their development
period (Irigoien et al., 2007). Reef fishes seem to be “using”
these eddies: mean abundances of fish larvae were found to be
4x higher in an eddy (34.9/1,000 m®) compared to the same
waters before eddy formation (8.8/1,000 m?; Lobel and Robinson,
1986). Moreover, larval fish distribution within eddies was shown
to be stage-specific, with eggs and post-hatchling larvae more
abundant near the eddy core and late-stage larvae more abundant
in the outer edge of the eddy (Lobel and Robinson, 1986).
Off the west coast of Maui, Hawaii, Storlazzi et al. (2006)
concluded that persistent small-scale eddies may help to retain
coral larvae during the summer spawning season. Regardless of
eddy size, it is possible that some larvae are able to actively
respond to the eddy gradient allowing them to control the
length of residence in the eddy and leave the eddy when it
is time to settle (McManus and Woodson, 2012). In addition
to retention mechanisms that help to maintain larvae close
to original or nearby islands, eddies may also allow for faster
growth by providing increased food resources or temperatures
and thus likely higher survival of the larvae (Shulzitski et al., 2016,
2017).

Not all eddies are created equal: mesoscale eddies are often
advected westward or northwestward, sometimes rapidly; thus
resident larvae can be carried far from land before they have a
chance to fully develop. The ultimate destinies of these larvae will
be determined by the direction and velocity of the eddy and of the
currents into which they are released when the eddy eventually
dissipates. Indeed, it is the eddies that form and are positioned
close to shore for extended periods of time that increase
settlement probability for west Hawai‘i Island (e.g., Figure 2B) vs.
eddies that quickly move offshore, away from the coast, resulting
in individuals being advected far away from suitable habitat (e.g.,
Figure S3). During their lifetimes, mesoscale eddies may move up
to 350 km in a westerly or northwesterly direction at an average
of 5.2km day~! (Patzert, 1969). For example, cyclonic eddy Opal
moved rapidly southward by ~165km over several weeks, with
an overall average displacement speed of ~8 km day~! moving
away from the islands (Maiti et al., 2008).

The seasonal timing of transport mechanisms including
eddies appears to be correlated with the typical summer
spawning season. Most Hawaiian reef fishes exhibit minimum
spawning in winter, with spawning increasing with increasing
water temperatures and day length before declining quickly as
maximum water temperatures are reached in late summer/early
fall (Walsh, 1984, 1987; Lobel, 1989). While the fall decline in
spawning may be related to decreased larval survival or inhibition
of gametogenesis because of higher summer temperatures
(Walsh, 1987), our model suggests that biophysical interactions
also result in declines in settlement success in the fall for those
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fish exhibiting longer PLDs (Figure 3). It is during the summer
months (particularly April through September) when the less
advective mesoscale eddies (nearshore and relatively stable)
develop along the coast, allowing for longer larval development
times while being retained near suitable habitat (Figure 2B).
These smaller scale nearshore eddy features have been regularly
and predictably observed on other islands as well (Storlazzi
et al., 2006). We present evidence that dispersal and retention
of larvae can be governed by the rotation and movement of
eddies, and that the seasonal formation of these eddies may
help explain the observed spawning season. Similarly, Donahue
et al. (2015) found modeled biophysical processes predicted
higher larval settlement probabilities for fish spawned during the
observed spawning season for lane snapper (Lutjianus synagris)
in the Florida Straits. Thus, spawning strategies that allow larval
development in offshore eddies may represent a “loophole”
(Bakun and Broad, 2003; Irigoien et al., 2007) that allow fish to
reduce mortality, resulting in recruitment and production pulses
(e.g., Munch and Conover, 2004).

Our results offer two pathways, or biophysical mechanisms,
that increase self-recruitment probabilities in western and
southern Hawaii Island’s advective environment: (i) develop
quickly (short PLD) and avoid being advected away, or (ii) catch
a ride on the “right” kind of eddy (allowing for longer PLDs).
These pathways appear in our predicted settlement probabilities
with probability of settling maximized for individuals with short
PLDs in the winter months when the environment favors less
retention (e.g., lower abundance of nearshore eddies, Figures 2A,
3) and, for longer PLDs, in the summer months where nearshore
eddies are more abundant (Figures 2B, 3). Moreover, this range
of potential strategies that favor larval survival and recruitment
is found in the PLD-trait distribution of our modeled individuals
with examples of successful settlers from the entire PLD model
range (25-100 days) and a median PLD of 43 + 13 days (median
=+ median absolute deviance; Figure S2). These PLD estimates
coincide well with many of the common species of coral reef
fishes in the Hawaiian Islands, which demonstrate considerable
PLD variability across species (e.g., 8-70 days for west Pacific
species, and 25-90 days for Hawaiian endemics; Lester and
Ruttenberg, 2005).

Influences of the Mortality Landscape

The presence of a pelagic larval phase may act to increase survival
probabilities in temporally, spatially, and developmentally
variable mortality environments (Johannes, 1978). Settlement
success (and ultimately survival) will depend on how life history
characteristics (e.g., size, stage durations, and timing) result
in larvae moving through this dynamic mortality landscape.
Here we incorporate both spatially (depth-dependent) and size-
dependent mortality, mimicking the high nearshore and size-
selective predator environment experienced by many marine
animals. In this way, larval survival will change both in space
(e.g., with spawning location bathymetry controlling how quickly
predation pressure decreases with distance from shore) as
well as time (e.g., mortality risk declines as individuals age
and grow). To further illustrate how size-selective mortality
landscapes may select for certain life history characteristics, we

mimicked the increase in effective size that the development
of elongate fin and head spines provide in some reef fish
larvae (Moser, 1981). Spines potentially reduce the probability
of an attack by gape-limited predators and therefore act as
a mechanical deterrent to predation (Moser, 1981; Morgan,
1989; Price et al.,, 2015; Greer et al., 2016). The effectiveness
of spines as a means of reducing predation by planktivorous
fish has been experimentally demonstrated in marine crab larvae
(Morgan, 1989) and is often assumed in fish larvae (Moser,
1981; Greer et al,, 2016). Indeed, higher predation on fish larvae
with shorter spines has been documented (Moodie, 1972), with
some species increasing spine length (and other armor) when
predator abundance is high (Gross, 1978; Januszkiewicz and
Robinson, 2007; Weber and Brown, 2012). Small increases in
effective larval size may therefore have a disproportionately
large effect in reducing predation by gape-limited predators
(Moser, 1981). We illustrated how the presence of a spine
can increase the probability of settling by 67%, by making
the individual effectively larger and thereby lowering the size-
dependent mortality (Table 1). This value will vary given the
predator field and strength of size-dependence on mortality.
This aspect of the model could be used in the future to
explore mechanisms driving the large variation of reef fish
larval body plans (McCormick and Molony, 1995; Price et al,
2015), as well as estimating trade-offs between the benefit of
reduced predation with the cost of spination and potential
reduction in swimming speed accompanying the body-form
change. Similarly, this work could be extended to explore
the effects of other size-related traits on settlement success,
e.g., temperature-dependent growth (Houde, 1989), size at
hatching, etc.

Many species of reef fish exhibit lunar spawning periodicity
with spawning around the new and/or full moons (e.g., Johannes,
1978; Walsh, 1987; Domeier and Colin, 1997; Colin, 2011).
Spawning around a new or full moon may facilitate the flushing
of eggs away from shallow water by using outgoing spring
tides that are associated with these moon phases and quickly
increasing the distance between the egg and potential predators
on the reef (Johannes, 1978). Tropical reef fish have been
observed spawning during an ebbing tide during which eggs
are transported off the reef and away from planktivorous fish
predators (James et al., 2002). Here we found that the probability
of successful settlement is enhanced during new moon phases,
however no significant effect of tidal height was observed.
Empirically, Claisse et al. (2011) found no correlation between
daily spawning movements of yellow tang and lunar cycles.
Future efforts will explore other possible tidal measures (e.g.,
velocities) that may be underlying the higher settlement success
for fish born around new moons. Note that avoiding visual
predators under the cover of darkness has been hypothesized
to explain settlement during new moons (Johannes, 1978).
More broadly (beyond our model), the high incidence of
lunar-timed spawning observed in the field may allow for
reduced egg predation by spawning under low light levels
and/or predator swamping (Johannes, 1978; Walsh, 1987), or
may maximize fertilization success via spawning synchronization
(Walsh, 1987).
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Future Directions

These results motivate a number of future hypotheses that
can be explored to explain biophysical forces shaping reef fish
recruitment and survival. Our modeling tools can be used
to examine spatial variability in life history characteristics
(e.g., trait-based community structure) as well as connectivity
pathways among local adult populations, both within Hawai‘i
Island and beyond. Similar questions can be raised concerning
the biophysical factors shaping inter-annual patterns of
settlement and recruitment, particularly for longer time-series
of physical forcing (e.g., exploring interactions between biology
and climate oscillations including the El Nifio Southern
Oscillation, ENSO). In addition, model tools can be extended
to include heritable trait profiles that can explore questions
of life history strategy adaptations over space and time, with
or without expected trade-offs in traits. Finally, our IBM can
be extended to include characterizations of other biological
processes (e.g., swimming behavior, Dekshenieks et al., 1996;
Fiksen et al., 2007; Staaterman and Paris, 2013) as well as
biophysical interactions such as patchiness, thermal and/or
food controls on development (e.g., Dekshenieks et al., 1993)
and light-dependent mortality (as above). In particular, our
model may be extended to include characterizations of larval
spatial patchiness to explore the role patchiness may play in
increasing the effective mortality estimates for fish eggs and
larvae (McGurk, 1986). Moreover, our tools and methods
can be applied to address similar questions of biophysical
controls on settlement success for benthic invertebrates
also exhibiting biphasic life-histories (e.g., Gilbert et al,
2010).

SUMMARY

We show that fundamental biophysical interactions can result in
variation in settlement probability for marine species displaying
a pelagic larval stage. The flexibility of our IBM along with
high resolution spatial forcing allowed us to identify life
history characteristics (e.g., birth date and PLD) that will
result in the highest probability of successful recruitment
and thus long-term persistence of reef fish populations for
Hawai’i Island. We also used our model to identify possible
mechanisms for the life history characteristics observed in the
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