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Abstract

Animal movement was quantitatively investigated with computer simulation modeling
and the analysis of animal-borne tagging data. Larval transport was simulated using
advection-diffusion models driven by a variety of current fields. Seasonal, interannual,
and spatial correlates of larval transport and retention were explored, as well as the
effect of pelagic larval duration (PLD), using generalized additive modeling (GAM)
analyses. Diel vertical migration (DVM) was simulated using layered current fields,
and the effect on horizontal transport was examined over a range of PLDs, spawning
locations, and spawning times. DVM was found to robustly facilitate natal retention in
the simulations, using GAM analyses. Biogeographic transport routes linking Johnston
Atoll and the Hawaiian Archipelago were elucidated using high-resolution current data
and advection-diffusion models. The hypothesized transport routes were consistent with
existing field survey data and genetic analyses. This connectivity has implications for
both population maintenance and biogeographic affinities. Archipelagic connectivity
was determined for all pairs of geographic strata in the region, and a simple
metapopulation model was developed which was driven by the modeled linkages.
Additionally, the flow fields used for the Johnston Atoll analysis and the archipelagic
connectivity analysis were ground truthed with a drifter buoy database and found to be
in good agreement. Conventional tags deployed on a deepwater snapper were examined
to determine adult movement dynamics. Comparison to a simple model of swimming
behavior suggested that biphasic swimming may be the characteristic swimming pattern
for this species. Electronic tags deployed on sea turtles were used to characterize
pelagic habitat in the North Pacific, using a suite of oceanographic and environmental
data merged to the satellite tracks. Most of the analyses involved examination of a

variety of remotely-sensed, modeled, or surveyed environmental data.
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Chapter 1. Introduction

1.1 Dispersal of organisms: significance and difficulties

One fundamental determinant of an organism’s role in populations, communities, and
ecosystems is simply their physical placement in the environment (Andrewartha and
Birch, 1954). The movement of organisms in this environment over a range of many
spatial scales is often a critical aspect of their life history. For example, movement is a
key element of gene exchange, disease transmission, and metapopulation connectivity;
and is especially relevant to the effective management of harvested stocks since
localized depletion of widely dispersing organisms is important to differentiate from
overharvesting of organisms over their entire distribution. Population replenishment via
connectivity of separated adult stocks (e.g., Roberts, 1997) or, alternatively, lack of
such connectivity (e.g., Cowen et al., 2000; Jones et al., 2005; Almany et al., 2007) is
vitally important to understand in the context of species inhabiting complex spatial
mosaics in a dynamic environment (Sale and Kritzer, 2003). Over longer time scales,
biogeographic dispersal and evolution in the marine environment is linked to the
movement (both dispersal and retention) of different phases of the life-history. The
geographic distribution of species has been contentiously debated for many years, with
proponents of vicariance biogeography suggesting that habitat fragmentation and
subsequent evolution of geographically isolated clades are more important towards
understanding observed patterns of distribution and abundance (e.g., Carpenter and
Springer, 2005), while proponents of dispersal biogeography suggest that dispersive
events of an organism outside of its normal range and subsequent adaptive radiation are
more important towards understanding observed patterns of distribution and abundance

(e.g., Rosenblatt and Waples, 1986). Marine biogeographic patterns are likely a product



of both vicariance and dispersal events (Paulay and Meyer, 2002), since these processes
are merely endpoints of a continuum and not a dichotomy. Movement of individual
organisms remains a vitally important aspect in the life-history of organisms in either
framework of biogeographic study, especially for marine organisms considering such
hypotheses as the ‘surface circulation vicariance’ mechanism put forth by Veron (1995)
to explain biogeographic patterns in coral species. This hypothesis suggests that ocean
currents underlie many observed patterns of distribution and abundance in the marine
ecosystem, whereby this physical transport mechanism is thought to drive evolution
(termed reticulated evolution) more so than biological mechanisms are thought to drive
natural selection. This is a contentious point, but serves to underscore the importance of
studying the movement, both passive and active, of marine organisms residing within a

fluid environment.

The movement of organisms is often problematic for human study. The organisms in
question may be too small to see or may inhabit areas that are difficult to visually
assess by an observer, or the movements may be temporally episodic and therefore
unpredictable and difficult to directly observe. For many marine organisms, nearly all
of these constraints apply, hindering our understanding of movement dynamics. Small
planktonic organisms inhabit the open water and are difficult to enumerate, capture, and
even identify in many cases. Larger marine fauna may inhabit deeper water or the open
ocean where direct observation is either difficult or interferes with the normal behavior
of the organism. Similarly, movement pertaining to migration, reproduction, and
foraging may be difficult to predict and observe until the temporal dynamics are well
understood. This thesis presents the application of two very different yet

complementary methodologies for understanding movement dynamics in marine



organisms. Firstly, computer simulation modeling is shown to be a useful technique to
address many movement questions involving pelagic, planktonic organisms. Secondly,
utilization of tags, both conventional and electronic, is shown to be a useful technique

to address many movement questions involving larger, mobile organisms in the marine

environment. The rationale for using these techniques will be briefly developed.

Plankton and other small pelagic organisms in the marine environment are notoriously
difficult to sample quantitatively. Most survey approaches, whether based on visual
surveys, nets, traps, cameras, or acoustics are prone to various biases due to gear
selectivity, visibility, organism behavior, and other factors which affect the rate of
capture or ability to enumerate on a species-specific basis. Most planktonic organisms
which are entirely planktonic throughout their life history, termed holoplankton, are
relatively well-identified. However, the subset of planktonic organisms which are
composed of the early life history stages of larger demersal or pelagic organisms,
termed meroplankton, are very difficult to identify to species in most regions of the
world, particularly in the tropics where there is relatively higher diversity. Many of
these meroplanktonic larval forms are extremely rare due to temporally and spatially
discrete spawning events, widespread dispersal/dilution, and generally lower abundance
of individual species within a diverse ecosystem. This compounded effect of extreme
rarity, difficulty of capture, and identification problem poses a unique challenge for
researchers attempting to understand pelagic ecology of these meroplanktonic life
history stages. For certain taxa (slow-moving, robust, abundant), plankton nets are an
adequate sampling device, and rigorous field sampling programs built around these

tools have yielded much useful ecological insights (Beaugrand et al., 2002; 2003; Hays



et al., 2001; 2005). For other taxa (not slow-moving, not robust, or not abundant),

impediments remain in their quantitative sampling.

For example, in Hawaii two widely-cited studies are Leis and Miller (1976), and Lobel
and Robinson (1988). Both of these studies were attempting to document important
oceanographic impacts on larval fish transport, yet were severely hampered by
sampling difficulties as pointed out by Clarke (1991). Leis and Miller (1976) attempted
to show how larvae were distributed horizontally from shore as a function of whether
they originated from demersal or pelagic eggs. This was essentially a very early meta-
analysis combining the results from several independent plankton surveys. There was a
correspondingly heterogeneous mixture of survey locations (different sides of islands),
years (1969, 1971-1973), seasons (poor monthly coverage), times (some day only,
some night only, some both), sampling gear (mix of 1m, 3m plankton nets and
midwater trawl), depths (some surface, some oblique), and sample sizes (few hundred
cubic meters to few thousand cubic meters). Due to the unstandardized and inadequate
sampling, the results were presented on a relative basis as percent of total larvae along a
nearshore to offshore gradient. Lacking absolute abundance estimates, the initial
conclusion that larvae of pelagic spawners are more abundant offshore while larvae of
demersal spawners are more abundant nearshore is poorly supported, and the entire
pattern is apparently driven by the distributional patterns of only a few abundant
species of one spawning type (Clarke, 1991). Lobel and Robinson (1988) attempted to
show how larval fish were more abundant in certain portions of mesoscale eddies.
Despite the likely importance of eddies on larval transport, the inadequate survey gear

and small sample sizes of this study preclude any type of conclusion (Clarke, 1991),



especially when it is seen that over half of their larval density estimates presented are

based on single captures of specimens per sampling station.

Physical sampling of pelagic larvae may be intractable in many situations. Typical
towed plankton sampling gear is often inadequate for quantification of larval fish
abundance. Notable attempts have been made, however. For example, in Hawaii it is
worth mentioning two relatively recent, large-scale, field sampling programs which
attempted to quantify spatial and temporal patterns of larval fish abundance around the
archipelago, using state-of-the-art towed sampling gear in offshore regions. Both
studies were driven by the need for scientific information on the meroplanktonic larval
forms of demersal, insular species such as coral reef fishes and the commercially
important bottomfish species complex (various snappers, jacks, and a grouper). The
first study was a series of oblique (0-325m depths) Issacs-Kidd midwater trawl and
bongo net samples taken around Oahu in 1977-1978 on 14 research vessel cruises
(Clarke, 1991). This survey was targeted towards older larvae using larger gear with
coarse-mesh nets. The second study was an extensive set of horizontally and vertically
stratified (0-200m depths) samples with an opening-closing MOCNESS net system and
a Manta neuston net in 1985-1986 around Oahu on 4 research vessel cruises (Boehlert
and Mundy, 1996). This survey was targeted towards younger larvae using smaller
gear and fine-mesh nets. The findings of these published studies are not widely known
and are not readily available online or in most libraries, hence their mention and
summary here (Table 1.1). Both studies, which required months of ship time and many
years of sample processing, demonstrated that the extreme rarity of larvae of demersal,
insular fish species, coupled with obvious problems in avoidance of the sampling gear

by larger larvae and extrusion through the net meshes by smaller larvae, was an overall



severe impediment to understanding their pelagic distributions. Only 14 species of
nearshore fish were captured and identified to species by both studies, among the
thousands of specimens and hundreds of types. Median densities of older and younger
larvae of these 14 nearshore species were 0.0089 and 0.3125 per 1000 cubic meters,
respectively, suggesting surveys on the order of 5.13X and 1.07X the original survey
effort would have been required for quantifying a snapshot distribution of a typical
species in this region (i.e., to capture ~100 individuals of the median abundance species
at any one point in time and space). Expanding this to include some rudimentary
seasonal and/or spatial coverage would tremendously magnify the requisite sampling
effort. Given the present estimated species count at 451 “shore fish” species in the
Hawaiian Archipelago (Mundy, 2006), it is apparent that many more surveys, and
much improved larval identifications are needed to fully understand larval ecology in
an ecosystem context, using traditional field sampling methods. This discourse is not
intended to argue that field sampling is futile, but clearly other technologies must be
developed to replace towed nets for the efficient quantification of larval distributions,
preferably using non-lethal approaches. Light traps (Doherty, 1987) and crest nets
(Dufour and Galzin, 1993) can be very effective for particular species/stages/regions of
study, but both are primarily nearshore in application for the interception of late-stage
larvae as they settle. A relatively new technology with much promise for efficient open
ocean surveys is the use of a towed high-resolution imaging system such as the ISIIS

(Cowen and Guigand, 2008).



Table 1.1 — Summary of Clarke (1991) and Boehlert and Mundy (1996)
ichthyoplankton surveys around the Hawaiian Islands. Larval catch statistics are
presented for species which were captured and identified in both surveys. Target
sampling volumes are presented for a “typical” species using the median catch
statistics. For perspective, volumes are also presented in OSSP' and Sydharb2

units.

Description

Clarke (1991)

Boehlert & Mundy (1993)

Sampling gear used

Dates of survey
Location of survey
Number of cruises

Number of days

Number of tows

Depths sampled

Volume filtered (m3)
Volume equivalency in OSSP units

Volume equivalency in Sydharb2 units

3m Isaacs-Kidd midwater trawl,
125cm bongo nets, 70cm bongo
nets
1977-1978
Leeward Oahu
14
28
140
0-325m
2202324
881

1/227

1m MOCNESS and 70cm Manta
neuston net

1985-1986
Windward & Leeward Oahu
4
40
520
0-200m
299174
120

1/1671

Species

Total number captured and
number per 1000m’ in Clarke

Total number captured and
number per 1000m’ in Boehlert

Volume target equivalency relative to entire
original survey

5.13X original volume

" OSSP = volume of Olympic sized swimming pool N2,500m3
% Sydharb = volume of Sydney Harbour ~500,000,000m’

(1991) & Mundy (1993)
Aprion virescens 9 (0.0041) 206 (0.6886)
Asterropteryx semipunctatus 3(0.0014) 4710 (15.7433)
Brotula multibarbata 16 (0.0073) 2 (0.0067)
Crystallodytes cookei 4(0.0018) 97 (0.3242)
Dendrochirus barberi 5(0.0023) 2 (0.0067)
Eleotris sandwicensis 90 (0.0409) 90 (0.3008)
Eviota epiphanes 33 (0.0150) 54853 (183.3482)
Glossanodon struhsakeri 2 (0.0009) 2 (0.0067)
Gunnellichthys curiosus 29 (0.0132) 74 (0.2473)
Limnichthys donaldsoni 1 (0.0005) 337 (1.1264)
Luzonichthys earlei 260 (0.1181) 35(0.1170)
Parapercis schauinslandi 521 (0.2366) 412 (1.3771)
Pseudojuloides cerasinus 149 (0.0677) 18 (0.0602)
Trachinocephalus myops 23 (0.0104) 629 (2.1025)
Metrics for sampling "typical" species Clarke (1991) Boehlert & Mundy (1993)
Median number per 1000m’ 0.0089 0.3125
Volume target for n=100 (m") 11293969 319972
Volume target equivalency in OSSP" units 4518 128
Volume target equivalency in Sydharb” units 1/44 1/1562

1.07X original volume




Movement patterns of larger marine organisms also pose unique challenges to
researchers. Direct observation is not always practical, and there may be unknown
observer effects on normal behavior. Indirect methods to reconstruct movement are
appealing since they do not interfere with the organism prior to sampling. This would
include methodologies such as genetic fingerprinting (Raybould et al., 2002),
examination of trace element/stable isotope deposition (Rubenstein and Hobson, 2004),
and use of parasites to backtrack locations (Olson and Pratt, 1973). The drawbacks of
these approaches are that they are costly, time-consuming, require sophisticated
laboratory support and statistical analysis, and usually require an already dead
specimen or the sacrifice of a live specimen. The latter concern is very relevant to the
increasing number of species with some manner of conservation and/or protection
status (e.g., collection of a large number of otoliths for elemental composition from an
endangered species would be nearly impossible). In-situ video and passive listening
devices may be useful to discern movement patterns; however, the requisite
identification of individuals may be problematic. An array of passive listening devices
coupled with acoustic tagging offers to yield much insight into movement patterns of
large organisms (Klimley et al., 1998); however, this requires some prior knowledge of
where the individuals will likely relocate. Passive listening devices for target species
vocalizations may also assist in this regard if, for example, fish vocalizations could be
identified to individuals as is possible in other taxa (Gilbert et al., 1994; Yin and
McCowan, 2004). Computer simulation of adult movement is also a practical approach,
but the models are difficult to parameterize without some actual data on movement.
Active swimming is likely to be more important for larger organisms, in contrast to

possibly more reliance on passive drifting with ocean currents for smaller organisms.



Despite being larger and seemingly easier to observe, the movement of large marine

organisms is not easily quantified using simple, historical methodology.

Marine organisms which inhabit deep water and the open ocean present many of the
above challenges to researchers studying their movement. For example, sea turtle
hatchlings which leave the nesting beaches spend many years of their juvenile and
subadult lives in the open ocean where there is virtually nothing known about them
(Dodd, 1988). Coastal foraging and reproductive behavior near the nesting beaches are
well understood; however, the logistics of surveying the offshore regions has hampered
understanding of this portion of the life history. Deepwater demersal fishes which
inhabit the deep slopes near islands or continents are often assumed to be relatively
sedentary and unable or unwilling to cross deep channels separating areas of preferred
habitat. This assumption has widespread implications for population dynamics,
fisheries management, and conservation; yet this assumption is rarely confirmed
because of the difficulty of monitoring individual fish which reside at depths beyond
the reach of direct observation. The difficulties are only slightly moderated at shallower
depths. Movement of individual fishes on and between coral reefs is also not well
understood, but some data indicate that post-settlement movement between patch reefs
can occur (Frederick, 1997; Johannes, 1981; Samoilys, 1997). This further emphasizes
the need to study population-wide patterns of movement at all life-history stages.
SCUBA, submersibles, and remote cameras are useful for casual observation but can be
problematic for quantitative assessment of abundance or movement of individuals over

large time and space scales.



1.2 Methodologies to study movement

Many types of computer simulation approaches are available for modeling organism
movement. One particular approach based on individual trajectories is called
Lagrangian modeling. This approach is very amenable to modeling individual organism
movement because it is based on individual particle dynamics and not, for example,
based on bulk, mass-transfer approaches which blur the distinction between individual
behaviors and average, net fluxes across arbitrary boundaries. Lagrangian modeling
principally arose as a tool to study drifter buoys deployed in the open ocean, but has
since become a useful multidisciplinary methodology amenable to a variety of
applications (Olson et al., 2001). Lagrangian modeling in marine biology has proven
useful for reconstructing long-distance animal movements and migrations in the open
ocean (e.g., Hays and Marsh, 1997; Kettle and Haines, 2006). Many applications of

Lagrangian modeling will be explored in subsequent chapters of this thesis.

Models of larval dispersal may implicitly incorporate larval swimming behavior. Most
of this thesis will focus on approaches examining passive transport of presumed eggs
and larvae. This was done for several reasons. Firstly, the eggs and early stage
(preflexion) fish larvae are almost assuredly passive, as are many invertebrate larvae
for their entire duration. It is apparent from the literature that some, perhaps many, late
stage fish larvae can be very good swimmers (Leis, 2007); however, it is unclear
exactly how prevalent this is, as some late stage fish larvae do not swim as much and
are more “floaters” and “drifters” (e.g., Hogan and Mora, 2005). Secondly, it is not
clear which cues are generally being used by the swimming larvae and what the limits
of sensory detection are, making parameterization very speculative. For example, the

detection radius will be very differently shaped depending on whether an auditory,
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olfactory, visual, geomagnetic, etc. type of cue is assumed. While some older larvae
can swim very well, it is not clear at all how much is random movement (hence, just
another component of diffusivity) versus directional movement via some type of
navigation, particularly in open ocean settings. Thirdly, there is also abundant literature
on episodic settlement, interannual variability, and other important temporal variations.
Much of this is clearly due to supply of larvae, i.e., a water mass with competent larvae
is in the correct place at the correct time. At other times either the larvae were not
physically in that water mass (advected elsewhere) or they have undergone mortality
via starvation, predation, or some other process. It is conceivable that larvae may orient
to and swim to the correct water mass, but without data to parameterize this process it
can become very speculative and the results will be driven by the assumed behavior. I
chose to concentrate on Lagrangian modeling of physical transport and habitat quality
from an oceanographic perspective, and simply assume that behavioral processes of
some type occur at the end of the larval duration if the propagules are within a certain
symmetrical radius of the target site. The results presented in this thesis can be built
upon as more becomes known about larval behavior (Leis, 2007), rather than be

invalidated by the inadvertent choice of the wrong behavioral parameterizations.

The utilization of animal-borne tags is a very old methodology started in the 1800’s and
continuing today with various evolutions in tagging technology. Conventional tags
consisting of a simple external marker on the organism remains a useful technique, as
well as more elaborate, electronic tags which have the ability to geo-locate from
satellites or other listening stations, as well as monitor depth, time, temperature, and a
suite of other environmental conditions. Some tags even monitor feeding events,

swimming, orientation behavior, and physiology. Some of the most data-rich tags are
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animal-borne video cameras such as Crittercam™ (Marshall, 1998). In addition to the
simple external markers, there are internal techniques as well such as, for example,
microscopic coded wire tags, chemical marking, and dyes. Most of the external and
internal techniques are simple enough to facilitate mass markings of individual
organisms. With advents in tagging technology, and the lower costs of deployment and
monitoring, many previously intractable problems in animal movement are now within
reach of scientific study using a spectrum of low-technology to high-technology

methodologies.

1.3 Conservation issues

Different methodologies to study movement require different input materials. Some of
the more technologically advanced approaches may require samples of bones or fresh
tissue necessitating the sacrifice of specimens. As mentioned earlier, in many instances
this may be unacceptable due to conservation status, permit issues, or capture
difficulties. Techniques which can use sloughings, natural carcasses, or biopsy samples
may become more popular in elemental and genetic analyses. Sophisticated
instrumentation attached to animals may also come under increased scrutiny as animal
rights activism becomes more widespread. Inevitably, even seemingly innocuous
activities such as plankton sampling, acoustic surveys, visual surveys, etc. may become
excessively regulated. Extractive techniques, even when partnered with commercial
harvesting activities, are problematic when dealing with regulated areas, seasons, or
species. In many marine protected areas (MPAs) there are difficulties in acquiring
scientific access to survey target species. The actual collection of specimens requires
even more extraordinary measures, particularly with managed, protected, or endangered
species. Nonextractive, nonintrusive, and nonlethal approaches are favored for future
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development and use. Additionally, methods which can forecast movement may
facilitate targeted studies promoting more efficient use of scientific resources as well as
minimize impact to the environment (e.g., temporally and spatially targeted larval
surveys to minimize ship time needed, and to reduce associated environmental
impacts). Data on organism movement can be used to parameterize easy-to-use tools to
assist resource managers (e.g., Condie et al., 2005), particularly for the design and
evaluation of MPAs (Botsford et al., 2003). Clearly, there is a need for improving and
using methodologies to study organism movement which minimizes the impact to all
aspects of the ecosystem. Two such approaches, computer simulation modeling and
animal-borne tags will be the tools of choice in the applications presented in subsequent

chapters of this thesis.

1.4 Statistical analyses and modeling

Generalized additive modeling (GAM) will be used throughout this study in addition to
conventional statistics. GAM is a relatively new statistical technique which is
particularly amenable to situations in which the underlying predictor variables are
related to the response variable in patterns which may be complex and nonlinear
(Hastie and Tibshirani, 1990). GAM is a nonparametric technique which offers much
flexibility in handling a diverse suite of continuous and categorical variables for
exploratory, explanatory, and predictive modeling. Chapter 7 also makes extensive use

of another nonparametric technique called the Kolmogorov-Smirnov test.

Most of the simulation modeling performed in this study is written in the computer
languages Xbasic or QuickBasic. Both of these languages offer very straightforward

syntax and structure, and run very efficiently on a desktop or laptop computer system
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within the Windows operating system environment. They also allow extensive
graphical displays of real-time progress during execution of the simulations in GIS-type
format. This feature is particularly useful for observing transitional stages of
simulations, and as well as for debugging faulty code. Both languages also support
very large multidimensional arrays, which are necessary when dealing with very large
spatial grids in time-series fashion; for example, most of the variables examined in this
study are in 3 dimensions (latitude X longitude X time). Depth could potentially add a
fourth dimension to certain datasets, and these complex data structures are easily
accommodated for instant indexing to desired values of the environmental data arrays
stored within memory. In Chapter 6, the QuickBasic code was also used to perform a

large number of nonlinear regression minimizations in batch mode.

1.5 Target species

Each of the chapters of this thesis pertains to different marine organisms found around
the Hawaiian Archipelago. Chapters 2 and 5 relate to a general suite of insular
organisms with pelagic larvae. Chapter 3 relates to insular organisms with vertically
migrating pelagic larvae. It is presently unknown how prevalent this phenomenon is,
but anecdotal evidence suggests that many species exhibit some aspect of vertical
migration. Chapter 4 relates primarily to insular marine species which have colonized
the Hawaiian Archipelago using Johnston Atoll as a biogeographic stepping stone, or to
species which may rely on this linkage for present day population maintenance.
Chapter 6 is focused upon the deepwater benthic snapper opakapaka, Pristipomoides
filamentosus, and its movement dynamics around the lower portion of the Hawaiian
Archipelago. Chapter 7 is focused upon the pelagic juvenile stage of the loggerhead sea
turtle, Caretta caretta, and its movement dynamics across the entire North Pacific
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basin. These organisms and some brief description of their life history and other
pertinent information are found in Table 1.2. It should be noted that PLDs in Hawaiian
species are relatively poorly known, hence the presentation of familial proxies for

reference.
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Table 1.2 — Summary of target organisms addressed in this thesis, their relevant
characteristics, challenges to researchers, and description of solutions explored in

this thesis.

Taxa

Key life history characteristics

Challenges to researchers

Solutions explored in this thesis

Insular species of the
Hawaiian Archipelago
with pelagic larvae

Adult life history stages are geographically
separated and primarily nondispersive. A
larval form is spawned which resides in the
oceanic environment during the pelagic larval
duration (PLD) prior to settlement and
recruitment. A wide range of PLDs occurs
across taxa, some example familial PLDs
(minimum-maximum, sample size, and
references):

PLD=13-35 days: damselfishes (n=100
species; Wellington and Victor, 1989)

PLD=21-38 days: lutjanine snappers
(n=5 species; Zapata and Herron, 2002)

PLD=26-39 days: butterflyfishes (n=3
species; Brothers et al., 1983)

PLD=27-60 days: gobies (n=10 species;
Brothers et al., 1983; Sponaugle and
Cowen, 1994)

PLD=17-104 days: wrasses (n=124
species; Victor, 1986a; Sponaugle and
Cowen, 1997; Victor and Wellington,
2000)

PLD=52-84 days: surgeonfishes (n=5
species; Randall, 1961; Brothers et al.,
1983; Rocha et al., 2002)

PLD=90 days: eteline snappers (n=1,
Leis and Lee, 1994)

PLD=36-274 days: slipper lobsters
(n=17 species; Booth et al., 2005)

PLD=152-548 days: spiny lobsters
(n=11 species; Booth and Phillips, 1994;
Polovina and Moffitt, 1995)

Unknown dispersive abilities of pelagic
larvae, unknown spatial and temporal
effects, unknown connectivity of
geographically discrete areas, unknown
importance of local retention, unknown
importance of long distance transport.

Chapters 2 and 5 examine retention,
transport, and connectivity for areas
within the Hawaiian Archipelago using
computer simulation modeling.

Insular species of the
Hawaiian Archipelago
with pelagic larvae

Insular species with pelagic larvae which
migrate vertically; this is likely all taxa to
varying extent.

Unknown effect of vertical migration on
horizontal transport, unknown
prevalence of vertical migration
behavior.

Chapter 3 examines the effect of diel
vertical migration on horizontal
transport using computer simulation
modeling and layered ocean current
field:

Insular species with
pelagic larvae
dispersing from
[Johnston Atoll to
Hawaiian Archipelago

Various taxa in the archipelago appear to have|
biogeographic linkage to Johnston Atoll,
including acroporid corals, coral pathogens,
opihi, vermetid gastropods, bonefish,
damselfish, and the Hawaiian grouper.

Unknown ability of pelagic, planktonic
propagules to disperse from Johnston
Atoll to the Hawaiian Archipelago since
the prevailing winds and currents are in
the opposite direction.

Chapter 4 examines possible routes of
pelagic transport using computer
simulation modeling with high
resolution current fields.

Pristipomoides
filamentosus in the
Main Hawaiian Islands

Opakapaka, a deepwater snapper found
throughout the Pacific inhabiting patchily
distributed pinnacles and deep slope habitats,
is a commercially important species in the
handline fishery, see eteline snappers above.

Unknown movement dynamics of the
juvenile and adult opakapaka, despite
being managed using a variety of spatial
management measures.

Chapter 6 examines the movement
dynamics of opakapaka using a database
of conventional tags with comparison to
a simple model of fish swimming
behavior.

Caretta caretta in the
North Pacific Ocean

The North Pacific stock of loggerhead sea

turtles nest in the Western Pacific, pelagic

juveniles and adults range across the entire
(North Pacific Ocean.

Unknown movement behavior of life
history stages in the open ocean.

Chapter 7 examines the movement
dynamics of loggerhead sea turtles using
a database of electronic tags coupled
with remotely sensed environmental
data.
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1.6 Goals of this study

The goals of this thesis are to demonstrate the utility of computer simulation modeling
and animal-borne tags towards understanding movement dynamics in a marine
environment. Some technical aspects of the modeling are first presented, followed by
some applications towards ecologically relevant questions. Chapter 2 reports a broad
spatial and temporal scale set of simulations to examine seasonal, interannual, and
spatial correlates of retention and transport. Chapter 3 incorporates an additional
dimension of larval behavior to examine the effects of vertical migration on horizontal
transport. These modeling results are then developed further into investigations
bridging physical connectivity with ecological connectivity. Chapter 4 presents an
application of transport modeling to address a historically intriguing question regarding
physical linkages between 2 areas in Hawaiian region, followed by Chapter 5 which
attempts a broader examination of physical linkages throughout the archipelago, with
metapopulation consequences examined. Next, 2 types of tagging data (conventional
and electronic) are presented for very different organisms, a deepwater demersal fish in
Chapter 6 and the pelagic juvenile stage of a sea turtle in Chapter 7. In these two
chapters it is shown how these types of data can be used to understand movement and
habitat usage for species and areas which are very difficult to study by conventional
means. Lastly, the results of this thesis are synthesized into an overlying theme related

to ecological connectivity over many scales and dimensions of spatial patterning.
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Chapter 2: Seasonal and interannual variability in larval
transport and oceanography in the Northwestern Hawaiian
Islands using satellite remotely sensed data and computer
simulation

Kobayashi, D. R., and Polovina, J. J. 2006. Seasonal and interannual variability in
larval transport and oceanography in the Northwestern Hawaiian Islands using satellite

remotely sensed data and computer simulation. Atoll Research Bulletin 543: 365-390.

2.1 Abstract

Larval transport and oceanographic conditions experienced by pelagic larvae in the
Northwestern Hawaiian Islands were simulated using an individual-based approach to
track daily movements in a Lagrangian modeling framework. These advection-
diffusion models were configured with 1x1 degree resolution, monthly geostrophic
currents estimated from satellite altimetry. Larval dispersal was simulated for each
month of the year from 1993-2002 for 3, 6, and 12 month larval durations. Four release
locations were evaluated, Midway Island, Maro Reef, Necker Island, and Oahu. Larval
retention was evaluated by tabulating successful simulated settlement, which was
scored based on larval proximity to release-sites after completion of the pelagic
duration. Sea surface temperature and chlorophyll concentration at each daily larval
location were tabulated utilizing similar resolution satellite remotely sensed data
products (NOAA Pathfinder AVHRR SST and SeaWiFS ocean color), and these in situ
values were integrated over the entire larval duration for each larval track. These
oceanographic variables are of critical importance in the early life history because of
their hypothesized relationships to larval growth and feeding success, both critical

determinants of larval survival and successful recruitment. The sea surface temperature
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and chlorophyll histories experienced by successfully settling larvae display strong
seasonal and interannual patterns, which were decomposed using generalized additive
models (GAMs). These patterns may be useful towards understanding episodic
recruitment events, as well as for posing hypotheses towards understanding the
mechanisms underlying spawning seasonality. These transport dynamics and
oceanographic patterns have general implications for a variety of vertebrate and

invertebrate meta-populations in the Northwestern Hawaiian Islands.

2.2 Introduction

Temporal patterns of reproduction are a widespread phenomenon in both plant and
animal ecology. Organisms can attempt to maximize their fitness by propagating at
times which are optimal for maximum reproductive output and/or enhanced survival of
their young. It is commonly thought that the latter is of more importance for highly
fecund aquatic species which broadcast their abundant young into the pelagic
environment (Johannes, 1978; Thresher, 1984). Several scales of temporal variability
may be of importance in the timing of reproduction. Diel patterns, such as spawning
near dawn or dusk, may be important to minimize predation on both the spawning
individuals and their pelagic propagules (e.g., Doherty, 1983). Lunar patterns, such as
spawning near spring tides (full and new moon) may be related to key variables which
change consistently on a monthly scale such as tidal currents and moonlight
illumination (e.g., May et al., 1979). Seasonal patterns, such as spring or summer
spawning, may be related to key variables which change consistently on an annual scale
such as currents, plankton blooms, and temperature (Johannes, 1981). Seasonality in
spawning has been well documented in a variety of Hawaiian fish and invertebrate
species (e.g., Itano, 2000; Lobel, 1989; Randall, 1961; Reese, 1968; Walsh, 1987).
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Various hypotheses have been put forth to explain such seasonality. Johannes (1978)
has argued that predatory losses on pelagic propagules have been a driving selective
force for spawning seasonality. More recent views of pelagic larval transport have
emphasized retention issues and the concept of a closed population (Jones et al., 1999;
Kingsford et al., 2002; Leis, 2002; Mora and Sale, 2002; Robertson, 2001; Sponaugle et
al., 2002; Swearer et al., 1999). While predation and retention issues may be important,
the predominately oligotrophic pelagic environment has led some to suggest that larval
food supply is the single most important factor governing the numbers of marine fish
(Cushing, 1972). Reese (1968) suggested that the different spawning seasons used by
ecologically similar species of hermit crabs were a mechanism to reduce competition
for pelagic larval food. Larval food supply involves spatial and temporal patchiness,
and the species composition of the phytoplankton and microzooplankton is critically
important (Lasker, 1975). In addition to starvation issues, variability in food supply has
been shown to be a important determinant of larval growth and subsequent survival
(e.g., Booth and Alquezar, 2002). Faster growth has been hypothesized to favor
survival by reducing cumulative predatory mortality (e.g., Anderson, 1988). Leis and
Carson-Ewart (1999) suggest that larger size is an important factor for evading
predation during the settlement process, citing fin erection behavior and importance of
speed when fleeing predators, based on field experiments with coral trout larvae. It is
possible that small size may be an advantage for remaining undetected during
settlement; however, the advantages of being larger in the plankton probably outweigh
the disadvantages, considering the gauntlet of size-based pelagic predators (reviewed
by Purcell and Arai, 2001; Zaret, 1980). Additionally, larvae which grow faster may
retain a size and survivorship advantage during the critical first few weeks post-

settlement on the reef (Bergenius et al., 2002; Booth and Hixon 1999; Sponaugle and
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Pinkard, 2004). While size is most directly a function of age, both food and ambient
temperature have been shown to have a strong positive effect on larval growth (e.g.,
Buckley et al., 2004). Clearly, in addition to physical retention, there are a suite of other

considerations critical in the early life history survival of insular species.

Earlier works have used advection-diffusion models to examine larval transport and
retention (e.g., Griffin et al., 2001; Hill, 1991a; Polovina et al., 1999; Siegel et al.,
2003). Few such applications have integrated the oceanographic conditions experienced
by individual larvae directly into the model. With the availability of remotely-sensed
data products, it is logical to incorporate these environmental fields into the computer
simulation framework, particularly with individual-based modeling approaches (e.g.,
Mullon et al., 2002). Sea surface temperature (SST) and chlorophyll-a concentration are
widely available from a variety of satellite sensors, and both of these variables may
have important linkages to the ecology of early life history stages, as described above
for growth and mortality. The goals of this paper are to examine, via computer
simulation and use of remotely-sensed environmental data, the seasonal and interannual
components of larval retention, transport, growth, and survival in selected regions of
the Hawaiian archipelago. The second author contributed some ideas towards this work
in the early phases; all the modeling, analysis, and writing was performed by the first

author.

2.3 Methods

Simulated larval releases were stratified by year (n=10: 1993-2002), month (n=12:
January-December), locations spanning the Hawaiian archipelago (n=4: Midway,
Maro, Necker, and Oahu, see Figure 2.1), and larval duration (n=3: 3, 6, and 12
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months) to yield a total of 1440 model treatments. Five thousand simulated larvae were
released for each model treatment for a total of 7.2 million individuals. Each individual
was tracked daily for the entire larval duration in Lagrangian fashion using the

following equations:

Xeoar = X + [u(xuyt At + eV DAt ]/cos(yt)
Yooar = Yi + [v(w‘ pAt+ev DAt]
where X represents longitude, y represents latitude, t represents time in days, U

represents the E/W component of the current speed, v represents the N/S component of

the current speed, cos(y,) adjusts distance by latitude to account for the spherical

coordinate system, and D is the diffusivity coefficient (500 m*/sec following Polovina
et al., 1999). It is recognized that the diffusivity coefficient may be scale-dependent and
not constant in the ocean; however, for the resolution of the circulation data utilized in
this study the assumption of constant diffusivity may be adequate (Paris, pers. comm.).
The currents utilized in this study were monthly 1° latitude/longitude resolution
geostrophic flow fields calculated from satellite altimetry obtained from
CNES/AVISO/SSALTO (CLS Space Oceanography Division, France). Integrated SST
and chlorophyll-a histories encountered daily by individual larvae were tabulated daily
using interpolations from monthly 1° latitude/longitude resolution data grids. SST data
was obtained from the MCSST (NOAA Pathfinder AVHRR satellites) product from
NASA/JPL. Chlorophyll-a data was obtained from the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) instrument on board the Seastar satellite. Integration was performed
by simply averaging the daily SST or chlorophyll-a interpolations over the entire
pelagic duration. Additionally, only averages from the subset of larvae scored as
successfully being retained by the source site following completion of the entire pelagic

duration were tabulated to each treatment. A 140 km radius for scoring larval retention
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was used, similar to Polovina et al. (1999). This detection radius was chosen to allow
adequate settlement for relative comparisons between sets of simulations. For each of
the 1440 treatments, the following were tabulated: the number of larvae scored as
retained, the number of larvae scored as settling at Oahu, the number of larvae scored
as not settling at any of the 4 sites, the average SST encountered by this subset of
retained larvae, and the average chlorophyll-a encountered by this subset of retained
larvae. SST was available for the entire temporal duration of this analysis; however,
chlorophyll-a data was only available from 1997 onwards. Mortality was not included
in this modeling, aside from the predicted advective losses. The advection-diffusion
model was written in the open-source software XBASIC (http://www.xbasic.org) and
run on an Intel P4 Windows XP system. Generalized Additive Models (GAMs) were
used to delineate relationships between a suite of response variables (retention, SST
history, or chlorophyll-a history) and a suite of predictor variables (year, month,
location, and larval duration). GAM is a relatively new analytical technique (Hastie and
Tibshirani, 1990) which is useful when the predictor variables have unknown a priori
and possibly nonlinear effects upon the response variable. GAM analysis was carried
out using the analytical software package S-Plus v. 6.1.2r2 on an Intel P4 workstation
using Redhat LINUX 7.3 OS. Six GAM analyses were performed as outlined in Table
2.1, with each utilizing a different suite of predictor variables as described. The
graphical output in the form of smoothing splines and comparative categorical effects

serve as the primary basis for interpretation after a satisfactory GAM is chosen.
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Reference map and 5 sample trajectories of 6 month transport
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Figure 2.1 - Map of Hawaiian archipelago indicating larval release sites used in

this analysis. Five sample releases from each site for a 6 month pelagic duration
are shown.

Table 2.1 Summary variables used in generalized additive modeling (GAM)
analyses.

Response variable Predictor variable(s)

Larval retention (all data) Year, Month, Site, and
Duration

Larval settlement at Oahu (all data) Site

Larval settlement at Oahu (separately by site) Year, Month, and
Duration

Larval non-settlement (all data) Year, Month, Site, and
Duration

Integrated SST history of retained larvae (separately by | Year, Month, and Site

duration)

Integrated chlorophyll-a history of retained larvae Year, Month, and Site

(separately by duration)
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2.4 Results and Discussion

Retention varied from a low of 0/5000 (scored for 39 different treatments) to a high of
3908/5000 (scored for October, 1993, Midway, 3 month release). Retention was
strongly related to larval duration, and had weak relationships to year, month, and site
(Figures 2.2A-2.2D). The negative relationship between retention and larval duration is
intuitive, in that a longer larval duration implies a greater chance of long distance
transport with subsequent loss to the system. This is similar to the hypothesis of Leis
and Miller (1976) that larvae of demersal spawning reef fish (generally shorter pelagic
duration) would be found closer to shore than larvae from pelagic spawning reef fishes
(generally longer pelagic duration). Some of the proposed physical mechanisms which
can transport reef fish larvae back to their spawning site operate on the time scale of 2-
3 months (e.g., Lobel and Robinson, 1986), consistent with the relatively high retention
found in this study for a 3 month larval duration. Late stage larvae of some reef fishes
can occur at great distances from suitable adult habitat (e.g., Clarke, 1995; Victor,
1987), but are of unknown importance for local population persistence. This issue of
long-distance dispersal may, however, be important for larval interchange in a
metapopulation framework, which will be examined elsewhere for insular species in the

Hawaiian archipelago (Kobayashi, in preparation).
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Figure 2.2 - Results of GAM application to larval retention. The predictor
variables are year, month, spawning site, and larval duration. C.I. are +2 standard
errors.

Larval settlement at Oahu was strongly dependent on spawning site (Figure 2.3). This
is an intuitive result, with Oahu settlement negatively correlated with distance from
Oahu. The GAMs were run separately for the spatial effect and other variables due to
the numerous zeros in the data for sites further from Oahu (e.g., 85% of the Midway
runs yielded 0 larval settlement to Oahu). This lack of data contrast in other sites
effectively weighted the GAM primarily towards the Oahu site, leading to difficult
interpretation. Hence, the GAM was run separately for each site (Figures 2.4-2.7), with
the last GAM being a simple retention analysis for Oahu only. Strong yearly effects
were observed in all sites, with weak monthly effects, and duration only becoming
important at Necker and Oahu. Oahu settlement was favored by a longer larval duration
from Necker (Figure 2.6C, the closest site to Oahu), and by a shorter larval duration

from Oahu itself (Figure 2.7C).
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Figure 2-3 - Results of GAM application to larval settlement at Oahu. The
predictor variable is spawning site. C.I. are £2 standard errors.
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Figure 2-5 - Results of GAM application to larval settlement at Oahu from Maro
spawning. The predictor variables are year, month, and larval duration. C.I. are

+2 standard errors.
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Figure 2-7 - Results of GAM application to larval settlement at Oahu from Oahu
spawning. The predictor variables are year, month, and larval duration. C.I. are
+2 standard errors.

Larval non-settlement was cursorily examined in this analysis. Considering that there
are abundant other sites available for larval settlement, this result should be treated with

caution. However, by examining the larvae that did not settle at any of the 4 sites, some

useful hypotheses can be posed for further analyses. The data suggest that yearly and
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monthly effects may be relatively weak and that perhaps there is a spatial component
involved (Figure 2.8C). As expected, a longer larval duration is positively correlated to

larval non-settlement (Figure 2.8D).
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Figure 2-8 - Results of GAM application to larval non-settlement. The predictor
variables are year, month, spawning site, and larval duration. C.I. are +2 standard
errors.

SST and chlorophyll-a histories had strong yearly, monthly, and site relationships
(Figures 2.9-2.14), with the expected deterioration of a seasonal effect at a 12 month
larval duration (Figures 2.11B, 2.14B). For a 3 month larval duration, SST history was
optimized by a July-August spawning, peaking in late July/early August (Figure 2.9B).
For a 6 month larval duration, the optimal spawning with respect to SST history is
offset accordingly to May-July, peaking in June (Figure 2.10B). There appears to be an
interesting tradeoff between SST and chlorophyll-a with respect to seasonal spawning
(Figures 2.9B, 2.10B, 2.12B, 2.13B). Summer spawning is clearly conducive to placing

the larvae into higher SST water masses; however, winter spawning clearly maximizes
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chlorophyll-a experienced by larvae. This dilemma does not appear to be mediated by
seasonal retention (Figure 2.2B) or seasonal non-settlement (Figure 2.8B). Early
summer and late summer may be satisfactory compromises to best optimize these
factors. The 4 spawning sites examined in this study generally fall along a latitudinal
transect, and the resulting site-related patterns in SST and chlorophyll-a are consistent
with oceanographic work in this area (Polovina et al., 2001; Seki et al., 2002). The
lowest SST and highest chlorophyll-a occurs at the northernmost release site of
Midway, which is well within the TZCF (Transition Zone Chlorophyll Front). At lower
latitudes there is a trend for higher SST values, as well as higher chlorophyll-a values.
The latter may be due to increased nearshore processes (e.g., island effects) enhancing

productivity around the larger islands in the archipelago (e.g., Seki et al. 2001).
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Figure 2.9 - Results of GAM application to SST history of retained larvae after 3
month pelagic duration. The predictor variables are year, month, and spawning
site. C.I. are £2 standard errors.
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Figure 2.11 - Results of GAM application to SST history of retained larvae after
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In summary, it has been shown that computer simulation may be a useful approach
towards understanding important aspects of early life history and adult spawning
ecology. Retention, transport, and environmental variables are shown to be expressed in
complex spatial and temporal patterns. The utility of this approach depends critically on

the passivity of larvae. Some late-stage fish larvae have been shown to be capable of

directional orientation and active movement near the timing of settlement (e.g.,
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Kingsford et al., 2002; Leis and Carson-Ewart, 1999; 2000; 2002; 2003; Leis et al.,
2003; Tolimieri et al., 2004; Jeffs et al., 2003, Simpson et al., 2008); and future work
needs to recognize the role of active swimming within a Lagrangian framework (e.g.,
Lohmann et al., 2008). However, it is quite likely that early life history stages (eggs and
early-stage larvae) are passive drifters for a significant portion of the pelagic duration.
The findings of this simulation study can be used to pose further hypotheses and
corroborate existing empirical evidence. For example, there are observed biogeographic
patterns in the Hawaiian archipelago which would benefit from a more quantitative
mechanistic explanation, such as a higher rate of endemism being found at the northerly
atolls (DeMartini and Friedlander, 2004) and the faunal similarity between Johnston
Atoll and the main Hawaiian Islands (Kosaki et al, 1991). Additionally, the SST and
chlorophyll-a histories provide a useful environmental perspective to recent findings
emphasizing the importance of larval physiological fitness (e.g., Berkeley et al., 2004)
towards population maintenance. The modeling efforts as described here can help
understand and predict recruitment success, when coupled with empirical observations

and field experiments.
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Chapter 3: Limited horizontal dispersal mediated by vertical
migration behavior: Larval transport modeling in the
Hawaiian Archipelago with layered current fields

Kobayashi, D. R. Accepted with revision. Limited horizontal dispersal mediated by
vertical migration behavior: Larval transport modeling in the Hawaiian Archipelago

with layered current fields. Pacific Science.

3.1 Abstract

Lagrangian transport modeling was used to simulate the effects of diel vertical
migration in selected areas of the Hawaiian Archipelago. Shallow and deep current
fields were used in a factorial design to examine the effects of year, month, release site,
pelagic larval duration, and a measure of diel vertical migration behavior. Generalized
additive modeling was used to evaluate the effects of diel vertical migration on
retention. The results showed that diel vertical migration, i.e. intermediate residency in
both current strata, could restrict horizontal dispersal in pelagic larvae. This finding was
robust over a range of conditions. This study provides quantitative evidence that diel
vertical migration could be an adaptive mechanism to enhance natal retention and
thereby minimize advective propagule losses in a patchily distributed metapopulation

structure.

3.2 Introduction

The distributions of marine pelagic larvae are often found to be heterogeneous over
time and space. Spatial distributions are manifested in both horizontal and vertical

patterns (Ahlstrom, 1959; Leis and Miller, 1976). Vertical patterning in the water
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column is often related to diel vertical migration (henceforth DVM), whereby
organisms change their vertical position in some repeatable pattern over a 24-hour time
period. DVM is a phenomenon that is first observed in the deep scattering layers of the
ocean and involves pelagic species such as euphausiids and myctophids (Johnson,
1948). Further studies have shown that meroplanktonic organisms display DVM as well
(e.g., Rawlinson et al., 2004). DVM has been observed in both marine and freshwater
ecosystems and is exhibited by a wide variety of taxa and life-history stages (Hays,
2003). The proximate mechanisms for DVM are relatively well understood, e.g.,
responses to light levels, sensory/orientation capability, swimming ability, and
buoyancy regulation. In contrast, the ultimate, i.e., underlying selective advantages, are
less understood, but are thought to be related to issues such as predator avoidance
(Bollens and Frost, 1989), prey capture (Sims et al., 2005), metabolic advantages

(Winder et al., 2003), and horizontal retention/transport (Smith et al., 2001).

Horizontal movement mediated by DVM is of particular interest to meroplanktonic
larvae of coastal or insular species, because suitable habitat for settlement is
geographically restricted (Roberts, 1997). The type of vertical current shear
(differential movement of adjacent water layers) required for this to take place is
frequently observed in the field (e.g., Firing, 1996) or predicted in ocean circulation
models for a particular time and space, yet this alone does not ensure that DVM is
robustly associated with retention since each larval propagule occupies portions of a
moving window of time and space over the course of its trajectory. Larval connectivity
and retention are key issues for species with patchy adult habitats, i.e.,

metapopulations (Sale and Kritzer, 2003).
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There are a large number of geographically separated islands, coral atolls, seamounts,
and banks throughout the Hawaiian Archipelago (Figure 3.1). Most of the benthic or
island-associated species in this region do not routinely cross the large expanses of
deep ocean between habitats as adults; however pelagic egg and larval stages can easily
traverse these boundaries and even longer distances (Robertson et al., 2004). Despite
the importance of these early life history stage towards understanding population
dynamics and effectively managing these species or areas (e.g., Crowder et al., 2000;
Valles et al., 2001), larval connectivity in this region is relatively unknown. Such
information will also be extremely important towards understanding the impact of the
Papahanaumokuakea Marine National Monument which was recently established in
the archipelago. The purpose of this study is to examine the effect of DVM on pelagic
larval natal retention in the Hawaiian Islands using computer simulation and ocean

current data.
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Figure 3.1 - Location of release sites in the Hawaiian Archipelago. Stars indicate
positions of Midway Island, Maro Reef, Necker Island, Oahu, and Johnston Atoll,
from North to South, respectively. Contours are shown at 2000 fathoms using the
Smith and Sandwell (1997) bathymetric database.

3.3 Methods

Surface currents used in this study were monthly (January 1993 through December
2003) 0.5° x 0.5° latitude/longitude resolution gridded flow fields from the Ocean
Surface Current Analyses—Real Time (OSCAR) project at NOAA Earth and Space
Research, henceforth referred to as OSCAR currents. These surface flow fields are a
composite of altimetry-derived geostrophic components and satellite-derived wind
components, tuned to 15-m depth drogue trajectories; thusly capturing both the large-
scale geostrophic motion as well as the surface, wind-driven, Ekman transport. This
approach is documented in Lagerloef et al. (1999). Deep currents used in this study
were monthly (January 1993 through December 2003) 0.5° x 0.5° latitude/longitude
resolution gridded geostrophic flow fields calculated from satellite altimetry obtained

from CNES/AVISO/SSALTO (CLS Space Oceanography Division, France),
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henceforth referred to as AVISO currents. The AVISO currents come from the next
generation of satellite altimeters, such as JASON-1, which replaced the earlier
TOPEX/Poseidon satellite altimeters. Geostrophic currents typically represent large-
scale water movement throughout the mixed layer in the Hawaii region ranging from
30-m to 100-m depths depending on the season and location (Flament et al., 1998).
While there is some undesired overlap in depths between these 2 current products (0-
15m vs. 0-100m), the advantage of working with altimetry products was that it allowed
examination of 11 years of a standardized and complete time series of oceanographic
data. The OSCAR and AVISO currents were simultaneously applied in the larval
transport simulation by allowing individual larvae to differentially access the two strata

and mimic the consequences of DVM.

Larvae movement was simulated using the individual-based, lagrangian techniques
outlined in Polovina et al. (1999). These techniques are also known as biased random-
walk models. The modeling uses a daily time step while accessing the monthly current
fields for the nearest pixel of data. A mixture of the 2 current fields was used in each
daily time step, the coarseness of the data (e.g., monthly fields) did not warrant a higher
resolution modeling time step (e.g., hours). Operationally, the location of individual

larvae in Cartesian space was calculated with the following equations:

Xoar =X F [“(xl,y‘,om +&vDAL ]/ cos(Y,)
Yioar = ¥e t [V(th“t)At + &4/ DA'[]

where X represents longitude, y represents latitude, t represents time in days, U
represents the zonal East-West component of the current speed, v represents the

meridional North-South component of the current speed, cos(y,) adjusts distance by
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latitude to account for the spherical coordinate system, and D is the diffusivity
coefficient (500 m* sec™). Simulated larvae at the end of their pelagic larval duration
(PLD) and in the 140 km radius of a suitable habitat were scored as settled. Orientation
and horizontal swimming were not part of the model structure, nor was the capability of
early or delayed settlement. A factorial experimental design was applied (Table 3.1) to
examine the results of the five following different categorical effects. (1) Interannual
variability was examined by releasing larvae from 1993 to 2002, with releases in 2002
extending into 2003 depending on the PLD. (2) Uniform releases were conducted over
the 12 months of each year to examine seasonal effects. (3) Release sites were chosen
along the Hawaiian Archipelago, including Midway Island, Maro Reef, Necker Island,
Oahu, and Johnston Atoll (Figure 3.1). (4) PLDs ranging from 1 month to 12 months
were examined, which brackets most of the known PLDs of vertebrate and invertebrate
species in the region., (5) The vertical occupancy index (VOI), a measure of DVM, was
used to quantify the differential use of vertical current strata. The VOI is a simple linear
measure of shallow vs. deep exposure to respective currents. Therefore, a VOI of 1
signifies exposure exclusively to shallow OSCAR currents, and a VOI of 5 signifies
exposure exclusively to deep AVISO currents. The intermediate VOI levels of 2, 3, and
4 signify 75%:25%, 50%:50%, and 25%:75% of shallow:deep exposure, respectively.
The intermediate VOI values were intended to simulate DVM, i.e., some manner of
active swimming or buoyancy control to vertically navigate to a different current
stratum. In all, there were 10 release years, 12 release months, 5 release sites, 4 PLDs,
and 5 VOIs. For each combination of the five effects (12000 unique sets), 500 larvae
were released and individually tracked. Natal retention was scored if the larva was
within the 140-km radius around the release site at the end of the PLD. Average

retention was tabulated for each suite of values within each potential effect.
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Generalized additive models (GAMs, Hastie and Tibshirani, 1990) were used to further
delineate relationships between retention and the examined variables. GAMs have been
shown to be useful tools for understanding patterns in simulated larval retention and
transport (Kobayashi and Polovina, 2006). Mapping of spatial distributions was

performed using the software package called Generic Mapping Tools (Wessel and

Smith, 1998).
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Table 3.1 - Summary of factors examined in simulated spawning releases. For
each unique combination of the five factors (total = 12000), 500 simulated larvae
were released and tracked, and natal retention tabulated.

Year Month Site PLD' vor
(n=10) (n=12) (n=5) (n=4) (n=5)
1993 January Midway | 1 month 1 (100% shallow, 0%
deep)
1994 February Maro 3 months 2 (75% shallow, 25%
deep)
1995 March Necker | 6 months 3 (50% shallow, 50%
deep)
1996 April Oahu 12 months 4 (25% shallow, 75%
deep)
1997 May Johnston 5 (0% shallow, 100%
deep)
1998 June
1999 July
2000 August
2001 September
2002 October
November
December

"Pelagic larval duration.

? Vertical occupancy index.
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3.4 Results

Nonzero retention was observed in 75% of the strata examined (9016 out of 12000 total
combinations). Retention varied from 0 to 500 (100% retention observed in 13 strata).
Across all strata, retention averaged 17% (86.35 larvae retained out of 500 total).
Retention appeared to be related to all experimental factors in the simulation.
Interannual were apparent in the aggregated averages (Figure 3.2). There were
indications of a time trend in retention over years, with more recent years exhibiting
significantly higher retention than earlier years. Seasonal effects were less pronounced
with no clear pattern or significant differences between months (Figure 3.3). Spawning
site and PLD appeared to have stronger effects on retention. For example, Johnston
Atoll appeared to have a substantially lower retention rate than the other release sites
examined (Figure 3.4). The shorter pelagic durations, particularly 1 month, were clearly
related to a higher probability of retention (Figure 3.5). An intermediate level of
vertical occupancy was coincident with higher retention, with lower retention at both
shallower and deeper strategies (Figure 3.6). Generalized additive modeling on subsets
of data (Figure 3.7), as well as the aggregated data (Figure 3.8), indicated that this last
finding was robust with respect to the other examined variables. An example spatial
distribution for a set of 90-day PLD releases around Necker Island in the Northwestern
Hawaiian Islands is shown in Figure 3.9, which suggests that strictly shallow and
strictly deep strategies are associated with higher levels of horizontal advection in
opposing directions, while the intermediate strategy mimicking DVM would minimize

this effect.
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Figure 3.2 - Average larval retention rate as a function of larval release year
across all simulation. Error bars indicate 95% parametric confidence bounds.
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Figure 3.3 - Average larval retention rate as a function of larval release month
across all simulation. Error bars indicate 95% parametric confidence bounds.
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Figure 3.4 - Average larval retention rate as a function of larval release site across
all simulation. Error bars indicate 95% parametric confidence bounds.
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Figure 3.5 - Average larval retention rate as a function of pelagic larval duration
across all simulation. Error bars indicate 95% parametric confidence bounds.
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Figure 3.6 - Average larval retention rate as a function of larval vertical
occupancy index across all simulation. Error bars indicate 95% parametric
confidence bounds.
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Figure 3.7 - Additive component of vertical occupancy index (VOI) towards
retention using generalized additive models on subsets of data defined by common
pelagic larval durations (PLDs) or release sites. Confidence bounds represent + 2
standard errors.
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Figure 3.8 - Additive component of vertical occupancy index (VOI) towards

retention using generalized additive models on all data pooled. Confidence bounds

represent + 2 standard errors.
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Figure 3.9 - Example larval spatial distributions after 90-day PLD from a June
1998 spawning at Necker Island for either a shallow (upper), mixed shallow and
deep (middle), or deep (lower) configuration. The stars denote the location of the
release site Necker Island.

3.5 Discussion

The findings of this analysis indicate that a relatively simple oceanographic mechanism
can be related to retention, which could be utilized by the appropriate behavioral or
physiological adaptations. Such adaptations would be more energy efficient than
having to traverse great horizontal distances or swim against an unfavorable current.
This notion of “efficient swimming” (Armsworth, 2001) to save energy, time, or any
resource in limited supply is critically important towards understanding survival
strategies and adaptations in the multi-dimensional pelagic environment. Even

miniscule survival advantages can translate into a plausible mechanism for selective
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pressure to influence appropriate adaptations over evolutionary time. Vertical current
shear has been observed in the Hawaiian Archipelago (Firing, 1996) and elsewhere

(e.g., Tomczak et al., 2004).

Bartsch (1988), Hill (1991b), Armsworth (2001), Cowen (2002), and others have
discussed or theoretically shown the possibility of larvae using different vertical strata
to affect horizontal position. However, empirical evidence is scant. Smith et al. (2001)
and Emsley et al. (2005) showed that DVM-mediated horizontal transport for
zooplankton was a plausible mechanism to explain observed population abundance
dynamics. Cowen et al. (2003) showed that adding active larval orientation in the
vertical plane was necessary for their simulations to match field observations of fish
recruitment dynamics. Roughan et al. (2005) suggested that crab larvae exhibiting
DVM in the lee of a peninsula could be retained by current shear associated with wind-
driven flow. Presently, DVM in insular fish species is poorly understood because of
extreme rarity in samples and/or sampling difficulties. Some of the more extensive reef
fish larval surveys using stratified sampling (e.g., Boehlert et al., 1992; Leis, 1991;
2004) showed much variability in depth distribution in both early-stage and late-stage
reef fish larvae; in both stages, pronounced interspecific variability was shown, as well
as changes over small geographic scales. However, because DVM has been well
documented in a variety of zooplankton taxa, it is logical to assume that similar
selective advantages would also apply to fish larvae. The slightly larger organisms in
the island-associated scattering layer around Hawaii have been shown to be capable of
up to 1.7 m min™" active (swimming) or passive (flotation/sinking) movement, which
would allow for a great range of vertical transport over a diel cycle (Benoit-Bird and

Au, 2004). With the advent of better sampling devices and in-situ observations (e.g., De
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Robertis and Ohman, 1999; Cowen and Guigand, 2008), it will be useful to explore

DVM in a wider range of insular and pelagic fish species.

This study showed the apparent, low retention rates around Johnston Atoll, a region
considered to be an important biogeographic stepping stone for colonization of the
Hawaiian Archipelago (Gosline, 1955), as well as for reverse transport towards the
Indo-West Pacific (Mundy, 2005). The generally lower retention rates around Johnston
Atoll may be due to it’s location within the bounds of the strong westward North
Equatorial Current, and it’s configuration tends to induce either turbulent or von
Karman downstream patterns rather than the quasi-stationary eddies formed at lower
Reynolds numbers (Barkley, 1972). Larval transport corridors between Johnston Atoll
and the Hawaiian Archipelago have been documented using computer simulation
(Kobayashi, 2006). While such corridors may be important for population maintenance
at this remote location, it is plausible that DVM-mediated retention may be particularly
important in such an isolated location for species unable to complete the long-distance

transport.

The simulations in this study examined the potential role of DVM as it relates to
horizontal retention. This requires active or passive depth control on hourly time scales.
Another type of vertical migration may occur more slowly over the course of an
organism’s development, for example starting at a shallow depth when young then
progressively moving deeper as the organism develops, or vice versa. This is similar to
DVM but will have different consequences because of the spatial and temporal
dynamics of the current fields. Stenevik et al. (2003) have shown that sardine larvae

can enhance their retention by exhibiting stage-specific vertical distribution. Paris and
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Cowen (2004) suggested that such ontogenetic vertical migration (OVM) manifested as
a downward migration trend, coincident with development in damselfish larvae, could
be a mechanism for enhanced retention in the Caribbean. More studies are needed,
particularly on species with pelagic eggs, to document the locations of egg release, egg
stage duration, and buoyancy profiles. These potential effects of OVM on horizontal

transport in the Hawaiian region will be examined in a forthcoming study.
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Chapter 4: Colonization of the Hawaiian Archipelago via
Johnston Atoll: A characterization of oceanographic
transport corridors for pelagic larvae using computer
simulation

Kobayashi, D. R. 2006. Colonization of the Hawaiian Archipelago via Johnston Atoll:
a characterization of oceanographic transport corridors for pelagic larvae using

computer simulation. Coral Reefs 25: 407-417.

4.1 Abstract

Larval transport between Johnston Atoll and the Hawaiian Archipelago was examined
using computer simulation and high-resolution ocean current data. The effects of
pelagic larval duration and spawning seasonality on long-distance transport and local
retention were examined using a Lagrangian, individual-based approach. Retention
around Johnston Atoll appeared to be low, and there appeared to be seasonal effects on
both retention and dispersal. Potential larval transport corridors between Johnston Atoll
and the Hawaiian Archipelago were charted. One corridor connects Johnston Atoll with
the middle portion of the Hawaiian Archipelago in the vicinity of French Frigate
Shoals. Another corridor connects Johnston Atoll with the lower inhabited islands in
the vicinity of Kauai. Transport appears to be related to the Subtropical Countercurrent
and the Hawaiian Lee Countercurrent, both located to the west of the archipelago and
flowing to the east. A new analytical tool, termed CONREC-IRC is presented for the

quantification of spatial patterns.
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4.2 Introduction

Johnston Atoll is an extremely isolated coral atoll at 16° 45’ N, 169° 31’ W,
approximately 1325 km southwest of the Hawaiian island of Oahu (Figure 4.1). The
nearest island, French Frigate Shoals, in the middle of the Hawaiian Archipelago, is
865 km to the north-northeast, and Kingman Reef in the northernmost portion of the
Line Islands is 1385 km to the southeast. The fauna of Johnston Atoll is relatively well
documented (e.g., Gosline, 1955; Kosaki et al., 1991; Lobel, 2003), with biogeographic
ties to both the Hawaiian Islands and the Line Islands (Springer, 1982; Robertson et al.,

2004; Mundy, 2005), and has a relatively low rate of endemism.

[B5°N

[25°N

15°N

5N

165°E 170°E 175°E 1800 175°W 170w 165°'W 160°'W 155°'W 150°'W 145°W

-10000 -9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 O
Depth (meters)

Figure 4.1 - Reference map of study area and general pattern of surface currents.
Circular and oblong dashed lines represent US EEZ. Straight dashed line
represents boundary between NWHI and MHI. Solid interior rectangle denotes
data grid for NLOM ocean current data.
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Several, recent scientific findings across a wide group of taxa have given rise to
compelling evidence that Johnston Atoll is a stepping stone to species colonization in
the Hawaiian Archipelago (Gosline, 1955). A genetics study of the Hawaiian grouper,
Epinephelus quernus, has shown that the greatest genetic diversity of this species
occurs in the middle of the Hawaiian Archipelago (Rivera et al., 2004). Based on this
spatial pattern, it was hypothesized that ancestral E. quernus colonized the archipelago
via Johnston Atoll and subsequently radiated to the north and south portions of the
archipelago. Corals of the genus Acropora in and around the Hawaiian Archipelago
have been the subjects of extensive biogeographic study (Grigg, 1981; Grigg et al.,
1981). Despite the ability of Acropora to reproduce in the Hawaiian Archipelago
(Kenyon, 1992), it is thought that Acropora initially arrived and may be primarily
maintained by long-distance larval transport from Johnston Atoll. This is based on the
distribution and abundance of adult colonies. These spatial patterns and likely
colonization routes are also exhibited by other coral species, such as Montipora
tuberculosa (Maragos et al., 2004). Recent genetics work on vermetid gastropods has
also yielded evidence of a Johnston Atoll link for the colonization pathway of these
species (Faucci, pers. comm.). These findings suggest that long-distance, pelagic larval
transport from Johnston Atoll may be biogeographically significant and, at least for the
corals mentioned above, may additionally be important for present-day population

maintenance in the Hawaiian Archipelago.

Both the transporting of pelagic propagules and rafting of benthic organisms (Jokiel,
1989) may be important in dispersal, and these mechanisms depend critically on the
spatial and temporal patterns in the local oceanography. The purpose of this analysis

was to address the following two questions based on computer simulation and high-
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resolution ocean current data: (1) Can larvae reach the Hawaiian Archipelago from
Johnston Atoll, and how is this related to larval duration and spawning season? (2) Are
there identifiable larval pathways for such long-distance transport so that certain parts

of the archipelago are more likely to receive Johnston Atoll propagules?

4.3 Methods

4.3.1 Ocean current data

The U. S. Naval Research Laboratory (NRL) operates a global, six-layered ocean
model at a resolution of 1/16° (0.0625°) latitude by 45/512° (0.0879°) longitude
(Rhodes et al., 2002; Wallcraft et al., 2003). This mesoscale model, henceforth termed
NLOM, is eddy-resolving and thermodynamic; the density structure of the modeled
ocean can be modified by physical processes. The NLOM is atmospherically forced
using data from the Navy Operational Global Atmospheric Prediction System
(NOGAPS). It also assimilates remotely-sensed, sea surface height data (GFO, JASON-
1, and ERS-2 satellites) and sea surface temperature data (NRL/MODAS SST). Daily
NLOM output is an operational product from NRL that is available from many
cooperating data servers. One of these is the Asia-Pacific Data-Research Center
(UH/SOEST/IPRC/APDRC — http://apdrc.soest.hawaii.edu/). One of the daily output
layers routinely archived is the upper 100 m, henceforth termed surface layer. For this
study, 365 days of daily surface layer data (31 January 2003 to 30 January 2004, these
dates were not chosen but reflected availability at the time) spanning the region 170° E
to 150° W longitude, 10° N to 35° N latitude were obtained from the APDRC. The
daily surface-layer data included estimates of u (zonal East-West) component and v
(meridional North-South) component for current vectors. The spatial grid (Figure 4.1)

covered 457 x 401 pixels.
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4.3.2 Modeling of transport

The movement of larvae was simulated using the individual-based, Lagrangian
techniques outlined in Polovina et al. (1999). These are also known as biased random-
walk models. The following modifications to the Polovina et al. (1999) approach were
used. Firstly, the daily, higher-spatial-resolution NLOM data was used rather than the
10-day, 0.5° latitude/longitude resolution, TOPEX/Poseidon geostrophic current fields.
Secondly, the detection radius for successful settlement was reduced from 140 km to 25
km. Thirdly, suitable settlement habitat was defined using a 2-minute, high-resolution
bathymetric database (Smith and Sandwell, 1997) rather than the previously-used, four
isolated locations along the archipelago. The bathymetric grid was screened to only
include 2-minute pixels ranging in depth from 0 to 100 m. A latitudinal summary of
habitat pixels is shown in Figure 4.2 using 0.1 degree bins. In all other respects, the
modeling approach was identical to Polovina et al. (1999), using an eddy-diffusivity
coefficient of 500 m* s and a daily time step. This value of eddy-diffusivity was
qualitatively based upon drifter buoy observations (Polovina et al., 1999). The
modeling refinements of this study primarily reflect better data availability for ocean
currents and habitat definition, as well as further scientific research that is resolving the
sensory and swimming capabilities of pre-settlement fish larvae (reviewed by
Kingsford et al., 2002). For example, Fisher and Wilson (2004) found that sustainable
swimming speeds were on the order of 30 cm s™ for large, ready-to-settle larvae. The
25-km radius used in this study could be traversed in one day at these speeds, assuming
continuous swimming and directional orientation. While the cues available on the high
seas are poorly understood, the “Island Mass Effect” (Gilmartin and Revelante, 1974)
can have significant, visually detectable effects out to this radius (e.g., Palacios, 2004)
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as well as significant downstream effects due to simple flow dynamics (Barkley, 1972).
Elevated levels of chlorophyll-a, because of proximity to islands, banks, and
seamounts, are also apparent at this spatial scale in the Hawaiian Archipelago
(Kobayashi, unpublished data). Some larvae do not have well-developed swimming
abilities, and appear to behave as passive drifters (corals, lobster, etc.). These larvae
may require a more accurate “hit” on suitable substrate for successful settlement to
occur. However, the 25-km radius was used in all simulations as a compromise to yield
some settlement at a manageable level of larval release magnitude; i.e., the radius could
be made smaller but would require more releases to attain non-zero settlement,
requiring excessive computer time. By using these methodological improvements, 1000
simulated larvae were released on every calendar day of the year and tracked for
varying pelagic larval durations (PLDs) ranging from 10 days to 6 months. The sample
size of 1000 was chosen as a compromise because of computational speed and data
storage concerns. This range of PLDs encompasses the known values for a wide variety
of vertebrate and invertebrate species in the Hawaiian Archipelago, including
commercially important species such as deepwater bottomfish and lobster, as well as
coral reef inhabitants. Because the data spanned a discrete 365-day time block, data
were allowed to “wrap around” for simulations initiated in the latter portions of the
data. In other words, any larvae still at large on 30 January 2004 would next encounter
currents from 31 January 2003, and carry on from that point forward. This would allow
a symmetrical analysis of possible seasonal effects. One undesirable consequence of
this approach is that it imposes a discrete “jump” in the data stream at the end of
January; however, this approach was used to make best use of all available data for the
widest range of PLDs possible. Operationally, the location of larvae in Cartesian space

was calculated with the following equations:
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Xiat = X t [U(Xl,ybt)At + &~/ DAt ]/ cos(y,)
Yiar = Yo [V(X(,yt’t)At + &4/ DAI]

where X represents longitude in degrees, y represents latitude in degrees, t represents
time in days, U represents the zonal East-West component of the current speed in
degrees day 1, v represents the meridional North-South component of the current speed
in degrees day 1, ¢ is a normal random variate (mean 0 and standard deviation 1),

cos(y,) adjusts longitudinal distance by latitude to account for the spherical coordinate

system, and D is the diffusivity coefficient (500 m” s™', 0.0035 degrees” d”', Polovina et
al., 1999). The full-resolution, daily 1/16° latitude by 45/512° longitude u and Vv arrays
were sampled depending on the location in time and space of individual simulated
larvae. Simulated larvae at the end of the PLD and in the 25 km radius of any habitat
pixel were scored as settled. Orientation and swimming were not implicitly part of the
model structure, nor was the capability of early or delayed settlement/metamorphosis.
However, it was assumed that competent larvae were able to successfully navigate the
last 25 km at the end of the pelagic duration. The tabulation of settled larvae includes a
range of individuals from directly on the habitat pixel up to 25 km distant; therefore,
the actual mean PLD within this grouping may slightly exceed the index value PLD due

to variable final transit time among individuals.
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Figure 4.2 - Tabulation of successfully settling larvae at latitudinal bins of 0.1
degrees for a 90-day PLD from Johnston Atoll to the Hawaiian Archipelago (solid
line). The vertical line represents the latitudinal breakpoint separating the NWHI
and MHI. Habitat pixel counts (0-100m depth) at each 0.1 degree of latitude are
also shown for reference (dashed line).

4.3.3 Experimental simulations

In the first set of releases, a range of PLDs was used to investigate the threshold of PLD
for larvae to reach the Hawaiian Archipelago from Johnston Atoll. For each day of the
year, 1000 larvae were released and tracked individually. Settlement was tabulated to
either long-distance transport to the Hawaiian Archipelago or retention back to
Johnston Atoll. PLDs ranging from 10 days to 180 days at 5-day intervals were
examined. The percent of larvae settling in the two locations was evaluated as a
function of PLD. The overall spatial pattern of larval abundance was examined for 1-,

3-, and 6-month PLDs.

In the second set of releases, a 3-month PLD was targeted for more detailed spatial
analyses. This PLD was chosen based on evidence for coral and fish larvae. Harrison et

al. (1984) found that planula larvae of Acropora hyacinthus could survive for up to 91
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days prior to settling. Similarly, many of the insular deepwater snappers appear to have
PLDs of this magnitude (Leis and Lee, 1994). Since the biogeographic evidence for the
Johnston Atoll link is strongest for Acropora corals (Grigg, 1981; Kenyon, 1992;
Maragos et al., 2004) and the deepwater, insular fish species Epinephelus quernus
(Rivera et al., 2004), potential transport corridors for 3-month PLD larvae were
investigated. For each day of the year, 1000 larvae were released and tracked
individually. Successful settlement was tabulated into 0.1 degree latitudinal bins for
spatial analysis (Figure 4.2). Larval settlement was tabulated to two arbitrary regions
after a successful long-distance transport to the Hawaiian Archipelago. These regions
were identified by coincident breakpoints in the latitudinal analysis and the geography
of the archipelago (habitat pixel analysis). A northward region was defined as habitats
north of 22°-30" N latitude, and a southward region was defined as habitats south of
22°-30" N latitude (Figure 4.1). This latitudinal breakpoint separates the populated
Main Hawaiian Islands (henceforth MHI) from the more remote and uninhabited
Northwestern Hawaiian Islands (henceforth NWHI). The overall spatial patterns of
larval abundance were examined separately for these two subsets of larval trajectories.
The seasonal effect was examined by tabulating successful settlement, either long-
distance or retention, to the day of spawning. Daily data were binned into seasonal (3-
month) strata for statistical comparison. Temporal patterns were examined as well as a
general comparison between long-distance transport to the Hawaiian Archipelago and

retention to Johnston Atoll.

4.3.4 Spatial analyses

One method of summarizing spatial data is by using data contours, which are lines
representing a constant set of values in the data of interest (termed z-levels). For studies
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of larval retention, standard contouring techniques will not be informative because
density contours by themselves do not necessarily answer the important question
“Where are most of the larvae?” Contouring of simulated pelagic larval abundance in
this study was accomplished using a new technique, CONREC-IRC. This is based on
CONREC (Bourke, 1987), a standard contouring technique that uses a triangulation
algorithm to recognize pixels that should be contoured. CONREC-IRC has the ability
to iteratively refine the contouring z-level to encompass a user-defined percentage of
the total data points, i.e., an “Iterative Region of Containment”. This methodology is
useful for situations in which the total sample sizes may differ from other simulations;
hence, contouring at a constant z-level does not allow meaningful comparison of spatial
patterns. In the simulated abundance data of this study, the data are aggregated at
various levels, with different resultant sample sizes. Similarly, a variable such as PLD
can effectively increase the sample size because there are more days per individual in
the aggregated data. Such data can be binned into cells of latitude and longitude, and
then standardized, yet the resultant contours are still not useful for describing a “region
of containment” because standard contouring does not take into account the global
distribution of data, only the very local scale of a few adjacent pixels of information.
CONREC-IRC was used to define regions of 95% containment for selected simulation
results. This approach may be generally useful in other applications such as mapping
pollutants, invasive species, rare species, etc., in which it is desirable to know the

location of most individuals.

4.4 Results

Based on transport by NLOM currents averaged over all seasons (Figure 4.3), there
appeared to be a critical PLD of approximately 40-50 days for successful pelagic
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transport to the Hawaiian Archipelago from Johnston Atoll. Larvae with PLD less than
40 days did not reach the Hawaiian Archipelago. Shorter PLDs were conducive to local
retention, however. Because of these offsetting patterns, mortality—as a result of loss
from the system—peaks at the 40-50 day range (Figure 4.4). CONREC-IRC was used
to identify the regions of 95% containment of all larvae for 1-, 3-, and 6-month PLDs
(Figure 4.5). The containment regions are similar in shape but vary in size depending
on the PLD. The oblong and diagonal features of the IRCs reflect prevailing zonal
patterns of ocean currents. As an example, Figure 4.6 shows the July 2004 NLOM
ocean currents averaged over 0.5° latitude and longitude for graphical presentation
(temporal and spatial averaging). The latitudinal breakpoint of 22°-30" N separating the
MHI and NWHI also corresponded to a break in the tri-modal settlement data and in

habitat pixels along the archipelago (Figure 4.2).

6% -
5% |
4% |
3% | -

2% -

Percent settlement

1% A RS

0% i i f — : : T T T T T T : : : : '
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Larval duration (days)

‘- = =Hl archipelago Johnston retention ‘

Figure 4.3 - Percent of total larvae retained at Johnston Atoll (solid) and
transported to Hawaiian Archipelago (dashed) as a function of PLD using NLOM
data. Data from all 365 calendar-day releases combined.

68



100% +

99% +

98% +

97% -

96% -

Mortality (percent)

95% +

94% -

93% T T T T T T T T T T T T T T T T T )
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Larval duration (days)

Figure 4.4 - Estimated larval mortality due to physical loss as a function of PLD,
using NLOM data. Data from all 365 calendar-day releases combined. Larvae
with PLD less than 40 days do not reach the Hawaiian Archipelago.
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Figure 4.5 - Regions of 95% larval containment using CONREC-IRC for 1-month,
3-month, and 6-month PLDs, using NLOM ocean current data. Data from all 365
calendar-day releases combined.
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Figure 4.6 - Example plot of July 2004 NLOM ocean currents. All daily data of
July 2004 were averaged into 0.5° bins of latitude and longitude for graphical
presentation. The original NLOM data are at a resolution of approximately seven-
fold spatial increase in data points as shown here and daily.

The 3-month PLD larvae were examined in more detail (Figures 4.7 and 4.8). These
results suggest the possibility of larval transport corridors to both the mid-archipelago
(e.g., French Frigate Shoals) and the northern portion of the main island group (e.g.,
Kauai). The seasonal timing of spawning was significant. For example, spawning
earlier in the year appears to enhance both long-distance transport and local retention
(Figure 4.9). The local minimum in transport at the end of January may be related to the
data wrap around; however, there is no obvious reason why this discontinuity in the
data stream would be associated with lower transport and/or retention. When examined
in more statistical detail, seasonal differences are observed (Figure 4.10). As seen in the

first set of simulations, long-distance transport exceeds local retention at the longer

PLDs, such as the 3-months used in these simulations.
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Figure 4.7 - Larval abundance from northern trajectories successfully reaching
Hawaiian Archipelago from Johnston Atoll using NLOM currents and 3-month
PLD. Data from all 365 calendar-day releases combined.
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PLD. Data from all 365 calendar-day releases combined.
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Figure 4.9 - Seasonal pattern of long-distance transport and local retention using

NLOM currents and 3-month PLD. Number of successful settlers (out of 1000

released) tabulated to day of spawning.
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Figure 4.10 - Comparisons of long-distance transport (a) and local retention (b)
segregated by spawning season using NLOM currents and 3-month PLD. Spring,
summer, fall/autumn, and winter seasons are defined as February—April,
May—July, August—Qctober, and November—January, respectively. Means and
95% ClIs from all daily data for each season are plotted.

4.5 Discussion

Ocean currents that could facilitate larval transport from Johnston Atoll to the Hawaiian
Archipelago include the Subtropical Countercurrent (SCC; Yoshida and Kidokoro,
1967) and the Hawaiian Lee Countercurrent (HLCC; Qiu et al., 1997). Both the SCC
and the HLCC generally flow in the eastward direction at latitudes between 19°-25° N.

The dynamics of the SCC and the HLCC are not well understood, although it is thought
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that the HLCC is a result of a large-scale, island wake effect in the prevailing wind
field (Xie et al., 2001). Dynamics of the SCC have been found to be important in the
recruitment dynamics in other portions of the Hawaiian Archipelago (Polovina and
Mitchum, 1992). Further study is necessary to understand the relationships of these
important currents to pelagic larval ecology. Comparing other ocean current data will
allow a better understanding and validation of the NLOM-driven simulations. As a
start, the NLOM current fields (Figure 4.6) closely resembles the composite flow field
presented by Qiu et al. (1997), which was estimated from a large dataset of surface
drifter tracks. Both general features and overall magnitude of current speed match well

for the region around the Hawaiian Archipelago and Johnston Atoll.

The 40—50-day PLD required to transit from Johnston Atoll to the Hawaiian
Archipelago is consistent with the Acropora pattern, because their planula larvae can be
competent for up to 91 days (Harrison et al., 1984). Epinephelus quernus larvae appear
to have PLD exceeding this threshold as well (DeMartini, pers. comm.). In other
species, PLD has been shown to be strongly related to genetic differentiation and,
hence, biogeography. Riginos and Victor (2001) found that PLD for three blennioid
species in the Gulf of California inversely correlated with the degree of genetic
partitioning in the population. The spacing of biogeographic “stepping stones” will
thusly serve to filter species colonization, depending on their reproductive strategy.
Further simulations will examine this process in more detail for the Hawaiian
Archipelago, using an approach similar to Dytham (2003). Taxa with relatively long
PLDs or capable of delayed settlement/metamorphosis (e.g., Leis, 1983; Victor, 1986b)

are more likely to complete the transit on a routine basis.
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Lobel (1997) found that the PLD for the damselfish Plectroglyphidodon imparipennis
was approximately 40 days, according to samples collected at Johnston Atoll and
Hawaii. He concluded that this PLD was insufficient to successfully traverse the
distance between the Hawaiian Archipelago and Johnston Atoll, hence populations
were locally self-sustaining. Given the results of this study, it remains conceivable that
this species could make the crossing. A follow-up study will examine the dynamics of
the reverse path, from areas in the Hawaiian Archipelago to Johnston Atoll, as well as
examine the very important role of larval retention for this oceanographically isolated

region.

A larval fish survey around Johnston Atoll found indications of a retention zone on the
leeward (Western) side of the atoll (Boehlert et al., 1992). This was primarily a result of
the distribution of gobiid larvae with very short PLDs. Larvae of island-associated
species were also most common in the upper 100 m, which supported the use of that
particular NLOM layer of current data in the present study . The NLOM does not
describe near-shore or near-bottom currents well and will not be useful for describing
retention zones associated with sub-mesoscale oceanographic processes. Results from
computer simulation are not intended to replace field sampling. However, the extreme
scarcity of larvae of island-associated species in field samples has handicapped many
such studies. With better knowledge of the oceanographic conditions, targeted sampling
in both space and time could yield more meaningful scientific data, such as sampling

areas that are significant to population maintenance and long-distance transport.

The findings of this study are relevant to any island-associated species with pelagic

larval stages. Various vertebrate, invertebrate, and marine algal species all have pelagic
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stages with common processes affecting their distribution and survival (e.g., Bradbury
and Snelgrove, 2001). Further study of this shared environment will be critical towards
understanding biogeographic patterns and metapopulation structure. Other critical
issues, such as invasive species colonization, could be addressed with these computer

simulation tools.

Swimming behavior, especially for fish larvae, may be very important for the larger
and older stages near the end of the PLD. Fisher and Wilson (2004), Fisher (2005), and
others have shown that larval fish possess great mobility, and if the suitable orientation
cues exist, they would be able to traverse many kilometers of ocean in the latter
portions of the PLD. The 25-km detection radius used in this study could be traversed
in a single day based on the findings of Fisher and Wilson (2004). Conveniently for
modeling purposes, this region, where active swimming may take over, encompasses
areas where oceanographic data usually lapse, because of the complexities of bottom
topography, coastlines, tides, internal waves, etc. While swimming and orientation are
undoubtedly important, the strongest visual, chemical, acoustic or other sensory cues
appear to be localized to within a few kilometers of the target habitat (Leis, pers.
comm.), and oceanographic processes remain significant in the transport of passive
eggs and pre-flexion larvae as well as bringing older larger larvae close enough to the
target habitat to orient and settle. The “Island Mass Effect” (Gilmartin and Revelante,

1974), as it relates to larval settlement cues, is an important area of future research.

The effect of spawning seasonality warrants further attention. The simulations indicate
that the timing of spawning to be very important for subsequent larval survival, either

via long-distance transport or local retention. Spawning seasonality in Hawaiian fishes
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is highly variable (Walsh, 1987), and further work is needed to understand the
relationships between biogeography, adult reproductive strategies, and oceanographic

variability.

The computer simulation results of this study serve to identify the PLD threshold
needed to reach the Hawaiian Archipelago from Johnston Atoll. Additionally, potential
oceanographic transport corridors have been charted and are consistent with the
existing biogeographic theory for the region. Findings show that both long-distance
transport and local retention are strongly dependent on spawning seasonality and
pelagic larval duration. The high-resolution NLOM data appears to be a useful new tool
for modeling larval transport in this region. A new analytical technique, CONREC-
IRC, was introduced in this paper and its application in the quantification of spatial

distributions was shown.

4.6 CONREC-IRC

CONREC-IRC (IRC refers to “Iterative Region of Containment”) is an iterative
program to objectively enclose a scatter of cartesian data points at a user-defined level
of containment using a standard contouring algorithm to define the polygon. It was
developed from CONREC, an open-source contouring subroutine originally written in
FORTRAN-77 (Bourke, 1987). CONREC has been ported to many languages (see
http://local.wasp.uwa.edu.au/~pbourke/papers/conrec/index.html), including the Visual
Basic version (by James Craig), which was the precursor to CONREC-IRC. CONREC-
IRC is written in QuickBasic 4.5 and takes advantage of the POINT command, which
can query an individual pixel on the graphical output screen. This functionality was
instrumental to CONREC-IRC by enabling tabulation of raw data points inside or
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outside of the contoured polygon. While mathematical algorithms exist to determine
whether a point is within a polygon or not, the simplest method of plotting points,
plotting the enclosing polygon, filling the enclosing polygon with color, then querying
each data point’s color was the most straightforward technique. The basic step-by-step
methodology of CONREC-IRC is shown graphically in Figure 4.11. Because only a
single value is being optimized, a simple, direct search algorithm (Hooke and Jeeves,
1961) was used to converge on the contouring level that would encompass the specified
amount of data points. Proportional adjustments to the contour value were based on
residuals from the percentage of data points encompassed. Testing with simulated data
indicated that CONREC-IRC was able to quickly find the contouring solution within
10-15 iterations and was not sensitive to starting values. CONREC-IRC is suited for
spatial data with a single center of mass with density tapers in all directions. More
complex spatial patterns would yield multiple or nested contours and are not amenable
to the CONREC-IRC approach since definition of a single mass is problematic. The
source code for CONREC-IRC is available on request. An example application of

CONREC-IRC example using Johnston Atoll retained larvae is shown in Figure 4.12.
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Figure 4.11 — Graphical representation of CONREC-IRC.
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binned data, lower left shows CONREC-IRC 95% containment region.



Chapter 5: Larval retention versus larval subsidy: Marine
connectivity patterns within and around the Hawaiian
Archipelago

Kobayashi, D. R. Accepted with revision. Larval retention versus larval subsidy:
Marine connectivity patterns within and around the Hawaiian Archipelago. Marine

Ecology Progress Series.

5.1 Abstract

Metapopulation connectivity is poorly understood in the Hawaiian Archipelago, which
hinders effective management and assessment of living marine resources in the region.
This study addresses potential connectivity between geographically separated areas via
the pelagic egg and larval life history phases assuming propagules are passive. Pelagic
transport was investigated using high-resolution ocean current data and computer
simulation. Connectivity measures between 25 geographic strata are presented for a
suite of pelagic larval durations. Adjacent strata in the archipelago were well connected
via pelagic larval transport regardless of larval duration, while connectivity of more
distant strata was clearly mediated by larval duration. Retention, i.e., the return of natal
propagules, is contrasted with subsidy, i.e., the influx of propagules from other sources.
These 2 processes appear to be decoupled based on examination of archipelago-wide
patterns. Single-generation and multi-generation effects of connectivity are considered
using a simple population dynamics model driven by the dispersal kernel probability
estimates. The Papahanaumokuakea Marine National Monument appears to be largely
self-sustaining based on these results, with differential input to certain of the inhabited

islands further southward in the archipelago depending on the pelagic larval duration.
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5.2 Introduction

Many animal and plant populations are structured as relatively isolated geographic
units due to patchy habitat distributions or other ecological constraints. This
phenomenon was termed the metapopulation concept initially in a terrestrial arthropod
system (Levins 1969), in which the original definition of a metapopulation required
periodic extinctions and recolonization events. Following the approach of Hanski
(1999) and others, Kritzer and Sale (2004) define marine metapopulations as a “system
of discrete local populations, each of which determines its own internal dynamics to a
large extent, but with a degree of identifiable and nontrivial demographic influence
from other local populations through dispersal of individuals”. Many marine
populations fall into this category due to relatively sessile adult life history stages and
dispersive egg/larval propagules (Roberts, 1997). These propagules are pelagic for
many species and are capable of long-distance transport due to both passive, planktonic
drift in ocean currents (Hare et al., 2002) and active swimming and orientation of the
older pelagic life history stages (Leis and Carson-Ewart, 2003; Fisher, 2005; Leis,
2007). These same mechanisms may also be important for natal retention (Cowen et al.,
2000; Sponaugle et al., 2002; Jones et al., 2005; Almany et al., 2007). The degree of
connection between metapopulations is often termed connectivity, and includes both
the dispersal of early life history stages and the directed movements of adults, i.e.,
emigration/immigration and migration. For benthic marine species inhabiting island
systems, connectivity during the early life history stages is thought to be most

important with regard to population dynamics (Barlow, 1981).

There are a large number of geographically separated islands, coral atolls, seamounts,

and banks throughout the Hawaiian Archipelago (Figure 5.1). Most of the benthic or
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island-associated species in this region do not routinely cross the large expanses of
deep-ocean between habitats as adults; however pelagic egg and larval stages can easily
traverse these boundaries and even longer distances (Robertson et al., 2004). Despite
the importance of this issue towards understanding population dynamics and effectively
managing these species or areas (e.g. Crowder et al., 2000; Valles et al., 2001; Sale and
Kritzer, 2003), larval connectivity in this region is relatively unknown. The uniquely
endemic fish and other marine faunas of the Hawaiian Archipelago (Hourigan and
Reese, 1987) and the extreme expression of endemism in the Northwestern Hawaiian
Islands (DeMartini and Friedlander, 2004) make such information critically important
for the Hawaiian Archipelago. Such information will also be extremely important
towards understanding the ecological impact of the recently established
Papahanaumokuakea Marine National Monument , as well as for understanding the
source/sink dynamics of marine protected areas (MPAs) established for bottomfish, the
Humpback Whale sanctuaries, the military-related closure around Kahoolawe, the Fish
Replenishment Areas (FRAs) of west Hawaii, and various other areal closures in the

state.

The purpose of this study is to examine patterns of larval connectivity between a large
number of geographic strata in and around the Hawaiian Archipelago using high-
resolution ocean current data and computer simulation. Ocean drifter data are compared

to the ocean current data utilized in this study for ground-truthing the flow fields.
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Figure 5.1 - Map of Hawaiian Archipelago study region showing location of
primary habitat strata utilized in the larval transport simulations. Bathymetry is
from the Smith and Sandwell (1997) 2-minute database.

5.3 Methods

5.3.1 Ocean current data

This study uses the same U. S. Naval Research Laboratory (NRL) ocean current data as
used in Kobayashi (2006) for a study on Johnston Atoll connectivity. The NRL
operates a global, six-layered ocean circulation model called NLOM for NRL Layered
Ocean Model. The NLOM operates at a resolution of 1/16° (0.0625°) latitude by
45/512° (0.0879°) longitude (Rhodes et al., 2002; Wallcraft et al., 2003). This
mesoscale model is eddy-resolving and thermodynamic, meaning that the density
structure of the modeled ocean can be modified by physical processes. The NLOM is
atmospherically forced using data from the Navy Operational Global Atmospheric
Prediction System (NOGAPS). It also assimilates remotely-sensed, sea surface height

data (GFO, JASON-1, and ERS-2 satellites) and sea surface temperature data
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(NRL/MODAS SST). Daily NLOM output is an operational product from NRL that is
available from many cooperating data servers. One of these is the Asia-Pacific Data-
Research Center (UH/SOEST/IPRC/APDRC — http://apdrc.soest.hawaii.edu/). One of
the daily output layers routinely archived is the upper 100 m, henceforth termed surface
layer. For this study, 365 days of daily surface layer data (31 January 2003 to 30
January 2004, these exact dates were not chosen but reflected data availability at the
time) spanning the region 170° E to 150° W longitude, 10° N to 35° N latitude were
obtained from the APDRC. The daily surface-layer data included estimates of u (zonal
East-West) component and v (meridional North-South) component for current vectors.

The spatial grid (Figure 5.1) covered 457 x 401 pixels.

5.3.2 Geographic location

The Hawaiian archipelago spans from SE Hancock Seamount in the northwest to the
island of Hawaii in the southeast. Locations and sizes of the 25 primary geographic
features utilized in this study are presented in Table 5.1. Several sub-regions of the
archipelago are recognized. The Main Hawaiian Islands (MHI) are mostly larger
populated islands in the southern portion of the chain, but also include some submerged
and/or uninhabited islands. The Northwestern Hawaiian Islands (NWHI) includes all
areas recently designated as a Papahanaumokuakea Marine National Monumentl1, but is
also further divided for some fishery management purposes. The lower portion of the
NWHI is referred to as the Mau Zone (Necker and Nihoa Islands), and the larger region
further north as the Hoomalu Zone (French Frigate Shoals and northward), in the
Bottomfish and Seamount Groundfish Fishery Management Plan (FMP) implemented
by the Western Pacific Regional Fishery Management Council (WPRFMC). The
commercial NWHI spiny lobster fishery is currently closed but this fishery was
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managed on a bank-specific basis since 1998, with primary fishing grounds located at
Maro Reef and Necker Island. Aside from a short-lived black coral fishery north of
Midway there are no other extractive activities of nearshore resources in the NWHI.
Conversely, the nearshore resources of the MHI are relatively heavily fished by
recreational, subsistence, and commercial activities; hence connectivity to more pristine
areas is of extreme concern. Although geographically separated from the archipelago,
Johnston Atoll was examined as part of the spatial matrix utilized in this study
considering its proximity to the archipelago and its ability to provide larval exchange
(Kobayashi, 2006). Understanding connectivity between these larger strata as well as
the individual islands, banks, seamounts, and coral atolls is important towards effective
management and scientific understanding of population dynamics in a metapopulation

context.
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Table 5.1 - Listing of geographic strata utilized in connectivity simulations.
Inclusion criteria was presence of at least one 2' pixel in the Smith and Sandwell
bathymetric database. Also presented are locations, sizes, and summary of
releases/retentions/subsidies per strata aggregated over all simulations performed.

2' pixels Total Total Retention Total Total Settlement
Index # Location Longitude E| Latitude N | 0-100m [ releases retention | per release | subsidy | settlement | per pixel

1 Kure 181.66 28.41 11 2409000 30747 1.28% 38426 69173 6288

2 Midway 182.62 28.21 9 1971000 38579 1.96% 89336 127915 14213
3 Pearl & Hermes 184.17 27.86 24 5256000 176189 3.35% 131800 307989 12833
4 Salmon 183.57 26.93 2 438000 3072 0.70% 92505 95577 47789
5 Lisianski 186.07 26.05 24 5256000 258803 4.92% 217695 476498 19854
6 Pioneer 186.57 26.00 29 6351000 91598 1.44% 288039 379637 13091
7 Laysan 188.26 25.82 27 5913000 189576 3.21% 556023 745599 27615
8 Northampton 187.85 25.38 4 876000 24289 2.77% 572478 596767 149192
9 Maro 189.30 25.48 91 19929000 | 1335332 6.70% 400380 1735712 19074
10 Raita 190.57 25.64 14 3066000 88058 2.87% 414671 502729 35909
11 Gardner 191.96 24.88 143 31317000 | 1822490 5.82% 363624 2186114 15288
12 St. Rogatien 192.86 24.33 19 4161000 26880 0.65% 375485 402365 21177
13 Brooks 193.10 24.16 5 1095000 10549 0.96% 308981 319530 63906
14 French Frigate Shoals 193.80 23.79 51 11169000 | 319006 2.86% 343052 662058 12982
15 Necker 195.50 23.44 66 14454000 | 1176951 8.14% 399529 1576480 23886
16 Nihoa 197.89 23.11 37 8103000 277273 3.42% 377511 654784 17697
17 Middle 198.93 22.73 3 657000 2593 0.39% 137013 139606 46535
18 Niihau 199.84 21.91 21 4599000 67025 1.46% 220240 287265 13679
19 Kauai 200.45 22.09 36 7884000 628720 7.97% 504455 1133175 31477
20 Oahu 202.21 21.28 92 20148000 | 2125237 10.55% 1373999 | 3499236 38035
21 Molokai 202.95 21.01 84 18396000 | 2759697 15.00% 2521814 | 5281511 62875
22 Lanai 203.28 20.57 4 876000 3399 0.39% 178743 182142 45536
23 Maui 203.58 20.76 63 13797000 | 2378704 17.24% 2601584 | 4980288 79052
24 Hawaii 204.32 19.64 99 21681000 | 3490738 16.10% 1628482 | 5119220 51709
25 Johnston 190.45 16.75 1 219000 1241 0.57% 7850 9091 9091

5.3.3 The spawning event

The spatio-temporal pattern of propagule release is a key part of this study. For the
spatial component, spawning output was assumed to be proportional to the amount of
shallow-water habitat identified through the 2-minute pixel analysis of the Smith and
Sandwell (1997) bathymetric database, as described below. This does not take into
consideration substratum composition, habitat type, habitat quality, population size,
spawning biomass, fecundity, or propagule viability. This approach further assumes
that the shallow-water habitat is either fully saturated or equally so across strata. For
the purposes of this study, the target organism (whether plant, invertebrate, or fish) is
assumed to be an insular species residing uniformly from 0-100m depth throughout the
archipelago. Forthcoming analyses will be tailored toward particular species using

specific release locations as available. Spawning output was assumed to be uniform
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throughout the year for the temporal component. While many marine species in Hawaii
are known to display seasonal spawning patterns (e.g., Walsh, 1987), these patterns are
not clearly unimodal nor are they likely to be similar even across ecologically similar
species (Reese, 1968). The target organisms (whether plant, invertebrate, or fish) are
assumed to spawn continually throughout the year or with sufficient variability which
dampens pronounced seasonality for the purposes of this study. Clearly, no one species
meets these stringent assumptions, and the results presented here apply to a
hypothetical species. This analysis is intended as a proof of concept rather than

documenting a specific result for a particular species of interest.

5.3.4 Modeling of transport

The movement of larvae was simulated using the individual-based, Lagrangian
modeling techniques identical to that used in Kobayashi (2006). These are also known
as biased random-walk models. The daily NLOM data was used to advect larvae
horizontally. A detection radius of 25 km from suitable settlement habitat at the end of
the pelagic larval duration (PLD) was used as an indicator of settlement. Suitable
settlement habitat was defined from a 2-minute resolution bathymetric database (Smith
and Sandwell, 1997), by screening to only include 2-minute pixels ranging in depth
from 0 to 100 m. A summary of these habitat pixels is presented in Table 5.1. An eddy-
diffusivity coefficient of 500 m* s™ was utilized, which was qualitatively based upon

drifter buoy observations (Polovina et al., 1999).

Fisher and Wilson (2004) found that sustainable swimming speeds were on the order of
30 cm s™ for large, ready-to-settle fish larvae. The 25-km radius used in this study
could be traversed in one day at these speeds, assuming continuous swimming and
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directional orientation. Invertebrate larval swimming speeds of this magnitude have
also been observed in the late larval stage of spiny lobster called the peurulus (Philips
and Olsen, 1975), and in the late larval stage of crabs called the megalops (Fernandez et
al., 1994). While the cues available on the high seas are poorly understood, the “Island
Mass Effect” (Gilmartin and Revelante 1974) can have significant, visually detectable
effects out to this radius (e.g. Palacios, 2004). Elevated levels of chlorophyll a, because
of proximity to islands, banks, and seamounts, are also apparent at this spatial scale in
the Hawaiian Archipelago (Kobayashi, unpublished data). Olfactory and auditory cues
may also be functional many km from shore (Atema et al., 2002; Leis and Lockett,
2005; Wright et al., 2005, Leis, 2007; Simpson et al., 2008). Some larvae do not have
well-developed swimming abilities and appear to behave as passive drifters (coral
planula, lobster phyllosomes, etc.), or may exhibit “behavioural drifting” despite being
able to swim capably (Hogan and Mora, 2005). These larvae may require a more
accurate “hit” on suitable substrate for successful settlement to occur. However, the 25-
km radius was used in all simulations as a compromise to yield some settlement at a
manageable level of larval release magnitude; i.e., the radius could be made smaller but

would require more releases to attain non-zero settlement.

For each of the 2238 pixels of shallow-water habitat, 100 simulated larvae were
released on each of the 365 calendar days in the NLOM current data and tracked for
pelagic larval durations (PLDs) of 15, 30, 60, 90, 180, and 365 days. The sample size of
100 was chosen as a compromise because of computational speed and data storage
concerns. Given 27 habitat units, this works out to approximately 8289 larvae released
per habitat unit per 365 days per 6 PLDs. The range of PLDs encompasses the known

values for a wide variety of vertebrate and invertebrate species in the Hawaiian

89



Archipelago, including commercially important species such as deepwater bottomfish
and lobster, as well as coral reef inhabitants. Among some of the more commercially
important or conspicuous fauna, the spiny lobster has approximately 12 month PLD
(Kittaka and Kimura, 1989), the various slipper lobsters range from 2-9 month PLD
(Booth et al., 2005); the deepwater snappers and grouper are approximately 1-3 month
PLD (Leis, 1987); and most coral reef fishes are typically 0.5-3 month PLD (Victor and
Wellington, 2000). Because the data spanned a discrete 365-day time block, data were
allowed to “wrap around” for simulations initiated in the latter portions of the data. In
other words, any larvae still at large during their PLD on 30 January 2004 would next
encounter currents from 31 January 2003, and carry on from that point forward. This
would allow a symmetrical analysis of possible seasonal effects. One undesirable
consequence of this approach is that it imposes a discrete “jump” in the data stream at
the end of January; however, this approach was used to make best use of all available
data for the widest range of PLDs possible. Operationally, the location of larvae in

Cartesian space was calculated with the following equations:

Xipat = X [U(X“yht)At + &+ DAt ]/ cos(Y,)
Yia = Yo + [V(X[,y[ HAt+ & DAI]

where X represents longitude in degrees, y represents latitude in degrees, t represents
time in days, U represents the zonal East-West component of the current speed in
degrees day™', v represents the meridional North-South component of the current speed
in degrees day™', & is a normal random variate (mean 0 and standard deviation 1),
cos(Y,) adjusts longitudinal distance by latitude to account for the spherical coordinate
system, and D is the diffusivity coefficient (500 m* s, 0.0035 degrees” d”', Polovina

et al., 1999). The full-resolution, daily 1/16° latitude by 45/512° longitude u and v
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arrays were sampled depending on the location in time and space of individual
simulated larvae. Simulated larvae at the end of the PLD and in the 25 km radius of any
habitat pixel were scored as settled. Orientation and swimming were not implicitly part
of the model structure, nor was the capability of early or delayed settlement and/or
metamorphosis. However, it was assumed that competent larvae were able to
successfully navigate the last 25 km at the end of the pelagic duration. The tabulation of
settled larvae includes a range of individuals from directly upon the habitat pixel up to
25 km distant; therefore, the actual mean PLD within this grouping may slightly exceed

the index value PLD due to variable final transit time among individuals.

5.3.5 Evaluating connectivity

Successful settlement was cross-tabulated into matrices defined by source site (larval
release site) and receiving site (larval settlement site). Data for individual pixels were
collapsed into the 25 strata presented in Table 5.1. Since the raw counts of settlement
are a function of release sample size it is desirable to standardize the counts into
meaningful indices. Settlement was standardized by source site across all receiving
sites, in other words calculating what proportion of a batch of larvae released from a
particular source site settled at a particular receiving site; when summed across all
receiving sites this would add up to 1. These data are presented in tabular form and
graphically for particular subsets of the data such as examining retention as a function
of PLD or geography. Retention, i.e., the return of natal propagules, is contrasted with
subsidy, i.e., the influx of propagules from other sources, realizing that both processes
are important towards population dynamics. All settlement data were pooled across 365

days for a coarse examination of retention and subsidy geographic patterns.
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5.3.6 Multi-generation dynamics

A simple metapopulation simulator was parameterized with the connectivity measures
and forecast for many generations to account for the cumulative effects of the linkages
(e.g., Hastings and Botsford, 2006). An initial baseline condition was defined by the
spatial distribution of habitat and propagule releases. The baseline condition started
with 100% natal composition; i.e., all residents were considered to be derived from
retention. The total initial number of propagules released per habitat stratum was used
as a cap in subsequent generations as a simple means of density-dependence. In other
words after each generation was tabulated with respect to retention and subsidy from all
sources, the overall population at each geographic strata was trimmed until it was
equivalent to the starting population size at that strata while preserving the relative
metapopulation structure contained therein. This stabilized the overall archipelagic
population to a constant level for the purposes of examining the source composition
within each habitat strata over time. For each generation, the connectivity measures
were used to drive retention and subsidy at each of the strata, followed by a leveling-
down process to achieve the initial metapopulation size. This was repeated for 1000
generations for each of the 6 PLDs, keeping careful track of lineages of all propagules.
This number of generations was observed to be adequate for achieving source
composition stability. Quasi-equilibrium was quickly achieved within 30-40
generations depending on the PLD. It is realized that the number of propagules released
will determine this time to equilibrium, but this exercise was undertaken to examine the
resulting equilibrium structure, not the absolute time trajectory to reach said
equilibrium. A technique called nonmetric multidimensional scaling (NMDS) was used
to examine spatial affinities among equilibrium metapopulation structure across all

geographic strata and PLDs. NMDS is an iterative ordination approach that is also
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useful to assess dimensionality in a dataset. It is considered the method of choice for
ordination of most ecological data (McCune and Grace, 2002). NMDS of the
metapopulation structure across all geographic strata and PLDs was accomplished
using the commercial software package PC-ORD. The NMDS output is a 2-D
scatterplot of points, each representing a particular combination of geographic strata
and PLD. Similarity or dissimilarity is assessed from visual examination of the relative

location of points in Cartesian space.

5.3.7 Ground-truthing flow fields with drifter buoys

Drifter buoy data are publicly available from the NOAA Global Drifter Program
(http://www.aoml.noaa.gov/phod/dac/gdp.html). These drifters are deployed from
NOAA research platforms and vessels of opportunity, have their drogues at 15m depth,
and communicate daily with Argos, an American-French satellite data network
(Lumpkin and Pazos, 2006). For the spatial and temporal window of NLOM data
utilized in this study there were 64 individual drifters with some level of intersection
representing a total of 29750 records at 6-hour kriged (smoothed) data resolution (Table
5.2). This represents an average of approximately 116 days of information per drifter
buoy in this area at this time. The aggregated tracks are shown in Figure 5.2. Each
drifter buoy data record was matched to a corresponding NLOM daily current at its
location and the differences were tabulated for statistical analyses. Four components
were examined separately: the u-component, v-component, magnitude, and direction.
NLOM observations were binned at 1 cm sec-1 or 1° intervals of drifter values. Simple
linear regressions were used to characterize the relationships between modeled and
observed current components, applying the regression to the portion of the data range
where sample size was high (n>=100 per 1 cm sec-1 binned mean).
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Table 5.2 - Listing of NOAA drifter buoys intersecting the NLOM region over the
studied time interval. Number of datapoints used represents the number of 6 hour

resolution data available.

Drifter ID Start-end dates Number of datapoints used
13519 5/21/2001-10/17/2003 1033
13575 7/3/2001-4/19/2003 310
17956 4/24/2001-4/18/2003 96
18288 4/4/2001-2/4/2003 15
19241 7/7/2001-7/11/2003 21
20098 6/20/2001-8/29/2003 302
21532 7/1/2001-9/2/2003 155
22936 3/21/2001-10/10/2005 1092
23122 12/12/2001-8/7/2003 159
23173 6/30/2001-3/16/2003 175
24014 6/6/2001-7/28/2003 711
24097 7/1/2001-5/11/2003 254
24443 1/13/1996-4/6/2003 255
25764 1/1/1996-11/27/2004 869
25770 3/15/2001-6/24/2003 575
25929 3/15/2001-3/14/2004 246
26035 3/11/2001-12/31/2004 1391
27465 9/6/2001-12/24/2003 364
33862 5/17/2002-1/12/2005 403
33866 6/22/2002-8/31/2003 525
33867 6/23/2002-11/11/2003 212
33920 10/5/2001-11/25/2004 469
33922 10/6/2001-10/30/2005 152
33997 2/26/2002-5/4/2004 81
34000 6/6/2002-4/13/2004 236
34009 12/19/2001-10/20/2003 1047
34021 7/4/2002-2/16/2004 756
34026 7/17/2002-11/4/2003 147
34042 7/24/2002-2/10/2004 401
34051 8/14/2002-9/27/2004 1460
34052 8/15/2002-3/1/2003 113
34061 7/1/2002-7/19/2003 642
34071 6/20/2002-7/7/2004 701
34102 1/29/2002-8/12/2003 596
34108 2/10/2002-7/22/2004 588
34131 11/4/2002-11/2/2004 157
34319 11/16/2002-6/17/2003 124
34320 6/30/2003-1/10/2005 255
34325 11/17/2002-3/31/2004 1448
34332 5/31/2002-4/15/2003 292
34333 6/6/2002-9/29/2003 213
34334 6/22/2002-7/22/2004 1453
36009 9/9/2002-6/8/2004 224
36907 11/11/2002-11/8/2004 440
36909 9/29/2002-1/28/2004 471
36911 9/17/2002-1/23/2005 999
36914 10/17/2002-11/5/2004 487
36919 9/15/2002-2/1/2006 1140
36920 9/16/2002-2/1/2006 716
36924 9/10/2002-1/2/2006 1197
36925 9/28/2002-4/1/2004 93
36948 1/18/2003-4/1/2004 94
36956 2/1/2003-1/31/2006 324
36957 2/3/2003-6/23/2004 389
36958 2/3/2003-1/13/2006 218
36960 1/17/2003-1/15/2005 466
36961 1/16/2003-2/1/2006 1111
39092 1/12/2003-2/28/2004 107
39099 2/15/2003-6/24/2004 138
39109 1/15/2003-1/13/2004 24
39155 4/30/2003-8/11/2004 262
39167 7/25/2003-3/14/2004 151
39602 6/24/2003-2/1/2006 187
39631 8/1/2003-2/1/2006 18

29750 total
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Figure 5.2 - NOAA drifter buoy trajectories in the Hawaiian Archipelago region
over the time interval 31 January 2003 — 30 January 2004.

5.3.8 How representative is 2003-2004 data?

The results presented here reflect modeled processes during the 2003-2004 calendar
years. Temporal variability in the oceanographic processes clearly exists, including
interannual variability, decadal variability, regime shifts, climate change, global
warming, etc. Such changes in oceanography and resulting current patterns are
principally driven by large-scale climate events. Two commonly used indices of
temporal variability in the Hawaiian Archipelago climate and oceanography are the
Southern Oscillation Index (SOI) and the Pacific Decadal Oscillation (PDO). The
former is thought to capture interannual variability around the equatorial regions related
to El Nino and La Nina, while the latter is thought to capture dynamics related to
decadal variability in the higher latitudes north of 20°N. Monthly time series of these
two oceanographic indices were obtained from NOAA Physical Sciences Division of
the Earth System Research Laboratory (http://www.cdc.noaa.gov/ClimateIndices/) over
the time period 1980-2007. Monthly values from the 2003-2004 time period were

compared to monthly values from this larger 28 year span of data using a Student’s t-
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test. The results of this test are used to judge the applicability of the findings of this

study to other time periods.

5.4 Results

The overall geographic patterns of retention and subsidy are tabulated in Table 5.1.
This aggregated all settlement data for the 365 daily releases. Retention rate (as a
fraction of propagules released) ranged from a low of 0.39% at Middle Bank and Lanai,
to a high of 17.24% for the island of Maui. This is not an artifact of stratum size since
this measure is scaled by the amount of propagules released, which is directly
proportional to shallow-water habitat area; therefore the retention rate is “per area”.
When retention and subsidy were pooled to estimate total settlement per unit of habitat,
settlement ranged from a low of 6288 settlers per pixel at Kure Atoll, to a high of
149192 settlers per pixel at Northampton. The high settlement rate at the relatively

small Northampton is attributed mostly to subsidy (Table 5.1).

The connectivity results were converted to probabilities and tabulated into transition
matrices; these are also often referred to as dispersal kernels. This standardized
settlement by source site across all receiving sites for each PLD. The dispersal kernel

probabilities are presented in Tables 5.3-5.8.
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Table 5.3 - Dispersal kernel matrix for 15 day PLD. Each cell represents
probability of a larva leaving source site and arriving at receiving site using 2003-
2004 NLOM daily currents. Highlighted diagonal cells represent natal retention.
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Table 5.4 - Dispersal kernel matrix for 30 day PLD. Each cell represents
probability of a larva leaving source site and arriving at receiving site using 2003-
2004 NLOM daily currents. Highlighted diagonal cells represent natal retention.
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