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Recent advances in high-resolution ocean circulation models, coupled with a greater understanding of larval behaviour, have increased the
sophistication of individual-based, biophysical models used to study the dispersal of larvae in the sea. Fish larvae, in particular, have the
ability to swim directionally and increasingly fast during ontogeny, indicating that they may not only disperse, but also migrate using en-
vironmental signals. How and when larvae use local and large-scale cues remains a mystery. Including three-dimensional swimming
schemes into biophysical models is becoming essential to address these questions. Here, we highlight state-of-the-art modelling of vertical
and horizontal migrations of fish larvae, as well as current challenges in moving towards more realistic larval movements in response to cues.
Improved understanding of causes for orientation will provide insight into the evolutionary drivers of dispersal strategies for fish and marine
organisms in general.
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Introduction
Within the past decades, the realism of high-resolution ocean circu-
lation models that represent a range of oceanographic features
(Kingsford, 1990; Gawarkiewicz et al., 2007) at a variety of spatial
scales (Monismith, 2007) has provided the basis for effective
Lagrangian tools to quantify larval dispersal and reveal the critical
role of the pelagic larval stage in structuring marine populations
(Werner et al., 2007). The rapid development of many-task parallel
computing techniques allows the coupling of operational (i.e. vali-
dated) ocean circulation models with individual-based model
(IBM) applications, thus simulating the movement of million of
particles with individual behaviours and biological traits. These
coupled applications are typically referred to as “biophysical”
models and are indispensable tools for addressing the complex phys-
ical–biological interactions that occur during the pelagic phase of
marine organisms.

As more information emerges about the sensory and locomotor
abilities of marine larvae (reviewed in Montgomery et al., 2001;
Kingsford et al., 2002; Leis, 2006), it is becoming essential to incorp-
orate into biophysical models not only larval traits, but also larval
swimming in response to environmental signals (Armsworth,
2000; Paris et al., 2007; Willis, 2011). In addition, the empirical
study of larval navigation and sensitivity to cues is a growing field
of exciting research, particularly for coral reef fish (e.g. Leis and

Carson-Ewart, 1998; Atema et al., 2002; Simpson et al., 2005; Leis,
2006; Mann et al., 2007; Paris et al., 2008; Radford et al., 2012).
Including orientation to various types of proximal reef cues has
thus become a central issue in modelling the pelagic phase of coral
reef fish (Leis, 2007; Leis et al., 2011). How and when during on-
togeny large-scale cues play a role in the transport of fish larvae is
still a mystery. Here, we will focus on the current state-of-the-art
modelling of vertical and horizontal “migrations” of fish larvae
and further suggest a series of improvements towards modelling
more realistic three-dimensional movements.

Physical vs. biological stochasticity
Stochasticity in IBMs can result from two different processes: phys-
ical processes unresolved by the hydrodynamic model and parame-
terized as turbulent diffusivity representing subgrid scale turbulence
or biological processes representing intrinsic variability that result
in individual capabilities, choices, and movements. The differences
between these two types of stochasticity are often unclear, but
should be stated explicitly, because they originate from different
sources.

Particles are advected by space and time-interpolated currents in
circulation models and have an additional stochastic component to
represent the effects of turbulence. Turbulent diffusion can be intro-
duced in various ways. Simple solutions vary the particles’ initial
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boundary conditions over space while interpolating the velocity
field from adjacent grids (Mitarai et al., 2008). These solutions
can be augmented with Lagrangian stochastic particle models
(LSPMs; Griffa, 1996). Random walk models can take various
forms such as purely random displacement models (Brickman
and Smith, 2002) and correlated random walks (CRWs), where pre-
vious steps are remembered, have been adopted (Paris et al., 2007;
Willis, 2011). These LSPMs can be implemented in the horizontal
or in the vertical and are typically scaled by a turbulent diffusivity
parameter that represents the subgrid scale turbulent motion
(Okubo, 1971; Paris et al., 2002). If the only stochasticity that
exists in the model is from turbulence, it is important to emphasize
that although each individual follows a unique trajectory, the ran-
domness observed is a result of physics, not a result of animal behav-
iour. However, using different techniques, it is possible to explicitly
include stochasticity that results from animal behaviour as well
(explained in the swimming section below). Again, the distinction
between biological and physical stochasticity is often overlooked
or confused; yet, it is critical to explicitly state these two different
sources of individual variability in the models.

Swimming behaviour
More than a decade ago, vertical migrations were identified as a crit-
ical component influencing transport outcomes (Werner et al.,
1993; Paris and Cowen, 2004; Parada et al., 2008; Irisson et al.,
2010). Although ontogenetic vertical migrations typically represent
a retention mechanism and increase settlement near the natal
habitat (Werner et al., 1993; Paris and Cowen, 2004), shorter term
vertical migrations related to diel light cycles (Parada et al., 2008;
Ospina-Alvarez et al., 2012), salinity and chlorophyll gradients
(Cowen et al., 2003), and/or tidal cycles (Cox et al., 2006;
Sentchev and Korotenko, 2007) can also affect settlement location
and settlement success. The effect of vertical movement on reducing
dispersal kernels was the initial focus (Paris and Cowen, 2004; Paris
et al., 2007), but further questions in causal effects of vertical migra-
tion have emerged. For example, Bonhommeau et al. (2009) con-
ducted a sensitivity analysis on the extent of vertical migration in
European eels to determine whether these larvae could possibly
cross the Atlantic in 6 months, as otolith data suggested, without
any horizontal swimming. Other recent studies have used more
complex rule-based behaviours to move larvae vertically in search
of food or to avoid predators and have examined the ecological
trade-offs of these individual behavioural choices (Fiksen et al.,
2007; Vikebø et al., 2007; Kristiansen et al., 2009). Thus, vertical mi-
gration models have become more sophisticated and investigators
can now ask questions related to behavioural strategies, population
connectivity, and evolutionary processes (Lett et al., 2010; Foster
et al., 2012).

The addition of horizontal swimming to biophysical models has
been more recent, but is equally important, as many larval fish are
fast swimmers (Fisher, 2005). Several studies have included simple
horizontal swimming, where animals swim into the current
(Healey et al., 2000; Mork et al., 2012), or directly towards their
targets (Wolanski et al., 1997; Porch, 1998; James et al., 2002),
which significantly affects settlement success. Yet, these models
failed to include biologically driven stochasticity, which is essential
to represent variability in individual traits (Thorrold et al., 1997;
Llopiz and Cowen, 2009) and behavioural choices. Individual
traits can be introduced simply by changing the boundary condi-
tions of the particles in both time and space (Berkley et al., 2010),
or more realistically by varying the attributes of particles, following

an observed range and distribution of traits. Randomness in larval
orientation behaviour is included intrinsically when using a
biased CRW (BCRW), which chooses the direction of animal move-
ment in each time-step from a distribution of possible angles
(Codling et al., 2004). Here, the model keeps track of the animal’s
previous direction, similar to the CRW, but also gives it a preferred
direction, such as the location of settlement habitat (Codling et al.,
2004). For fish larvae, BCRWs have been explored predominantly in
the theoretical realm, using unidirectional currents or single patch
habitats (Armsworth, 2000; Armsworth et al., 2001; Codling et al.,
2004). Recently, Staaterman et al. (2012) merged a BCRW with a
biophysical model that utilized real-time-varying flowfields, realis-
tic settlement habitats, and variable particle traits. In this study, the
transport of fish larvae was driven by currents and larval swimming
vectors, and swimming speed increased throughout ontogeny fol-
lowing Fisher (2005). The cues to which the larvae were able to
orient were radially propagating cues, similar to acoustic signals
(Kalmijn, 1988), and orientation behaviour only took place when
larvae were within a given detection distance from the reef. A
unique aspect of the study by Staaterman et al. (2012) was the com-
bination of both ontogenetic vertical migration inferred from
field-based observations (Paris and Cowen, 2004) and horizontal
orientation behaviour. Because marine organisms inhabit a three-
dimensional medium and constantly encode three-dimensional
information (Holbrook and Burt de Perera, 2009), models that
only address horizontal or vertical components of movement will
be inherently limited.

In general, it is most appropriate to include three-dimensional
movements of animals throughout their pelagic life. Given limited
food resources and depleting energy reserves during swimming,
fish larvae may experience a trade-off in local habitat selection
(Vikebø et al., 2007). Vertical and horizontal movement strategies
can allow individuals to seek food, avoid advection, and minimize
predation, with varying levels of risks and rewards. These trade-offs
should be investigated through biophysical models that track indi-
vidual fitness (see the “The internal state of the organism”
section). In general, a better understanding of the individual moti-
vations of vertical and horizontal movements will enhance the so-
phistication of biophysical models and the questions that
researchers can ask (Irisson et al., 2010; Leis et al., 2011).

Swimming speeds and behaviours are known to differ between
species, ontogenetic stages, and water temperatures (Leis et al.,
2013). In a rare study of larval fish behaviour at night, Fisher and
Bellwood (2003) noted that the proportion of time larvae spent
swimming at night tends to increase throughout ontogeny, while
certain species also experience an increase in swimming speed.
When modelling orientation behaviours, these species-specific
day–night and ontogenetic changes should be taken into account.
Furthermore, species that occur in temperate waters tend to have
slower larvae (5–10 body length s21; Leis, 2010), while most trop-
ical taxa have fast-swimming larvae (15–20 body length s21; Leis,
2010; also reviewed in Leis et al., 2013). One possible explanation
is that the transition from a viscous to an inertial hydrodynamic
regime occurs at smaller sizes in tropical larvae than temperate
larvae (Leis, 2010). Therefore, tropical larvae spend a large propor-
tion of their pelagic life as effective swimmers (Fisher, 2005).
However, these trends have exceptions in some cold water species
that swim slower with increased temperatures (Guan et al., 2008).
Modellers should use known swimming speeds, but when empirical
data are lacking, it becomes critical to use values that are reasonable
for the region of interest (e.g. temperate, tropical). A recent review
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by Leis et al. (2013) indicates that there are quantifiable differences
in the swimming behaviour of fish larvae between low and high lati-
tudes.

Orientation in response to multiple
navigational cues
Recent work examined orientation behaviour in response to rela-
tively small-scale, radially propagating cues, such as the soundscape
of a coral reef (Staaterman et al., 2012). It is more likely, however,
that larvae utilize a suite of cues throughout ontogeny and at differ-
ent distances from the reef (e.g. Kingsford et al., 2002; Leis, 2010;
Leis et al., 2011). Furthermore, individual larvae from any given
cohort will have different orientation abilities (Leis, 2007), which
can be included by varying the detection distance of cues. An ideal
model would shift cue usage and sensitivity throughout space and
time, as described below (Figure 1).

It is also reasonable to expect that the early pelagic stages of fish
may use guidance from magnetic and celestial cues, similar to adult
fish species that undertake homing migrations (Jorge et al., 2012;
Putman et al., 2013). The simplest mechanism for orientation be-
haviour would be to use a simple vector-navigation strategy to
swim in a particular cardinal direction. This can be done with sen-
sitivity to location-independent signals such as magnetic and solar

compasses (Flamarique and Browman, 2000; Kingsford et al.,
2002; Leis et al., 2011). A more complex mechanism for true naviga-
tion would be the use of both a compass and a map. For example,
larvae could detect map-like cues originating at the sea surface
and compensate for displacement, while using a sun compass to
swim directionally (Paris et al., in review). These types of behaviours
using large-scale cues would be relevant early in the pelagic phase or
while fish are still far from the settlement habitat, unable to detect
proximal cues (e.g. Figure 1, region A).

Chemical signals emanating from nursery areas are typically
transported several kilometres offshore before dissipating and
could be sensed by fish larvae (Atema, 2012). Odours may be used
as a signal to switch to directional cues, as an orientation beacon,
or through spatial mapping (Rossier and Schenk, 2003; Arvedlund
and Kavanagh, 2009; Jacobs, 2012). However, chemical signatures
may be somewhat less predictable in space due to their dependence
on physical properties such as tidal currents and eddy fields or in
time due to the stochastic nature of storms (Atema et al., 2002;
Leis et al., 2011). To properly model the presence of a chemical
signal, a dye-release Eulerian module should be used to create an
“odour plume”. Then, various types of rule-based behaviours
could be assigned to the larvae when they encounter the plume
(e.g. Figure 1, region C). For example, when the concentration of
the odour exceeds a given threshold, larvae could begin orienting
towards its source using an infotaxis search strategy (Vergassola
et al., 2007).

For radially propagating signals such as acoustic cues, the size of
the maximum detection distance can be changed for individuals or
throughout ontogeny (Leis, 2007). For example, instead of assigning
a cohort of individuals the same maximum detection distance, their
detection distances can be chosen from a distribution, reflecting ma-
ternal effects (Green and Chambers, 2007). In addition, the size of the
detection distance can increase throughout ontogeny as sensory abil-
ities increase (Blaxter, 1986; Leis, 2007). These changes could apply to
the entire cohort orcould change based on an animal’s feeding history
(see section on rule-based behaviours below).

There should also be an attempt to distinguish between the near-
field region, where acoustic particle motion dominates, and the far-
field region, where acoustic pressure dominates (Kalmijn, 1988;
Mann et al., 2007), as marine organisms have different sensitivities
to these components of the acoustic field (Popper and Fay, 2011).
Furthermore, the actual distance of detection will depend on not
only the hearing abilities of the species of interest, but also the dom-
inant frequency of the reef spectrum. Lower-frequency sounds have
longer wavelengths and thus a larger acoustic nearfield, whereas
higher-frequency sounds, such as those emitted by snapping
shrimp, have a smaller acoustic nearfield (Kalmijn, 1988). Although
most marine fish can detect acoustic particle motion via direct stimu-
lation of the otoliths, far fewer species can detect acoustic pressure
(Popper and Fay, 2011). Thus, the decision of whether to include
orientation behaviour in the far-field (Figure 1, region B) and not
just the nearfield (Figure 1, regions D and E) will depend on the
species of interest.

The internal state of the organism
The internal state of the organism at any point during its pelagic
journey will influence its motivation to move, its movement cap-
abilities, and its navigational abilities (Nathan et al., 2008), which
in turn will influence the degree to which orientation behaviour
shapes its path. Furthermore, the feeding history and total distance
travelled by the larvawill affect its state upon arrival at the reef and its

Figure 1. A theoretical framework shows the various cues available to
larvae as they move throughout space. Region A: Far from the reef,
orientation is limited to use of magnetic cues, polarized light, or sun
compass; larvae simply swim towards a particular cardinal direction or
maintain an angle relative to the mean direction of surface capillary
waves. Region B: Inside the acoustic far field, organisms with the ability
to detect acoustic pressure can use it as a navigational signal; larvae
swim towards the origin of this radially propagating cue. Region C:
Inside of an odour plume, chemical signals may provide information
about the source of the odour; larvae that encounter an odour plume
may swim upstream (taxis) or swim at a different speed (kinesis).
Regions D and E: Within the acoustic nearfield, fish can detect the
direction of the sound source; larvae swim towards the origin of this
radially propagating cue. In areas such as D and C, where multiple cues
are available, larvae should orient using a rule-based hierarchy based on
empirical data. The actual size of regions B–E depends on the intensity
and frequency components of the soundscape, the concentration of
chemicals on the reef, the magnitude of turbulence, the mean current
speed and direction near the reef, as well as detection abilities of the
study species.
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ability to survive post-settlement processes (Searcy and Sponaugle,
2001; Grorud-Colvert and Sponaugle, 2006). Therefore, it is im-
portant to keep track of the internal state of the larva within each
time-step and to assess its state at the end of the pelagic larval
phase (Irisson et al., 2004).

New algorithms have been developed to test behavioural strat-
egies for larvae as they migrate vertically (Fiksen et al., 2007;
Kristiansen et al., 2009). These models allow larvae to move based
on a strategy that is informed by both their external state (e.g.
their present depth layer and the trade-off between the presence of
food and predators), as well as their internal state (e.g. gut fullness;
Kristiansen et al., 2009). These strategies can change with ontogen-
etic stage (Vikebø et al., 2007) or environmental conditions
(Kristiansen et al., 2011). Finally, the fitness of the organism at the
end of its pelagic phase can be evaluated based on its history and
the location where it settled (Vikebø et al., 2007). These types of rule-
based models are extremely useful for determining an optimal strat-
egy for the survival and settlement of larvae, but one critical piece is
missing: the role of orientation behaviour.

Future work with orientation behaviour should be used in con-
junction with such rule-based vertical migration behaviours as out-
lined above. Although Staaterman et al. (2012) did include
ontogenetic vertical migration, all larvae of each cohort were
moved with a time-varying probability matrix where individuals
moved at random between adjacent depth bins, following Paris

et al. (2007). Also, all larvae moved with the same swimming
speed, which changed throughout ontogeny. A more sophisticated
approach would incorporate rules and keep track of feeding behav-
iour for each individual in each time-step. The feeding history
would inform the growth rate and size, and thus the magnitude of
vertical and horizontal swimming that each larva can. At the end
of the simulation, the total swimming distance travelled and the en-
ergetic state of individual larvae should be incorporated into fitness
calculations, because the condition upon arrival to suitable nursery
grounds can affect survival during post-settlement or post-
metamorphosis processes, as well as future reproductive success
(Searcy and Sponaugle, 2001).

Variability in settlement habitats
In the BCRW, the parameter representing the strength of a cue em-
anating from a habitat is k (Codling et al., 2004) and was represented
as a single value assigned to all habitat polygons in Staaterman et al.
(2012). To reflect spatial variability in habitat quality, different
values of k should be assigned to each polygon based on data from
various habitat indices (e.g. CREMP; Palandro et al., 2008;
Ruzicka et al., 2009). One useful avenue for this type of research is
to determine the best location for Marine Protected Areas
(MPAs), which has been examined previously, but not with active
orientation behaviour (Jones et al., 2007; Botsford et al., 2009).
While the size and spacing of MPAs is important for ensuring

Figure 2. Behavioural seascape—larval two-dimensional (horizontal and vertical) dispersal kernels through time due to behaviour alone, without
accounting for displacement due to currents. Here, we show the theoretical behavioural transport of fish larvae expending their vertical migration
(Irisson et al., 2010) and swimming faster (Fisher et al., 2005) through ontogeny. We used larval traits (i.e. vertical migration and PLD) of the mutton
snapper, Lutjanus analis (Lindeman et al., 2005; D’Alessandro et al., 2010) showing species-specific peaks and valleys in the behavioural seascape. In
this simulation, 1000 particles (larvae) were spawned the origin location (i.e. zero represents the birth place). The particles were moved
stochastically in the vertical following a (depth × time) matrix of field-based larval probability density distribution through ontogeny (Paris et al.,
2007) and swam horizontally with variable speed that increased with age (i.e. using model 1 from Fisher et al., 2005; length-at-hatch ¼ 0.2 cm,
velocity-at-hatch ¼ 1.9 cm s21) and hypothetically increasing with depth (i.e. velocity-at-settlement ¼ 0.55 cm s21 m21). At all times, larvae
were keeping a one-dimensional bearing along the distance axis. Colour-code indicates the proportion of larvae in space and time, where the x-axis is
the pelagic larval duration (PLD), the y-axis is the cumulative distance travelled, and the z-axis is the depth. This representation indicates that in
theory, �25% of L. analis larvae that swim with a constant bearing could transport themselves up to ca. 150 km in 30 d. This simple model further
suggests that some larvae could overcome similar ranges of drift and potentially come back home, assuming that they can feed to replenish the
energy utilized for swimming, and ignoring pelagic mortality.
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appropriate levels of connectivity (Jones et al., 2007), enhanced
larval attraction to protected areas may play a role as well. To test
this hypothesis, reef polygons inside existing or suggested MPAs
could be assigned large k-values, and the resulting recruitment
success could be examined.

Finally, it would be informative to change the k-value for different
individuals to examine the effects of individual preferences. For
example, a group of reefs close to an individual’s natal reef could be
assigned a larger k-value to examine the potential impacts of
homing behaviour. Or the magnitude of k could change throughout
ontogeny, since larvae may be more attracted to nearby reefs as
they become desperate to settle towards the end of their pelagic
phase (Knight-Jones, 1953). Orientation during the “critical
period” appears to have remarkable demographic consequences
(Staaterman et al., 2012); larvae would need to begin orientation be-
haviour soon after hatching to increase their chance of finding any
reef or to come back to their home reef. This notion of “larval
homing behaviour” is a new concept, but it makes sense when com-
pared with other essential larval developmental traits, such as first-
feeding and swimming. If early fish larvae can sense their way
home, biophysical models have been missing an important compo-
nent that would have the potential to improve predictions of
marine population connectivity. Using numerical modelling, we
can add “behaviour” as a key factor in Hjorts’ hypothesis that contri-
butes to the survivorship of the larvae. Such models have been used to
discover that successful reef-fish replenishment is linked to signals
perceived by the pelagic larvae; if the signals disappear or weaken,
larvae can get lost (Codling et al., 2004; Staaterman et al., 2012).
Therefore, the health of the nursery habitat and its cues are not
only critical to adult benthic species, but it is also essential to the sur-
vivorship of their pelagic larvae.

How to move forward?
The above suggestions have the potential to improve existing mod-
elling techniques by including orientation behaviour for fish larvae.
However, the best models will only be as good as their parameters.
Although much information is now available for vertical migration
(e.g. Paris and Cowen, 2004; Irisson et al., 2010), swimming speeds
(e.g. Leis and Carson-Ewart, 1997; Fisher et al., 2005), and orienta-
tion behaviour (e.g, Leis et al., 2011) of settlement-stage larval
fish, very little information is available on the development of
sensory abilities throughout ontogeny (Blaxter, 1986; Leis, 2010).
Furthermore, the distance at which cues become available to
larvae as they progress from the pelagic to the coastal environment
is not well understood, and empirical research revealing these crit-
ical pieces is needed. Meanwhile, developing biophysical models
that include both navigational capabilities and environmental
signals are essential to generate hypotheses and to ask “what if”
questions related to demographic consequences of individual
movements in response to environmental cues.

In conclusion, because larval fish are capable of significant verti-
cal and horizontal migrations and can travel significant distances
regardless of the transport by currents (Figure 2), realistic three-di-
mensional swimming should be included routinely into biophysical
models in order for this field to move forward. With the modelling
framework for oriented swimming outlined above, and existing
models for vertical migration, scientists can already ask questions
about the relative role of different animal behaviours in the dispersal
and migration of fish larvae. Improved understanding of proximal
causes for orientation can also provide insight into the evolutionary

drivers of dispersal strategies for fish and marine organisms in
general.
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Birkhaüser, Boston, MA.

Grorud-Colvert, K., and Sponaugle, S. 2006. Influence of condition on
behavior and survival potential of a newly settled coral reef fish, the
bluehead wrasse Thalassoma bifasciatum. Marine Ecology Progress
Series, 327: 279–288.

Guan, L., Snelgrove, P. V. R., and Gamperl, A. K. 2008. Ontogenetic
changes in the critical swimming speed of Gadus morhua (Atlantic
cod) and Myoxocephalus scorpius (shorthorn sculpin) larvae and
the role of temperature. Journal of Experimental Marine Biology
and Ecology, 360: 31–38.

Healey, M. C., Thomson, K. A., Leblond, P. H., Huato, L., Hinch, S. G.,
and Walters, C. J. 2000. Computer simulations of the effects of the
Sitka eddy on the migration of sockeye salmon returning to British
Columbia. Fisheries Oceanography, 9: 271–281.

Holbrook, R. I., and Burt de Perera, T. 2009. Separate encoding of ver-
tical and horizontal components of space during orientation in fish.
Animal Behaviour, 78: 241–245.

Irisson, J-O., LeVan, A., De Lara, M., and Planes, S. 2004. Strategies and
trajectories of coral reef fish larvae optimizing self-recruitment.
Journal of Theoretical Biology, 227: 205–218.

Irisson, J. O., Paris, C. B., Guigand, C., and Planes, S. 2010. Vertical dis-
tribution and ontogenetic “migration” in coral reef fish larvae.
Limnology and Oceanography, 55: 909–919.

Jacobs, L. F. 2012. From chemotaxis to the cognitive map: the function of
olfaction. Proceedings of the National Academy of Sciences of the
USA, 109: 10693–10700.

James, M. K., Armsworth, P. R., Mason, L. B., and Bode, L. 2002. The
structure of reef fish metapopulations: modelling larval dispersal
and retention patterns. The Royal Society Proceedings: Biological
Sciences, 269: 2079–2086.

Jones, G. P., Srinivasan, M., and Almany, G. R. 2007. Population con-
nectivity and conservation of marine biodiversity. Oceanography,
20: 100–111.

Jorge, P. E., Almada, F., Goncalves, A. R., Duarte-Coelho, P., and
Almada, V. C. 2012. Homing in rocky intertidal fish. Are Lipophrys
pholis L. able to perform true navigation? Animal Cognition, 15:
1173–1181.

Kalmijn, A. J. 1988. Hydrodynamic and acoustic field detection. In
Sensory Biology of Aquatic Animals, pp. 83–130. Ed. by J. Atema,
R. R. Fay, A. N. Popper, and W. N. Tavolga. Springer-Verlag,
New York.

Kingsford, M. J. 1990. Linear oceanographic features: a focus for re-
search on recruitment processes. Australian Journal of Ecology, 15:
391–401.

Kingsford, M. J., Leis, J. M., Shanks, A., Lindeman, K. C., Morgan, S. G.,
and Pineda, J. 2002. Sensory environments, larval abilities and local
self-recruitment. Bulletin of Marine Science, 70: 309–340.

Knight-Jones, E. 1953. Decreased discrimination during settling after
prolonged planktonic life in larvae of Spirorbis borealis

(Serpulidae). Journal of the Marine Biological Association of the
UK, 32: 337–345.

Kristiansen, T., Drinkwater, K. F., Lough, R. G., and Sundby, S. 2011.
Recruitment variability in North Atlantic cod and match-mismatch
dynamics. PLoS One, 6: 1–11.

Kristiansen, T., Jørgensen, C., Lough, R. G., Vikebø, F., and Fiksen, Ø.
2009. Modeling rule-based behavior: habitat selection and the
growth-survival trade-off in larval cod. Behavioral Ecology, 20:
1–11.

Leis, J. M. 2006. Are larvae of demersal fishes plankton or nekton?
Advances in Marine Biology, 51: 58–141.

Leis, J. M. 2007. Behaviour as input for modelling dispersal of fish larvae:
behaviour, biogeography, hydrodynamics, ontogeny, physiology,
and phylogeny meet hydrography. Marine Ecology Progress Series,
347: 185–193.

Leis, J. M. 2010. Ontogeny of behaviour in larvae of marine demersal
fishes. Ichthyological Research, 57: 325–342.

Leis, J. M., and Carson-Ewart, B. M. 1997. In situ swimming speeds of
the late pelagic larvae of some Indo-Pacific coral-reef fishes.
Marine Ecology Progress Series, 159: 165–174.

Leis, J. M., and Carson-Ewart, B. M. 1998. Complex behaviour by coral-
reef fish larvae in open-water and near-reef pelagic environments.
Environmental Biology of Fishes, 53: 259–266.

Leis, J. M., Caselle, J. E., Bradbury, R. I., Kristiansen, T., Llopiz, J. K.,
Miller, M. J., O’Connor, M. I., Paris, C. B., Shanks, A. L., Sogard,
S. M., Swearer, S. E., Treml, E. A., Vetter, R. D., and Warner, R. R.
(2013) Does fish larval dispersal differ between high and low lati-
tudes? Proceedings of the Royal Society B. rspb20130327–1/3/13–
18:33.

Leis, J. M., Siebeck, U., and Dixson, D. L. 2011. How Nemo finds home:
the neuroecology of dispersal and of population connectivity in
larvae of marine fishes. Integrative and Comparative Biology, 51:
826–843.

Lett, C., Ayata, S-D., Huret, M., and Irisson, J-O. 2010. Biophysical
modelling to investigate the effects of climate change on marine
population dispersal and connectivity. Progress in Oceanography,
87: 106–113.

Lindeman, K. C., Richards, W. J., Lyczkowski-Shultz, J., Drass, D. M.,
Paris, C. B., Leis, J. M., Lara, M., and Comyns, B. H. (2005)
Lutjanidae: Snappers. In Early Stages of Atlantic Fishes, Chapter
137, pp. 1549–1586. Ed. by W. J. Richards. CRC Press, Boca Raton.

Llopiz, J. K., and Cowen, R. K. 2009. Variability in the trophic role of
coral reef fish larvae in the oceanic plankton. Marine Ecology
Progress Series, 381: 259–272.

Mann, D. A., Casper, B. M., Boyle, K. S., and Tricas, T. C. 2007. On the
attraction of larval fishes to reef sounds. Marine Ecology Progress
Series, 338: 307–310.

Mitarai, S., Siegel, D. A., and Winters, K. B. 2008. A numerical study of
stochastic larval settlement in the California Current system. Journal
of Marine Systems, 69: 295–305.

Monismith, S. G. 2007. Hydrodynamics of coral reefs. Annual Review of
Fluid Mechanics, 39: 37–55.

Montgomery, J. C., Tolimieri, N., and Haine, O. S. 2001. Active habitat
selection by pre-settlement reef fishes. Fish and Fisheries, 2:
261–277.

Mork, K. A., Gilbey, J., Hansen, L. P., Jensen, A. J., Jacobsen, J. A., Holm,
M., Holst, J. C., et al. 2012. Modelling the migration of post-smolt
Atlantic salmon (Salmo salar) in the Northeast Atlantic. ICES
Journal of Marine Science, 69: 1616–1624.

Nathan, R., Getz, W. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D.,
and Smouse, P. E. 2008. A movement ecology paradigm for unifying
organismal movement research. Proceedings of the National
Academy of Sciences of the USA, 105: 19052–19059.

Okubo, A. 1971. Oceanic diffusion diagrams. Deep Sea Research and
Oceanographic Abstracts, 18: 789–802.

Ospina-Alvarez, A., Parada, C., and Palomera, I. 2012. Vertical migra-
tion effects on the dispersion and recruitment of European

Page 6 of 7 E. Staaterman and C. B. Paris

 at T
he U

niversity of M
iam

i L
ibraries on Septem

ber 10, 2013
http://icesjm

s.oxfordjournals.org/
D

ow
nloaded from

 

http://icesjms.oxfordjournals.org/


anchovy larvae: from spawning to nursery areas. Ecological
Modelling, 231: 65–79.
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