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ABSTRACT: Larvae of many benthic marine animals set-
tle and metamorphose in response to waterborne chem-
ical cues. Can the behavioral responses of microscopic
larvae in the water column to dissolved chemical cues
affect their transport to the substratum in the turbulent,
wave-driven flow characteristic of many shallow coastal
habitats? We addressed this question using an individ-
ual-based model of larvae of the sea slug Phestilla sibo-
gae, transported in the oscillatory flow above coral reefs.
Larvae of P. sibogae stop swimming and sink in response
to a dissolved inducer released by their prey, the coral
Porites compressa, and resume swimming when exposed
to inducer-free water. The instantaneous fine-scale spa-
tial distribution of inducer in the flow above a reef is fila-
mentous; hence microscopic larvae swimming or sinking
through the water encounter inducer above threshold
concentration in on/off temporal patterns. Model results
show that using a time-averaged inducer concentration
gradient to calculate larval transport rates to the reef
overestimates the rates by <15% (depending on the
threshold concentration of inducer required to trigger
larval sinking) compared with those calculated using
time-varying, fine-scale inducer distributions. Aspects of
larval behavior that have large effects on rates of trans-
port to the substratum are swimming speed and direc-
tion, sinking speed, and sensitivity (threshold concentra-
tion) and responsivity (percent of encounters eliciting a
response) to inducer. In contrast, lag times to start sinking
after encountering inducer or to resume swimming after
re-entering inducer-free water, have negligible effect.
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An odor cloud from a coral reef exposed to waves is made up
of filaments, as illustrated by this laser-illuminated slice
through a cloud of dye. Microscopic larvae of the coral-eating
sea slug Phestilla sibogae (inset) sink when encountering fila-
ments of odor from their prey, and resume swimming in odor-
free water. This on/off response enhances their transport into
the reef.

Photos: Matthew Reidenbach & Jeffrey Koseff (laser image),
Michael Hadlfield (inset)

INTRODUCTION

Many bottom-dwelling marine animals produce
planktonic larvae whose dispersal and recruitment to
benthic sites can affect the dynamics and genetics of
local populations and regional metapopulations, as
well as the structure of benthic communities (reviewed

© Inter-Research 2007 - www.int-res.com




2 Mar Ecol Prog Ser 335: 1-18, 2007

in e.g. Roughgarden et al. 1987, Eckman 1996). The
first step in larval recruitment is the transport of larvae
from the water column to the substratum.

Transport of larvae to the substratum in turbulent flow

The roles played by physical processes and active
larval behavior in determining where larvae settle on
the substratum have been reviewed by Butman (198%),
Eckman et al. (1994), and Abelson & Denny (1997).
Water flow in the benthic boundary layer (the region of
fluid in which a velocity gradient exists between the
substratum and the freestream flow) is turbulent;
hence, eddies mix dissolved substances, larvae, and
other particles between the freestream flow and the
substratum. Although initial contact of larvae with
benthic surfaces is often due to such physical processes
in the benthic boundary layer (e.g. Hannan 1984,
Havenhand & Svane 1991, Harvey et al. 1995), the
locations in which larvae settle can be affected by their
behavior after contact (e.g. Grassle & Butman 1989,
Mullineaux & Butman 1991, Pawlik 1993, Walters et al.
1997). In this study, we examine whether the behavior
of larvae before contact with the substratum can affect
their transport across the benthic boundary layer to the
bottom in a wave-driven flow.

Most studies of larval settlement in moving water
have been conducted in laboratory flumes in unidirec-
tional currents, even though many shallow coastal
habitats are subjected to wave action. Water motion
near the substratum at shallow sites is oscillatory and
can be characterized by high instantaneous velocities,
accelerations, and turbulence, but by slow net horizon-
tal transport across the habitat (e.g. Koehl 1977, Denny
1988, Koehl & Powell 1994, Koehl & Hadfield 2004).

The effect of water motion on larval settlement has
been explored in several theoretical studies. Most mod-
els have treated larvae as passive sinking particles car-
ried across the habitat by moving water (advection) and
spread by turbulent mixing (diffusion). Such advec-
tion—diffusion models for both unidirectional (Eckman
1990) and wave-driven (Gross et al. 1992) flow have
shown that turbulence increases the transport of larvae
to the bottom by as much as an order of magnitude.
Similarly, an advection-diffusion model of the surf zone
of a rocky shore showed that turbulence dominates the
transport of larvae to the substratum (Denny & Shibata
1989). McNair used a local exchange model to calculate
the time for larvae to encounter the substratum (McNair
et al. 1997, McNair 2000). All these models treated lar-
vae as negatively buoyant passive particles that may or
may not reject the substratum upon contact. In contrast,
Eckman et al. (1994) developed a 1-dimensional model
of the flux of larvae settling through a turbulent bound-

ary layer in which the response of larvae to a dissolved
chemical cue from the substratum was treated as a
steep increase in the downward velocity of the larvae
as they neared the bottom. This downward motion in
response to a chemical cue in the water significantly
enhanced settlement rate.

Dissolved chemical cues can affect larval behavior

Larvae of many species of benthic marine animals are
induced to settle and undergo metamorphosis by dis-
solved chemical cues released from organisms such as
conspecifics or prey on the substratum (reviewed by
Hadfield & Paul 2001). Most research on larval re-
sponses to chemical cues has focused on the induction
of metamorphosis and has been conducted in still water
in the laboratory. However, a few studies investigated
the short-term effects of dissolved chemical cues on the
swimming behavior of larvae in the water column (e.g.
Boudreau et al. 1993, Welch et al. 1997, Hadfield &
Koehl 2004). In addition, several studies of oyster larvae
in unidirectional flow in a laboratory flume showed that
they respond to dissolved inducer in the water and that
behavioral changes of larvae in the water column can
affect their motion towards the substratum (Turner et
al. 1994, Tamburri et al. 1996, Finelli & Wethey 2003).

Although past analyses of larval settlement assumed
a smooth concentration gradient of dissolved chemical
cues from the benthos (e.g. Crisp 1974, Eckman et al.
1994), recent flume studies revealed the instantaneous
fine-scale distribution in the benthic boundary layer of
dissolved substances released from the substratum.
Video imaging of fluorescent dye released from the
substratum and illuminated by a thin sheet of laser light
(planar laser-induced fluorescence, PLIF) has shown
that chemical cues from flat surfaces (e.g. Crimaldi &
Koseff 2001, Koehl et al. 2001, Mead et al. 2003), coral
reefs (Reidenbach 2004), and other complex surfaces
(Koehl 2006) are dispersed in the water above the sub-
stratum as fine filaments of high concentration swirling
in clean water (see Fig. 3A). Such filaments tend to be
wider and higher in concentration, and to be mixed far-
ther from the substratum into the water column in
wave-driven flow than in unidirectional currents (Mead
et al. 2003, Reidenbach 2004, Koehl 2006). On the scale
of a microscopic larva, such a patchy, rapidly changing
cue distribution would be experienced as a series of
on/off encounters as the larva swims or sinks into and
out of cue filaments, rather than as the continuous gra-
dient assumed in the past. In the present study, we use
a numerical model to explore the consequences of rapid
behavioral responses by larvae to brief on/off encoun-
ters with dissolved settlement inducer to their transport
to the substratum.
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Phestilla sibogae larvae and Porites compressa reefs

We developed our model of larval transport to the
substratum based on the behavior of larvae of the
nudibranch Phestilla sibogae. Competent larvae (i.e.
larvae that are developmentally capable of metamor-
phosis) of P. sibogae settle and metamorphose in
response to a water-borne chemical cue released by
their post-metamorphic prey, Porites compressa (e.g.
Hadfield 1977, Hadfield & Pennington 1990), an abun-
dant coral that forms reefs in shallow habitats in
Hawaii where they are exposed to wave-driven
flow (Koehl & Hadfield 2004). Dissolved inducer from
P. compressa accumulates in the slow-moving water
within the reefs in concentrations high enough to
induce larvae to sink (Hadfield & Koehl 2004), undergo
metamorphosis (Hadfield & Scheuer 1985, Hadfield &
Koehl 2004), and adhere to surfaces (Koehl & Hadfield
2004). PLIF measurements of the instantaneous fine-
scale filamentous structure of cue distributions in the
water above a P. compressa reef have been made in a
wave-flume (Reidenbach 2004) in which the small-
scale turbulence and time-varying velocity profiles
measured in the field (Koehl & Hadfield 2004, M. A. R.
Koehl & T. Cooper unpubl. data) were mimicked.

The behavior of larvae of Phestilla sibogae exposed
to brief on/off encounters with filaments of inducer
from Porites compressa has been measured, as have
their trajectories when they were moving freely in
aquaria filled with clean seawater or seawater contain-
ing inducer from P. compressa (Hadfield & Koehl
2004). Competent larvae swim along relatively straight
paths in many different directions at instantaneous
velocities of ~0.17 cm s~! until they encounter filaments
of water containing inducer from P. compressa. In
inducer filaments, a competent larva typically stops
beating its cilia, retracts its velar lobes (swimming
organs), and sinks at velocities of ~0.13 cm s~! with its
foot extended (Fig. 1). This response usually starts
about 1 s after the inducer first contacts the apical
sensory organ, where the receptors for cue from P.
compressa are located (Hadfield et al. 2000). After exit-
ing a filament of inducer, competent larvae re-extend
their velar lobes and resume swimming. The respon-
sivity of the larvae to inducer depends on its concentra-
tion. The threshold concentration of inducer required
to cause the sinking response is between 3 and 17 % of
the concentration of inducer in the water between the
heads of P. compressa in the field (Hadfield & Koehl
2004). As inducer concentration is increased above
threshold, larvae respond to a greater percentage of
the filaments encountered; at concentrations just
above threshold, competent larvae respond to ~27 % of
the inducer filaments they encounter, whereas at con-
centrations found within heads of P. compressa in the

field, larvae respond to ~80% of the cue filaments
encountered.

Objectives

The goal of our study was to explore whether the
instantaneous responses of larvae to encounters with
dissolved settlement inducer released from the sub-
stratum can affect larval transport to the substratum
while they are being carried in turbulent, wave-driven
water flow. We used an individual-based numerical
model of larvae of Phestilla sibogae in wave-driven
flow above a Porites compressa reef to address this
issue. The model enabled us to study not only the
behaviors and flow conditions that have been mea-
sured for these species, but also allowed us to vary spe-
cific behavioral and flow parameters to determine their
effects on larval transport across the boundary layer to
the reef. We addressed the following questions:

(1) Are the rates of transport of larvae to the substra-
tum calculated using a time-averaged inducer concen-
tration gradient (as used in previous models of larval
transport) different from those calculated using the
actual fine-scale, time-varying inducer concentrations?

(2) How does turbulence intensity affect larval trans-
port to the reef, and does it overwhelm the effects of
larval behavioral responses to inducer?

(3) Which, if any, aspects of larval behavior affect
rates of transport of larvae to the substratum?

MATERIALS AND METHODS

We studied larval transport across the boundary
layer to the substratum using a numerical model of
wave-driven water flow above a coral reef. Our tempo-
rally varying flow fields were based on measurements
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Fig. 1. Phestilla sibogae. Lateral view of a veliger larva.

(A) The larva swims by beating cilia on the 2 lobes of its velum

(only one lobe is visible from this lateral view). (B) When a

larva encounters a dissolved settlement cue from the coral

Porites compressa, it stops beating its cilia, retracts the velar

lobes into its shell, and sinks with its foot protruding out of the
shell (Hadfield & Koehl 2004)
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of water velocities above a Porites compressa reef in a
wave-flume, and our fine-scale temporally varying
maps of inducer concentrations in the water were
taken from PLIF videos of dye leaching from the coral
surfaces in the flume under the same flow conditions.
We used an individual-based model of instantaneous
responses of larvae to the inducer concentrations they
encountered as they were carried in the water flowing
above the reef. The behavioral algorithms explored
were based on those measured for competent larvae of
the sea slug Phestilla sibogae.

Because the goal of this study was to determine
whether larval responses to dissolved inducers before
contact with the substratum could affect the rate that
larvae are carried to the bottom by turbulent, wave-
driven flow, we use the term ‘transport’ rather than
‘'settlement’ (attachment of a larva to the substratum)
or 'recruitment’ (metamorphosis of a settled larva into
the benthic form and survival) (e.g. Keough & Downes
1982). Since concentrations of inducer high enough to
affect larval behavior only occur in the water within
10 to 20 cm above a reef (Hadfield & Koehl 2004,
Reidenbach 2004), our model focused on the transport
of larvae in that portion of the water column above a
reef. Therefore, we did not examine larger-scale
aspects of larval transport that are unaffected by dis-
solved inducer, such as transport by ocean currents
to the vicinity of a reef, or vertical transport into the
region of the water column on which we have focused.
The latter was a reasonable approximation for reefs we
studied in Kaneohe Bay, where height of the water
surface above reefs was often only tens of centimeters.

When a larva arrived at or below the top surface of the
reef, it was counted as ‘transported to the reef'. A compe-
tent larva of Phestilla sibogae exposed to settlement in-
ducer from the coral Porites compressa can adhere to a
surface with its foot upon contact, but requires 1.5to2h
to develop a firm attachment (Koehl & Hadfield 2004).
Metamorphosis, which takes 12 to 24 h, requires larval
exposure to inducer of at least 6 h (Hadfield 1977). How-
ever, once larvae of P. sibogae enter the slow-moving
water within the structure of a coral reef, they are likely
to remain in contact with P. compressa inducer and sur-
faces for many hours, such that settlement and recruit-
ment can occur (Koehl & Hadfield 2004). Therefore, once
a larva in our model arrived at the reef surface, we re-
moved it from the water column. We defined the ‘reef
surface’ by a horizontal line at the height of the tops of
the branches of the convex coral heads in the PLIF videos
(e.g. Fig. 3A). Test runs of the model using a line traced
along the complex surfaces of the corals and the 'reef
surface' yielded the same patterns of predicted larval
transport rates as did runs of the model using the simple
horizontal line, so we used the latter approximation to
simplify the calculations.

Equations of motion. We defined a 2-dimensional
coordinate system with the origin located at the sur-
face of the coral. Positive z displacements are toward
the water's surface and positive x displacements are in
the direction of wave propagation. We assumed that
larval behavior consists of choosing a velocity relative
to the ambient flow:

= =5+ (1)
where T is the position of the larva, tis time, Uy, is the
velocity of the larva relative to flow, and v; is the
ambient fluid velocity.

Flow field. Since we were interested in the effect on
larval behavior of dissolved inducers released by the
coral, and since those inducers are concentrated imme-
diately above the reef (Reidenbach 2004), in this study
we focused on the small-scale flow that occurs in the
20 cm immediately above the reef. We modeled the
flow field as the linear summation of net flow, mono-
chromatic waves, and turbulence:

Yy = £ (D) + £, (EH)+E(E.D) (2)

where f,, (7) is the net flow, f,, (7\t) is the instantaneous
wave velocity, and f, (7,t) is the instantaneous turbulent
velocity at time t. We modeled the net flow using a stan-
dard turbulent boundary layer profile (Denny 1988):

u z—a
—1o ( ) z<h

fox=1% 7B ! 3)
u,, z > h,

fo, =W (4)

where h; is the boundary layer thickness, u. is the
shear velocity, kis von Karman's constant, o is the zero
plane displacement, B is the roughness height, u..is the
free stream velocity, and w is the net vertical velocity
of the mean flow. Although the boundary layer of an
oscillatory flow is thinner than that of a steady current,
a log profile can be used for the boundary layer of a
current with superimposed waves (Grant & Madsen
1979), as we used in the flume. In this case, fluid veloc-
ities were measured in the wave-flume under the same
flow conditions for which the PLIF videos were taken
(as described below), and then fit to the above model
of the boundary layer profile.

We modeled the wave component of the velocity as
monochromatic waves:

fyx = Aycos(2nmt + ) (5)
fw, = A,sin(2not + ) (6)
where o is the wave frequency, ¢ is a phase constant,
A, is the maximum horizontal wave velocity, and A,
is the maximum vertical velocity of the orbital water

motion in the waves. We will refer to A, and A, as
‘maximum wave orbital velocity' in the horizontal or
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vertical directions, respectively. The flow parameters
used in our model of the boundary layer, and the func-
tions we used for A, and A, (which vary with height
above the reef), were based on measurements made
over a Porites compressa reef in a wave-flume (Reiden-
bach 2004), as described below.

In these wave-flume experiments (Reidenbach 2004),
turbulent velocities above the reef varied in a sinu-
soidal manner, with peak turbulence occurring during
flow reversal. Thus, we assumed that the velocity fluc-
tuations due to turbulence varied sinusoidally and
were taken from a normal distribution:

fix = V2sin?(2nwt + 0)g(c,) (7
f,, = V2 sin?2not + 0)g(c,) (8)

where g(o) is a Gaussian random variate with mean
zero and variance 62; 6,2 is the variance of the horizon-
tal velocity, and 6,2 is the variance of the vertical veloc-
ity (approach reviewed in Gousbet & Berlemont 1999).
An example of a Gaussian fit to our ADV (Acoustic
Doppler Velocimeter) data is given in Fig. 2C. We used
velocity measurements in the wave-flume to deter-
mine how o, 6,, and o, varied with height above the
coral (Fig. 2D,E). While this statistical model of turbu-
lence does not completely describe the full frequency
spectrum and spatial coherence of actual turbulence, it
serves as a close approximation of the flume data.
Flow parameters. Values for the flow parameters
mentioned above were chosen to reflect mea-
sured velocities. ADVs (Sontek 16 MHz micro-ADV)
(M. A. R. Koehl & T. Cooper unpubl. data) and electro-
magnetic flow probes (Marsh-McBirney 511 and 523)
(Koehl & Hadfield 2004) were used to measure the
fluid velocity profiles and turbulence intensity and
spectra above Porites compressa reefs in Kaneohe Bay,

Fig. 2. Flow velocities measured above a convex coral head on
a Porites compressa reef in Kaneohe Bay, Hawaii, and veloci-
ties measured above a P. compressa reef constructed in a
flume. (A) Mean peak horizontal velocities of each wave in
the shoreward direction for field (®; flow record of 180 s) and
flume (O; flow record of 60 s) velocity measurements made at
various heights above the coral reef surface. Error bars: 1 SD.
(B) Power spectral density of the vertical velocity fluctuations
5 cm above the reef in the flume (0) and in the field (®). Error
lines for field data: 95 % confidence intervals. Flume data fall
within the field measurement range except at the lowest fre-
quencies, which could not be mimicked due to practical limits
on the wavelengths that could be created in the flume. (C)
Distribution of turbulent vertical velocities 10.1 cm above reef
in flume compared with Gaussian distribution used in our
model for turbulent vertical velocities at that height (black
line). Measurements for (B,C) as described for (A). (D) Hori-
zontal turbulence (points) at various heights above a P.
compressa reef constructed in a flume (Reidenbach 2004)
compared with modeled turbulence (line) used in our simula-
tions (see 'Material and methods’). (E) Vertical turbulence
(measured as in Fig. 2D) compared with modeled turbulence
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Hawaii (Fig. 2A,B). These field data were used to
guide the design of flow in a wave-flume at the Envi-
ronmental Fluid Mechanics Laboratory at Stanford
University (Fig. 2A-E). A ‘coral reef’ was constructed
from skeletons of P. compressa placed in the bottom of
the flume, and detailed ADV (Sontek 10 MHz) mea-
surements of the wave-driven flow above this reef
were made. The flume ADV data were used to cal-
culate the flow parameters used in our model.

The wave-flume is described in detail in Reidenbach
et al. (2006). The working section of the flume was 9 x
0.6 m. A continuous, mean flow of water was generated
using a constant head tank (4 m tall) at the upstream
end of the flume. Waves with periods of up to 5 s were
generated using a plunger-type wavemaker driven up
and down by a motor positioned above the downstream
weir of the flume. When the wavemaker plunger (a hor-
izontal PVC cylinder 10 cm in diameter) was moved
down and submerged in the flume, it prevented water
from leaving the test section, thus setting up a wave
that propagated upstream. Waves reflected off the
upstream end the flume and returned downstream. By
oscillating the wavemaker at a harmonic of the flume
resonance frequency, wave amplitudes built over a
number of cycles to such an extent that wave crests
spilled over the top of the wavemaker cylinder, at which
point wave amplitudes became constant. The coral
‘reef’ in the flume was composed of Porites compressa
skeletons collected in Kaneohe Bay, Hawaii, from water
depths of ~1 m (Koehl & Hadfield 2004). The typical
size of corals was 15 cm in diameter by 15 cm in height
and the corals were positioned in the flume to recreate
the 3-dimensional structure of the reef found in Hawaii.
The total coral canopy covered a length of 3.0 m in the
flume and spanned the entire width, and the boundary
layer was fully developed in the section of the flume
where our data were collected (1.8 m downstream from
the leading edge of the reef). In total, approximately
80 individual corals were positioned within the flume.
The water depth for all experiments was 40 cm.

The boundary layer parameters were calculated by
averaging the instantaneous horizontal velocity profile
over 15 waves and fitting this profile with a non-linear
curve-fitting routine (Mathworks, Matlab R12): u,/x =
0.827 cm s} o = —0.735 cm; B = 0.727 cm. The free
stream velocity, u.,, was calculated by averaging the
horizontal flow velocity for 15 waves at positions above
10 cm and found to be u., = 2.1 cm s™!. The boundary
layer thickness, h), was taken as the height at which
the logarithmic boundary layer profile intersects with
u., and found to be h; = 8.2 cm. The wave frequency, o,
was calculated by performing a Fourier transform on
the instantaneous horizontal fluid velocities and calcu-
lating the location of the dominant peak, and found to
be o = 0.34 Hz.

In order to calculate the maximum wave orbital veloci-
ties A, and A,, the instantaneous flow velocities were
filtered with a 4th-order Butterworth low-pass filter at
a cut-off frequency of 4 times the wave frequency. The
maximum wave orbital velocity at each height above
the coral was then calculated as:

9 N 1/2
A= [ﬁzﬂ 9)
i=1

where s; is the ith measurement of the respective
component. The modeled variation in the vertical max-
imum wave orbital velocities differs from that expected
from shallow water wave theory, which predicts that
the horizontal wave orbital velocity should be approxi-
mately constant while the vertical maximum wave
orbital velocity goes as (1 + z/h) where his the height of
the water column (Dean & Dalrymple 1991). However,
we found that vertical maximum wave velocities mea-
sured in the flume were poorly described by a linear
model (linear regression, R? = 0.06, p = 0.49), presum-
ably as a result of interaction with the complex coral
topography, but were well matched with a second order
fit (polynomial regression, R? = 0.86, p = 0.002; analyses
done using MATLAB regression routines, n = 9 heights
above the reef, data for 15 waves). Therefore, the hori-
zontal and vertical wave orbital velocities were taken
as A, =4.52 cm s ! and:

(0.521 cm s71)+(0.423 s7Y) z

2 11y,2 ZSh

A = +(-5.42x10*cm ™ s )z

’ (10)

0.475 cm s7! z>h
Although ADV measurements of the horizontal and
vertical velocities were made at several heights above
the coral, measurements were not taken along the
length of the reef (the x-direction). By neglecting local
variation of the flow velocity in the x-direction as
waves move across the reef, our empirically fit de-
scription of the wave component of the flow results in
apparent compression of the water. Fortunately, this
artifact averages to zero over each wave cycle and
results in no net accumulation of larvae. To estimate
the magnitude of this source of error on our calculated
transport rates, the model was run with the maximum
vertical wave orbital velocity held constant across all
heights above the reef. Under these conditions, both
the horizontal and vertical maximum wave orbital
velocities are constant in the z-direction and the mod-
eled flow is incompressible. We ran the model using 10
different vertical wave orbital velocities that repre-
sented the range of velocities measured in the flume at
different heights above the reef. We found that the cal-
culated transport rate for the lowest velocity we used
(0.37 cm s7!) differed by <2 % from the highest velocity
we used (0.48 cm s7!). The transport rate calculated
when we used the second order fit of the profile of
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vertical wave orbital velocity at different heights above
the reef (described above) was only 3 % lower than the
transport rate calculated when we used the height-
independent profiles.

As in previous studies (e.g. Denny & Shibata 1989,
Eckman 1990, Gross et al. 1992, Eckman et al. 1994),
we modeled the turbulent transport of larvae to the
substratum as a diffusion process. We estimated the
vertical (w') and streamwise horizontal (u') velocity
fluctuations due to turbulence from our ADV measure-
ments taken at 11 heights above the reef in the flume.
The velocity fluctuations due to turbulence, which
were greatest near the reef surface and decreased with
height above the reef, varied with phase during the
wave cycle (Eqgs. 7 and 8). At each time step the differ-
ence between the filtered fluid velocity (described
above) and the instantaneous fluid velocity recorded
using ADV was taken to be the turbulent velocity (w' or
u'). The variance in this turbulent velocity was calcu-
lated at each height for 15 waves, and the variance for
the horizontal (c,2%) and vertical (c,%) velocity were ap-
proximated by linear functions of height above the reef:

) _{(3.0 cm? s72)+(-3.1 cm! s72)z z<h (11)
* 10.89 cm? 572 z>h

) _{(0.18 cm? s72)+(-0.019 cm! s2)z  z<h, (12)
“10.025 cm? 572 z>h

These functions were used in conjunction with a
Gaussian-distributed random number generator to cal-
culate the turbulent velocities in the vertical (w') and
streamwise (u') direction for each time step (Egs. 7 and
8). In our model w' and u' varied independently,
whereas in the oscillatory flow in the flume, the covari-
ance between w' and u' was greatest near the reef
surface (0.75 cm? s72) and decreased linearly to zero
(indicating turbulence is nearly isotropic) at a height of
~12 cm above the reef (Reidenbach 2004). We ran our
model using these measured values for height-depen-
dent covariance between w' and u' and found the cal-
culated larval transport rate to be only 1% lower than
that predicted using the simplifying assumption of zero
covariance.

Inducer concentration field. Rather than model the
dissolved inducer released from coral into the water col-
umn as a time-averaged concentration gradient, as is
usually done in models of chemotactic behavior, we con-
sidered the instantaneous, small-scale distribution of
inducer as encountered by individual microscopic larvae
in the turbulent water above a reef. Because the com-
plex spatially and temporally varying concentrations of
chemicals released from the substratum into a turbulent
boundary layer is difficult to characterize either ana-
lytically or numerically, the inducer field used in the
model was taken directly from empirical measurements.

The inducer field was measured using PLIF (see
‘Introduction’) in the wave-flume under the flow condi-
tions described above (Reidenbach 2004). Dissolved
chemical inducers released by the coral were simu-
lated by fluorescent dye (Rhodamine 6G) leaching
from gelatin on the surfaces of the coral skeletons. A
vertical plane in the water was illuminated by an argon
laser and scanning mirror apparatus that swept out a
sheet of light 0.3 mm thick. Images were captured on a
12-bit CCD camera with a resolution of 1024 x 1024
pixels, a framing rate of 10 Hz, and shutter speed of
20 ms (a typical frame is shown in Fig. 3A). The field of
view was approximately 21 x 21 cm. The brightness of
each pixel in a video frame was used to calculate the
dye concentration at that point in the water column at
that instant (described in Crimaldi & Koseff 2001).
Because there were no apparent trends across the
width of the inducer field images, we assumed that the
inducer field leaching off the corals was similar along
adjacent sections of the reef. Therefore, in our calcula-
tions larvae exiting from one edge of an image (e.g the
downstream side) re-enter the next video frame on the
opposite edge (e.g. the upstream side).

To calibrate dye concentrations measured in the
flume to inducer concentrations over real coral reefs,
we used Phestilla sibogae metamorphosis bioassays to
measure inducer activity in water collected in the field
between the branches of Porites compressa (Hadfield
& Scheuer 1985, Hadfield & Koehl 2004). We called
inducer concentration in the water between coral
branches ‘in reef’ concentration. We determined the ‘in
reef’ concentration of dye in the flume from the bright-
ness in our PLIF videos of pixels in the water between
coral branches. All concentrations of inducer (for which
the dye was an analog) were normalized to this ‘in reef’
concentration. Our behavioral study of P. sibogae lar-
vae showed that the threshold concentration of inducer
required to cause the sinking response was between 3
and 17% of the ‘in reef' concentration (Hadfield &
Koehl 2004). In the present study we used a conserva-
tive estimate (15% of ‘in reef' concentration) for the
inducer threshold we assumed for real P. sibogae
larvae.

We synchronized the phase of the oscillatory flow to
the phase of the visualized inducer field by tracking
frame-by-frame distinguishable points in dye field in
the PLIF video (43 s, ~15 waves). These points showed
close agreement with each other, indicating that the ad-
vective and oscillatory flow were tightly coupled to the
inducer field. We used these measurements to phase-
match the flow field based on the ADV measurements
of water velocities (described above) with the time-
varying inducer field recorded in the PLIF videos.

Our ADV measurements of the velocity fields and
our PLIF measurements of the concentration fields
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Fig. 3. Effect of a filamentous inducer field on the transport of
larvae into the reef. (A) Frame from a PLIF video of fluorescent
dye (inducer analogue), leaching into the water above the
reef. (B) Time-averaged dye concentration in the water above
the reef. (C) Rate at which larvae are transported into the reef
as a function of inducer threshold (the concentration of inducer
required to cause larval sinking). An inducer threshold of
100 % indicates that the larvae never sink in response to cue
and a threshold of 0% indicates that larvae sink continuously.
Observed inducer threshold of competent Phestilla sibogae
larvae is between 3 and 17 % of the 'in reef' concentration
(Hadfield & Koehl 2004). Upper line in (C) calculated for larvae
in the time-averaged field (B), and lower line calculated for
larvae in the instantaneous time-varying field, e.g. (A). Other
behavioral parameters as in Table 1 and flow conditions as
measured in the flume (see ‘Materials and methods')

were made under the same flow conditions in the
flume, but they were not made simultaneously. There-
fore, although changes in the height-dependent turbu-
lence intensity that occurred during a wave cycle were

phase-matched in our model to the images in the PLIF
video, we did not have maps of velocity vectors in the
water column measured at the instant that each PLIF
image was captured. Consequently, we could not im-
pose a correlation in our model between the turbu-
lence field and the instantaneous inducer concentra-
tion field. Our statistical description of the spatial and
temporal variation in the turbulence adequately mod-
eled how larvae carried in the turbulent flow would be
moved relative to the reef, but not relative to specific
dye filaments. Therefore, in our model turbulence
might carry larvae into or out of inducer filaments,
whereas in reality larvae can only move relative to
water around them (and thus can only move into and
out of inducer filaments) by swimming or sinking. We
attempted to circumvent this potential problem by
using Scalar Imaging Velocimetry (SIV), which derives
the velocity field from PLIF videos of the scalar field
(Su & Dahm 1996a,b). Unfortunately, this approach
was not successful in our case because the velocity was
poorly determined in the many dye-free gaps in the
scalar field measured above our reef. Therefore, we
employed several approaches to assess the conse-
quences of using phase-matched turbulence and in-
ducer fields that were not recorded simultaneously. As
described in detail in the ‘Discussion’, the error result-
ing from this approximation appears to be small.
Larval behavior. The behavioral algorithm used by
the larvae in our individual-based model was based on
measurements of the responses of competent larvae of
the sea slug Phestilla sibogae to encounters with
different concentrations of dissolved inducer from the
coral Porites compressa (Hadfield & Koehl 2004), as
described in the ‘Introduction’. A model larva swam at
a constant velocity u,, in a randomly assigned direc-
tion (as do competent larvae of P. sibogae in inducer-
free water in aquaria; Hadfield & Koehl 2004). If the
larva moved into an area with an inducer concentra-
tion greater than the threshold concentration, I', then
the larva was said to be ‘in an inducer filament." Upon
entering the inducer filament, a larva could either
ignore the filament and keep swimming, or it could
respond to the inducer and initiate sinking. A model
larva made this decision by sampling from a random
number generator and using the result to respond
probabilistically to a percentage of inducer filaments;
we called this percentage the ‘larval responsivity," R.
If the larva did respond to the filament, then it began
sinking with a constant velocity u, after an initial
entrance lag time, 1;,,. When a sinking larva exited the
filament, it resumed swimming after an exit lag time,
Tout- The swimming direction (angle in the x,z plane) of
the larva after exiting from the filament was set to the
previous swimming direction plus a random, normally
distributed perturbation that had a mean of zero and a
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variance of 642. We called this variance the 'reorienta-
tion variance.’ Other than 6,2, we did not incorporate
reorientation of larvae by turbulent eddies into our
model because sinking larvae move downwards
regardless of orientation, and because there are no
data available for the reorientation variance for the lar-
vae of P. sibogae in still water or in turbulent flowing
water. Fortunately, the effect on larval transport rates
of changing the magnitude of the reorientation vari-
ance was very small, as described in the ‘Results’.

To explore the effects of various behavioral parame-
ters on the rate at which larvae were transported to the
reef, model runs were conducted in which a single
parameter was independently varied while all other
parameters were held fixed at the measured values for
the competent larvae of Phestilla sibogae (Hadfield &
Koehl 2004) (Table 1). The responsivity varies between
27 % for inducer concentrations just above threshold
to 80% for 'in reef’ concentrations of inducer (Had-
field & Koehl 2004); we used a conservative estimate
for responsivity of 27% in those simulations where
responsivity was held constant.

Numerical simulations to calculate larval transport
rates. We used the simple Euler method to calculate
solutions for Eq. (1):

_ . drf
T = el 13
I(t+8t) = IF(t)+ dtt‘)t (13)

We chose this method because Eq. (1) is a simple
first-order differential equation that is unlikely to be
sensitive to most numerical artifacts, and because it
was necessary to calculate a very large number of solu-
tions to determine the probability of larval transport
into the reef. Higher order methods can yield more
precise solutions to ordinary differential equations, but
they require more computational power and would
have substantially reduced the number of simulations
we could have performed.

Table 1. Behavioral parameters describing the response of

competent Phestilla sibogae larvae to dissolved chemical cues

released by Porites compressa. All values taken from Hadfield

& Koehl (2004) with the exception of the reorientation vari-

ance which was found to be unimportant (see ‘Results’) and
was chosen arbitrarily

Variable Symbol Value
Swimming speed Ugut 0.17 cm st
Sinking speed Uy, 0.13 cmss™!
Entrance lag Tin 1.60 s
Exit lag Tout 0.00 s
Inducer threshold T 15%
Responsivity R 27 %
Reorientation variance G2 0.100

The time step we used in our calculations (dt) was
0.1 s, the interval between frames of our PLIF videos.
To confirm that this 8¢ was sufficiently small to reduce
error from our use of Euler's method and to satisfy the
continuum approximation required by our stochastic
model of turbulence, we ran several simulations with
multiples of this time step. Even at 8t = 0.2 s, the trans-
port rate increased by <5 % at the observed behavioral
values and the effects of specific behavioral para-
meters on the transport rate were unchanged.

For our calculations of larval transport, we made sev-
eral assumptions about the initial state of the pop-
ulation of larvae, treating them as though they had
experienced no previous encounters with inducer. We
assumed that (1) larvae were swimming isotropically at
a speed of u,,, as they do in the absence of inducer
(Hadfield & Koehl 2004); (2) larvae were distributed
randomly throughout the water column; and (3) the ini-
tial state of each larva was the same as if it had just
exited an inducer filament to which it did not respond
(i.e. both the time the larva had spent in an inducer
filament and out of an inducer filament were set to
zero). To refute the hypothesis that larval sinking in
inducer enhances the rate of larval transport to the
reef, these assumptions are conservative (i.e. they lead
to lower transport rates than would be predicted if we
assumed that some larvae were sinking in response to
inducer at the start of the calculation).

We used a random-number generator to choose the
coordinates in the water column at which 10 000 larvae
were placed at the start of each simulation. The trajec-
tory for each larva was calculated as it was carried in
the flow field described above and responded (using
the behavioral algorithm described above) to the
phase-matched inducer field it encountered. The cal-
culation was performed for a trajectory that ran for
43 s, or until the larva arrived at the reef surface. This
period was sufficiently long that about 10 % (depend-
ing on various behavioral and flow parameters) of the
larvae were transported into the reef. We made the
conservative assumption that larvae that were carried
upwards through the top surface of the evaluation area
were not transported back to the reef during the eval-
uation period (i.e. larvae that exited the top of the area
were not replenished).

We calculated a 'steady-state’ rate of transport that
was not biased by the duration of the simulation. We
assumed that the percentage of the population that
settled per unit time was constant, and calculated the
rate of transport as

1
T = - log(1-5) (14)

where T'is the transport rate, At is the duration of the
simulation, and S is the fraction of the population that
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have been transported to the substratum during the
simulation. The transport rate as a function of time was
recorded from a number of simulations and was found
to be in very close agreement with this steady-state
assumption.

Modeling turbulence as a simple stochastic process
can introduce an artifact into calculations of the trans-
port of particles if there is a spatial gradient in the
turbulence (e.g. Hunter et al. 1993, Visser 1997, Yama-
zaki et al. 2002). In our case, this artifact could cause
non-physical migration of larvae into areas of low vari-
ance. Using the correction term suggested by Hunter
et al. (1993), we found that this bias was negligible
(less than 1%) compared to the larval sinking speed
(Appendix 1); therefore, we have neglected it in our
model for simplicity.

RESULTS

Temporal variation in inducer concentration
encountered by a larva

A competent Phestilla sibogae larva is ~230 pm long,
i.e. small relative to the filamentous structure of the
field of dissolved inducer above a reef of Porites com-
pressa (e.g. Fig. 3A). We calculated the temporal pat-
tern of inducer concentrations encountered by indi-
vidual larvae as they swam and sank through the
time-varying inducer field. As the example in Fig. 4
illustrates, a P. sibogae larva encounters on-off pulses
of inducer above threshold (i.e. the inducer concentra-
tion necessary to stimulate larval sinking) as it moves
through the water flowing above a reef. The frequency
and concentration of those pulses increase if the larva
moves closer to the reef surface (compare Fig. 4A with
Fig. 4B,C).

Instantaneous vs. time-averaged inducer concentration

Rates of transport of larvae to the reef in a time-
varying filamentous inducer concentration field
(Fig. 3A) were compared with rates in a smooth time-
averaged inducer field (Fig. 3B) constructed by aver-
aging the instantaneous inducer concentration at each
position over 12 waves. Larval transport rates in the
time-averaged inducer field were greater than in the
time-varying filamentous inducer field for a range of
threshold concentrations (Fig. 3C). The greatest differ-
ence occurred at a threshold of ~25% of the ‘in reef’
inducer concentration, where transport rate was over-
estimated by 15 % when the constant, smooth concen-
tration gradient was used in the calculations instead of
the actual time-varying, filamentous inducer field.
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Fig. 4. Time history of the inducer concentration encountered
by a typical larva as it swims and sinks through a filamentous
inducer field. The inducer concentration is plotted at each
time step for a model larva when it was (A) >4 cm above the
reef, (B) between 2 and 4 cm above the reef, and (C) 2 cm
above the reef. Behavioral parameters as in Table 1 and flow
conditions as measured in the flume. Dashed line: threshold
inducer concentration required to cause larval sinking

Vertical water flow

Field measurements of water motion over porous
Porites compressa reefs showed slow (generally 1 cm
s™!) net flow over several wave cycles that was upward
out of convex coral heads, downward into concave reef
areas, and into the seaward edge of the reef (M. A. R.
Koehl & T. Cooper unpubl. data). Simulations in which
the net vertical flow velocity was increased or de-
creased over the entire substratum show that the trans-
port rate of larvae to the reef was increased dramati-
cally with net downward water flow and decreased to
near zero with upward flow (Fig. 5).

Larval velocities
Competent larvae of Phestilla sibogae swim in a ran-

dom direction when not in inducer, and sink towards
the substratum when in inducer above a threshold con-
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Fig. 5. Transport rate of Phestilla sibogae larvae into a Porites
compressa reef, as a function of net vertical water velocity
(x-axis has been moved downwards to show the portions of
the curve very close to zero). Positive velocities indicate water
movement up out of the reef and negative velocities indicate
movement down into the reef. Simulations run with an in-
ducer threshold of 10 (O), 20 (line), and 30 % () of the ‘in reef’
concentration. Other behavioral parameters as in Table 1 and
flow conditions as measured in the flume

centration (Hadfield & Koehl 2004). We varied the
speed at which larvae swam when not responding to
inducer while holding all other behavioral and flow
parameters at the measured values. Transport rate
increased monotonically with increased swimming
speed (Fig. 6A). Furthermore, for larvae that swam at
low speeds when in inducer-free water, those that were
stimulated to sink by low concentrations of inducer (i.e.
that had low thresholds) settled slightly more rapidly
than did those with higher thresholds. In contrast, there
was not a monotonic effect of threshold on the rate of
transport to the bottom for larvae that swam rapidly.

We performed similar simulations in which we var-
ied the velocity at which larvae sank when responding
to inducer. The transport rate of larvae to the reef
increased monotonically with increases in sinking
velocity (Fig. 6B). Lower threshold concentrations to
induce sinking had little effect on the transport rates at
very low sinking speeds, but tended to increase trans-
port rates at high sinking speeds. The sensitivity of the
larvae to inducer (i.e. inducer threshold) had a much
greater influence on the effects of sinking speed on
transport to the reef than it did on the effects of swim-
ming speed on transport to the reef.

Larval lag times

Increasing the lag time between a larva's encounter
with an inducer filament and the onset of sinking
(‘entrance lag') produced only a small reduction in the
transport rate of larvae to the reef, while the time lag
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Fig. 6. Transport rate of Phestilla sibogae larvae into a Porites
compressa reef, as a function of the speed of (A) larval swim-
ming and (B) larval sinking. Simulations were run with an
inducer threshold of 10% (O), 20 % (line), and 30% (*) of the
‘in reef' concentration. Observed inducer threshold of P. sibo-
gae as in Fig. 3; observed swimming and sinking speeds are
0.17 and 0.13 cm s}, respectively (Hadfield & Koehl 2004).
Other behavioral parameters as in Table 1 and flow conditions
as measured in the flume

between exit from the filament and resumption of
swimming (‘exit lag’) had a negligible effect (Fig. 7).

Larval responsivity

Raising larval responsivity (the percentage of fila-
ments to which a larva responds) caused a nearly
linear increase in transport rate and magnified the
effects of inducer threshold on transport rate (Fig. 8).

Swimming direction

All of the simulations mentioned above assumed that
the distribution of swimming directions for a popula-
tion of larvae was isotropic when the larvae were not in
inducer, and that all the larvae sank downwards when
responding to inducer. To explore the effects of swim-
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Fig. 7. Transport rate of Phestilla sibogae larvae into a Porites
compressa reef, as a function of (A) entrance and (B) exit lag
times. Entrance lag is the time interval between a larva's en-
try into an inducer filament and the start of larval sinking. Exit
lag is the time required for a larva to resume swimming after
it exits an inducer filament. Simulations run with an inducer
threshold of 10 (O), 20 (line), and 30% (°) of the 'in reef’' con-
centration. Observed inducer threshold of P. sibogae as in
Fig. 3; observed entrance and exit lags are 1.60 and 0.00 s, re-
spectively. Other behavioral parameters as in Table 1 and
flow conditions as measured in the flume

ming direction, we also ran simulations in which all the
larvae in a population swam in the same direction at
0.17 cm s! when in inducer-free water and sank at
0.13 cm s7! when in inducer (Fig. 9A). These simula-
tions showed that the transport rate of larvae to the
reef is dramatically increased when larvae in inducer-
free water swim downwards toward the reef. In con-
trast, the transport rate of larvae to the reef decreased
when larvae in inducer-free water swim upwards,
away from the reef. Furthermore, the transport rate
was unaffected by whether larvae swimming horizon-
tally moved with or against the ambient flow.

We also ran simulations to explore the consequences
of swimming in a particular direction, rather than sink-
ing, when responding to inducer. For these simulations
the larvae swam at 0.17 cm s™! in directions that were
randomly chosen (i.e. the distribution of directions
for the population was isotropic), but all the larvae
responding to inducer swam at the ‘response speed’ of
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Fig. 8. Transport rate of Phestilla sibogae larvae into a Porites
compressa reef, as a function of larval responsivity (percent-
age of inducer filaments to which a larva responds). Simula-
tions run with an inducer threshold of 10% (O), 20 % (line),
and 30% (¢) of the ‘in reef' concentration. Observed inducer
threshold of P. sibogae as in Fig. 3; observed responsivity
is approximately 27 %. Other behavioral parameters as in
Table 1 and flow conditions as measured in the flume

0.13 cm s7! in a single direction (Fig. 9B). As expected,
the rates of transport of larvae into the reef were
greater for larvae swimming downwards, were lower
for larvae swimming upwards, and were unaffected by
ambient flow direction for larvae swimming horizon-
tally. However, the magnitudes of these effects of the
direction of swimming when responding to inducer
(Fig. 9B) were not as great as they were for swimming
direction when in inducer-free water (Fig. 9A) for 2
reasons: 'response speed’ of swimming in inducer is
slower than swimming speed in inducer-free water,
and larvae only responded to 27% of the inducer
filaments encountered.

As explained in ‘Materials and methods’, we used an
arbitrary choice for the reorientation variance (the
variance of the angle between the swimming velocity
of a larva before it enters an inducer filament and its
velocity after exiting that filament). To determine the
effect of this assumption on our results, we ran the
model at a range of reorientation variances (Fig. 9C).
While the transport rate did decrease with increases in
reorientation variance, this effect was very small at low
variances and negligible at high variances.

Depletion of larvae

We assumed that larvae transported into the reef
stayed there (justification provided in 'Materials and
methods’); hence, the number of larvae remaining in
the water was reduced as it flowed across the reef. We
estimated the spatial distribution across the reef of
larval transport into the reef by assuming larvae were
transported into the reef at a uniform rate:
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Fig. 9. (A) Transport rate for a population of larvae that all
swim in the same direction (swim angle) at 0.17 cm s™! when
out of inducer and sink at 0.13 cm s™! when in inducer. (B)
Transport rate for a population of larvae that all move in the
same direction (sink angle) at 0.13 cm s™! when in inducer, but
swim in random directions when out of inducer. In (A) and (B),
direction is given by angle and transport rate (% min~!) is indi-
cated by the radial distance. Threshold concentration assumed
for (A) and (B) is 15 % of the 'in reef’ concentration. (C) Trans-
port rate as a function of the reorientation variance. After a
larva exits from an inducer filament, its swimming direction
(angle in the x,z plane) was perturbed by an angle randomly
selected from a normal distribution with a mean of zero and a
variance we call the ‘reorientation variance' Simulations were
run with an inducer threshold of 10 % (O0), 20 % (line), and 30 %
(*) of the 'in reef’ concentration. Other behavioral parameters
as in Table 1 and flow conditions as measured in the flume

AN _ oy (15)
dt

where N is the percentage of larvae still in the water
column and T is the transport rate to the substratum.
Hence, the horizontal distribution across the reef of

larval settlement into the reef was:
T Tx 16
p = pexp(- 1] (16)

0o 3

where u.. is the time-averaged freestream flow speed
and x is the horizontal distance from the upstream
edge of the inducer-releasing reef. The settlement
distribution function is then:

F = 1—exp(—%j (17)

Taking a specific case of the above equation, we ex-
pect 90 % of the larvae to settle in a distance equal to:

X = u?log(lO) (18)

Using the rate of larval transport into the reef calcu-
lated for measured parameters of larval behavior, flow,
and inducer fields in the flume, we predicted that 90 %
of the larvae should settle in the first 7.3 m of the coral
reef. However, this is a rough estimate because we
neglected changes in the inducer field and turbulence
that probably occur at the upstream edge of the reef as
well as possible replenishment of larvae via mixing
from higher regions of the water column. The latter
was a reasonable approximation for reefs we studied in
Kaneohe Bay, where height of the water column above
reefs was often <0.5 m. Our rough estimate suggests
that most settlement of Phestilla sibogae larvae should
occur in the upstream (seaward) region of a reef.

DISCUSSION

Our individual-based model of larvae in the water
column in turbulent, wave-driven water flow shows
that the larval behavior of sinking in response to dis-
solved settlement cue can increase the rate of larval
transport to the substratum. We found that, on the
scale of centimeters to millimeters, physical processes
and larval behavior both affect the transport of larvae
to the bottom.

Fine-scale distribution of chemical cues in the water

The instantaneous spatial distribution of a dissolved
chemical cue released from the substratum and mixed
into turbulent flowing water is filamentous if measured
on the spatial scale of microscopic organisms like
larvae. Therefore, as larvae move through the water,
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they encounter pulses of high cue concentration inter-
spersed with patches of low or no cue. Earlier analyses
of effects of dissolved inducers from the benthos on
larval transport to the bottom assumed a constant,
smooth concentration gradient (see ‘Introduction’).
While such models are not appropriate for exploring
the consequences of processes on the fine spatial and
temporal scales relevant to individual larvae, we found
that using the simplifying assumption of a smooth con-
centration gradient to calculate larval transport rates
produces overestimates of 15% or less (depending on
inducer threshold concentration to trigger larval sink-
ing). Our results counter the suggestion of Crisp &
Meadows (1962) that larvae are too small to detect and
use for navigation a concentration gradient of dis-
solved settlement cue. We found that there is a gradi-
ent in the number of filaments of inducer encountered
per unit time by larvae as a function of their height
above the substratum, and that their rapid response of
sinking when in those filaments enhances their trans-
port to the bottom. Furthermore, we found that, even if
we assume a continuous concentration of inducer, a
sinking response to local inducer concentration above
threshold can enhance larval transport to the sub-
stratum without requiring that each larva sense a
concentration gradient across the width of its body.

Larval transport in turbulent, wave-driven flow

Many studies of larval settlement assumed that
larvae are transported like passive particles in the ben-
thic boundary layer (e.g. Hannan 1984, Butman 1987).
We found that assuming that larvae sink continuously
like passive particles leads to over-estimation of trans-
port rates for larvae such as those of Phestilla sibogae
that sink only while in inducer above threshold con-
centration. Eckman et al. (1994) calculated that a steep
increase in the downward velocity of larvae as they
near the bottom (as might occur in response to chemi-
cal cues in water along the substratum) enhances set-
tlement rate, and Finelli & Wethey (2003) observed
such behavior in oyster larvae. Similarly, our model
showed that sinking responses to dissolved settlement
inducer, even by small, weakly swimming, slow-sink-
ing microscopic larvae, can increase their transport
rate to the substratum in turbulent, wave-driven flow.

High turbulence should increase the rate of larval
transport to the substratum for several reasons. Like
earlier models (e.g. Eckman 1990, Gross et al. 1992),
our calculations showed that simply increasing the ver-
tical stirring of the larvae-carrying water by raising the
turbulence could enhance the rate of transport of
larvae to the substratum. We have not included those
calculations in this paper, however, because we did not

have PLIF videos of the dispersion of the inducer field
at high turbulence, which would have affected when
larvae sank or swam. Sinking in high shear, as Fuchs
et al. (2004) observed for snail veliger larvae, should
further increase transport rates to the substratum in
high turbulence. In addition, a synergistic interaction
between larval responses to simultaneous exposure to
inducer and to shear might affect their movement
towards the substratum. Since both the frequency
of encounters with inducer filaments and the local
shear increase as larvae near the substratum, the
quantitative effect on larval transport rates of a sinking
response to shear should depend on the threshold
values of shear and of inducer required to stimulate
sinking. We did not include a sinking response by
larvae to high local shear in the present analysis be-
cause the behavior of P. sibogae in high shear is not yet
known.

In the orbital motion of wave-driven flow character-
istic of shallow coastal sites, both larvae and dissolved
cues from the benthos are carried back-and-forth
rapidly, but are transported slowly across the habitat
(e.g. Koehl & Powell 1994). In waves, larvae have more
time over a patch of inducer-releasing substratum than
they would in a unidirectional current moving at the
same peak velocity. Our model predicts that most of
the larvae in the water slowly advecting across a
shallow reef in wave-driven flow should be trans-
ported into the upstream portion of the reef. Field ob-
servations on patch reefs in Kaneohe Bay, Hawaii, are
consistent with this prediction: more larval mimics (par-
ticles with sinking velocities like competent Phestilla
sibogae larvae responding to inducer) released up-
stream (seaward) of reefs landed on seaward regions
of the reefs than on downstream backreef areas, and
recruitment of P. sibogae was heavier on upstream
than on downstream parts of reefs (Hadfield et al. 2007).

While earlier models of larval settlement have dealt
with solid substrata (Eckman 1990, Gross et al. 1992,
Eckman et al. 1994, McNair et al. 1997, McNair 2000),
we considered a porous substratum (branching coral)
through which water flows. Studies of flow through
branching corals in the field (e.g. Koehl & Hadfield
2004, M. A. R. Koehl & T. Cooper unpubl. data) and in
laboratory flumes (e.g. Chamberlain & Graus 1975,
Reidenbach 2004) have shown that water flows verti-
cally into and out of the spaces within a reef, with slow
(generally <1 cm s7!) net flow upwards over convex
coral heads and downwards in depressions. Since our
model showed that net vertical flow up out of a reef
reduces or stops larval transport to the reef, whereas
net vertical flow downwards increases the transport,
we predict that settlement of larvae on coral reefs
should be spatially patchy on the scale of <1 m,
depending on the local reef topography.
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Aspects of behavior affecting transport

Several aspects of larval behavior have large effects
on larval transport to the substratum. For example, the
sensitivity of larvae to inducer (threshold concentration
to stimulate sinking) has a substantial, non-linear
effect on transport rate. The inducer threshold of
larvae of Phestilla sibogae (Hadfield & Paul 2001) is in
the range where changes in sensitivity have a large
effect on settlement rate. The responsivity of larvae to
inducer (percentage of inducer filaments encountered
that elicit sinking) also has a large, but linear, effect on
transport rate to the substratum. Increases in larval
sinking velocity raise transport rates to the bottom, as
do increases in swimming speed for the case where
those larvae in inducer-free water swim isotropically in
all directions.

In contrast, the lag times for larvae to initiate sinking
after encountering a filament of inducer, or to resume
swimming after exiting a filament into inducer-free
water, have minor effects on the rate of transport of
larvae to the substratum. We explored a range of lag
times up to 3 times greater than those measured for
Phestilla sibogae larvae, but did not consider lag times
so long that larvae would have entered the next fila-
ment before reacting to the previous one. This result
suggests that although larvae with short lag times sink
in response to filaments more frequently, these addi-
tional responses are also of short duration and thus
have relatively little effect on the transport rate. That
lag time has only a small effect on transport rate sup-
ports our simplifying assumptions that larvae reach
terminal velocity as soon as they start sinking, and that
larvae attain their swimming speed as soon as they
commence beating their velar cilia. Therefore, these
assumptions should have little effect on our conclusions.

The behavior of competent larvae of Phestilla sibo-
gae differs from that of precompetent larvae. For
example, precompetent larvae swim towards the light
(upwards), whereas competent larvae do not show
this positive phototaxis (Miller & Hadfield 1986). Our
model predicts that upwards swimming substantially
reduces larval transport to the substratum, thereby
enhancing the ability of precompetent larvae to be
carried away from the reef where they hatched. Fur-
thermore, although precompetent larvae retract their
swimming organs briefly upon encountering inducer
filaments, they quickly resume swimming while still in
inducer (Hadfield & Koehl 2004). Since the proportion
of a larva's time spent sinking downwards has a large
effect on its transport to the substratum, precompetent
larvae should be less likely to be carried into the reef
than competent larvae. Thus, the ontogenetic changes
in behavior of the larvae of P. sibogae should improve
chances for escape of precompetent larvae from their

parent reefs, thereby enhancing their transport to new
sites, and should lead to the settlement of competent
larvae in suitable habitats on reefs releasing cue from
Porites compressa.

Limitations of our model

In our model, we used matched spatially and tempo-
rally varying turbulence and inducer fields that were
measured under the same flow conditions in a flume,
but that were not recorded simultaneously. Although
we matched the advection of larvae to the advection of
the inducer field for both the current and the waves,
our approximation of turbulence might have increased
the variance in inducer encountered by a larva (as
explained in '‘Materials and methods'). We used sev-
eral approaches to assess the consequences of this
approximation of turbulence. Roughly as many larvae
should be moved out of inducer filaments as are moved
into inducer filaments due to our model artifact. There-
fore, if larvae respond rapidly to inducer, the net effect
of our approximation on the rate of transport to the
substratum of a population of larvae in the water col-
umn should be small. Our finding that entrance and
exit lag times had little effect on the transport rate of
larvae to the reef suggests that our model should be
robust to small increases in inducer variation. We also
examined an extreme case of decoupling the inducer
and velocity field to suggest an upper bound on
the magnitude of the error introduced by not having
simultaneous PLIF and ADV measurements. When the
model was run with a constant, smooth inducer field
rather than with a time-varying filamentous inducer
field, we found an increase of <15% on the transport
rate (Fig. 3C). Although we expect that the error re-
sulting from not having simultaneous measurements of
the velocity and scalar fields is small, an interesting
area for future research would be individual-based
modeling of the trajectories of microscopic organisms
such as larvae in simultaneously measured instanta-
neous fine-scale velocity fields that carry them and
chemical fields that affect their behavior.

Our model was 2-dimensional; thus, we assumed
that larvae only move in the plane we analyzed (i.e. in
the streamwise and vertical directions). However,
larvae can swim in any direction, and both larvae
and inducer can be moved into and out of the plane we
are analyzing by turbulence, which is 3-dimensional.
Therefore, a real larva moving in 3 dimensions might
have a different probability of encountering an inducer
filament than our 2-dimensional model predicts. Our
ADYV measurements of flow over the reef in the flume
showed that the turbulence mixing term in the vertical
plane that we modeled (u'w') was about 4 times
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greater than in the horizontal plane (u'v') (Reidenbach
2004). Although vertical mixing was dominant in the
flow conditions we modeled, our estimates of larval
transport rates to the bottom could be affected if real
larvae moving in 3 dimensions have a different proba-
bility of encountering inducer (and therefore of sinking)
or exiting an inducer filament (and therefore of ceasing
to sink) than our 2-dimensional model predicts.

Our model is the first step towards coupling be-
havioral algorithms in an individual-based model with
instantaneous flow and scalar-concentration data re-
corded on the fine spatial and temporal scales relevant
to individual microscopic organisms. We used measure-
ments of time-varying, fine-scale distributions of dis-
solved substances released by a model reef in a flume
in which one set of wave conditions measured in the
field were mimicked (Reidenbach 2004). When data be-
come available, future studies should explore the con-
sequences to larval transport of different flow condi-
tions. For example, we considered wave-driven flow
like that measured in the field, whereas in uni-
directional currents larvae and inducers would have
shorter residence times over a patch of habitat, and the
filaments of inducer in the water would tend to be nar-
rower, lower in concentration, and closer to the bottom
than they are in waves (reviewed in Koehl 2006). Simi-
larly, we did not vary the fine-scale spatial distribution
of cue for a range of intermediate values of turbulence
in our model because such PLIF data for Porites com-
pressa reefs are not available. Greater turbulence
should mix chemicals released from the substratum
higher into the water column and create finer filament
structure (e.g. Koehl 2006). Future models might ex-
plore larval transport for a range of turbulence intensi-
ties and for different frequency spectra of velocity fluc-
tuations (e.g. larger scales of turbulence occur in nature
than can be produced in a flume). Our model assumed a
uniform net vertical flow over the entire reef, whereas
real reefs have a patchy distribution (on spatial scales of
~1 m) of net upward and downward flow (M. A. R.
Koehl & T. Cooper unpubl. data). Furthermore, we
studied only a rigid, rough, porous substratum (coral
reef), but it would be interesting to investigate the ef-
fects of different types of substrata (e.g. porous versus
solid substrata of different roughness, flexible macro-
phyte versus rigid coral canopies of different densities).
In addition, future research should focus on the conse-
quences of inducer distribution and larval transport of
larger patches of inducer-releasing substratum up-
stream from the portion of the bottom being modeled.
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Appendix 1. Turbulence model correction term from Hunter et al. (1993) is negligible in our study

Modeling turbulence as a simple stochastic process when
there is a spatial gradient in turbulence can produce an arti-
fact in calculations of particle transport wherein non-physical
migration of particles into areas of low variance occurs (e.g.
Hunter et al. 1993, Visser 1997, Yamazaki et al. 2002). Here
we show that the correction term for this artefact suggested
by Hunter et al. (1993) is negligible for our model. We use
the following Lagrangian equation of motion that calls the
‘naive’ model, which we express in terms of standard devia-
tion (rather than diffusion coefficient used by Hunter et al.
1993) to be consistent with the rest of this paper:

Zns1 = Zp + U0t + po,Ot (A1)

where z, is the height above the coral at the nth iteration, u,
is the vertical advection velocity, 8tis the duration of a time
step, p is a random number with mean zero and a standard
deviation of 1. Hunter et al. (1993) suggest the following cor-
rection to compensate for bias introduced by a gradient in
turbulent diffusion:

Zns1 = 2y + V8L + pG, 8t + 3 (3120, 6,%) (A2)

We assumed that the variance is proportional to height
above the coral. From Eq. (11), we find that this correction is
equal to a constant downwards velocity of about 0.001 cm
5!, which is less than 1% of the larval sinking velocity.
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