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INTRODUCTION

Larvae of many intertidal and shallow subtidal or-
ganisms develop offshore but must migrate back to
the nearshore environment to settle (Shanks 1995a).
Two migration mechanisms are often proposed in the
literature: swimming ashore and migration enhanced
by physical oceanographic processes (Shanks 1995a).
For larvae to swim ashore they must swim in the right
direction and be strong swimmers. Multiple physical
oceanographic processes are proposed to enhance
migration such as internal waves, land/sea breezes,

shoreward propagating upwelling fronts and geostro-
phic flow (Shanks 1995a, Queiroga & Blanton 2004).
The effectiveness of these physical mechanisms are
further enhanced by organisms that swim in the right
direction (whether vertically or horizontally). Thus,
larval behavior may play a critical role in cross shelf
dispersal (Queiroga et al. 2007). However, behaviors
proposed to enhance migration are often based on
findings from laboratory studies or assumptions based
on larval morphology (Metaxas 2001).

Field observations of larval behavior have focused,
due to their large size, on crustacean postlarvae,
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ascidian tadpoles and coral reef fish larvae (Bingham
& Young 1991, Shanks 1995b). Leis & Carson-Ewart
(1997) examined in situ swimming speeds of 54 coral
reef fish larvae and found a mean swimming speed of
20.6 cm s−1, a speed well above all but the fastest
 currents; these larvae were able to actively move
through the water and, in the field, orient toward
reefs. Coral reef fish larvae orient their swimming to
a combination of scent, reef sounds and sun (Elliott et
al. 1995, Tolimieri et al. 2000, Leis & Carson-Ewart
2003). In situ, decapod larvae oriented their swim-
ming towards reef sounds and light or parallel with
surface currents (Shanks 1995b, Jeffs et al. 2003,
Radford et al. 2007). Off Rhode Island, American lob-
ster larvae primarily swam northeast towards the
shore (Cobb et al. 1989). In situ swimming speed of
deca pods has only been determined for late stage
lobster larvae (ranging from 15 to 46 cm s−1 depend-
ing on species) and not for brachyuran crabs (Phillips
& Olsen 1975, Cobb et al. 1989).

One physical oceanographic mechanism proposed
to transport larvae is internal waves. Transport by
internal waves occurs when surface current speed
above the wave is greater than the wave’s propa -
gation speed (Shanks 1995b, Lamb 1997). Lamb’s
(1997) model states that if the surface current speed
is greater than the wave phase speed, particles are
transported continuously by the wave until the char-
acteristics of the wave changes. If the surface current
is slower than the wave phase speed, particles are
transported a finite and short distance. The distance
internal waves transport particles can be determined
by (1) combining physical observations of internal
waves with Lamb’s (1997) model to calculate trans-
port distance or (2) measuring transport distance in
situ by interpolating distance from measured plank-
ton concentration in front of and within internal
waves. Studies that combine Lamb’s (1997) model
with physical observations report transport distances
on the order of meters with rare events of 1–2 km
(McManus et al. 2005, Shroyer et al. 2010). Transport
distances calculated from concentrations of plankton
in net tows suggest larger transport distances rang-
ing from 3.5–23 km (A. L. Shanks unpubl. data).
Thus, there is a discord between transport distances
calculated from Lamb’s (1997) model and in situ
observations. From the perspective of a larva cross-
ing the continental shelf, the differences would be
significant. A possible explanation for the discord is
that calculations using Lamb’s (1997) model have not
historically included larval behavior and previous
work suggests synergistic effects of larval behavior
with internal waves should greatly increase transport

distances (Shanks 1995b, Lamb 1997). Specifically if
larvae are strong swimmers and swim in the direc-
tion of wave propagation, the distance they are trans-
ported by internal waves should increase dra -
matically (Shanks 1995b, Lamb 1997). In the field,
megalopae of Pachygrapsus crassipes and Lopho -
panopeus bellus bellus have been observed in the
surface convergence of internal waves and swim-
ming in the direction of wave propagation, suggest-
ing this phenomenon of increased transport distance
does indeed occur (Shanks 1995b). Thus, it is likely
behavior plays an important role in the transport of
organisms by internal waves.

Due to their commercial importance, many studies
have examined the larval dispersal and transport of
the Dungeness crab (Metacarcinus magister Dana,
1852, formerly Cancer magister). Their abundance is
strongly affected by recruitment processes (reviewed
in Rasmuson 2013). Zoeae of M. magister are re -
leased in the nearshore environment during winter
and are found at greater distances from shore as they
develop (reviewed in Rasmuson 2013). By the time
they molt into megalopae, they are far from the shore
but must migrate to the nearshore environment to
settle. Two laboratory studies report swimming
speeds of M. magister megalopae ranging from 4.2
cm s−1 (Jacoby 1982) to 44.7 cm s−1 (Fernandez et al.
1994). Thus, megalopae are strong swimmers and
may make the shoreward migration by swimming
east; however, no studies have determined if M.
magister megalopae orient their swimming. Con-
versely, correlations of daily abundance of mega-
lopae and daily maximum tidal range suggest mega-
lopae are transported across the continental shelf by
internal waves (Johnson & Shanks 2002, Roegner et
al. 2007). Thus, it is likely one of the commonly pro-
posed migration mechanisms (swimming ashore or
transport by internal waves) is the pathway by which
M. magister return to the nearshore environment.

Therefore, due to its extensive research history and
evidence that the fishery is driven by recruitment, we
used in situ observations of M. magister orientation
and swimming speed to test whether megalopae
exhibit behaviors suggestive of cross shelf migration
by swimming or transport by internal waves. We
hypo thesized that (1) megalopae would swim with
surface currents rather than swim east. We further
hypo thesized that (2) the behaviors of M. magister
megalopae would enhance transport by internal
waves. We tested these hypotheses by combining our
in situ observation data with mooring observations of
internal waves to calculating potential transport dis-
tances by internal waves.
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MATERIALS AND METHODS

In situ observations

Metacarcinus magister megalopae were caught in a
light trap in Coos Bay, Oregon (Fig. 1; for details, see
Shanks & Roegner 2007), and their swimming behav-
ior was observed on the day of capture. Individuals
were transported in a bucket of seawater equipped
with an aerator to Sunset Bay, Oregon (Fig. 1), where
they were released and their behavior was observed.
Release sites within Sunset Bay were chosen haphaz-
ardly, and offshore distance of the releases was dic-
tated by safety concerns. The depth of each experi-
mental site was not determined, be cause observation
sites were reached by kayak, and strong currents pre-
vented depth measurements using the anchor rope.

On 15 and 22 August 2012 and 17 June 2013, using
protocols similar to Shanks (1995b), megalopae were
observed in order to determine if they oriented the
direction of their swimming. A snorkeler observed
megalopae during daylight in the upper 1 m of the
water column. An individual megalopa was placed in
a 225 ml jar and handed to a snorkeler. After swim-
ming ~5 m from the kayak (alternating direction hap-
hazardly), the snorkeler opened the jar ~1 m below
the surface. Each megalopa was observed until it
vanished, and its bearing was recorded. The snor -
keler haphazardly oriented the location of his body
relative to the sun, wave direction, surface current

and shore to minimize the effects of the snorkeler’s
presence. Using a compass, the snorkeler recorded
the bearing of the sun and swell direction. To deter-
mine surface current direction, a 2 m weighted line
with strips of plastic every 0.25 m was hung from a
float at the surface of the water column. The direction
of the floating strips was recorded as a bearing for
the direction of the surface current. Current direction
was determined in the upper 2 m of the water column
since megalopae swam near the surface.

On 22 August 2012, 17 June and 30 July 2013,
megalopae were released at ~1 m depth and followed
to determine their horizontal swimming speeds using
protocols similar to Leis & Carson-Ewart (1997). Each
megalopa (n = 10 per date) was followed by the
snorkeler for 30 s at a distance of ~1 m. Megalopae
were only followed for 30 s to prevent the snorkeler
from getting too far from the kayak. The snorkeler
held a General Oceanics Flow Meter with a low-flow
propeller (Leis & Carson-Ewart 1997). Recording time
and flow meter revolutions allowed us to determine
the speed of the megalopa. Surface water speeds
were determined on 17 June and 30 July 2013. A plas-
tic jar was filled with water, leaving a small air
bubble, and the snorkeler followed the jar for 1 min
using the same flow meter (Hamilton & Russel 1981).
The jar floated with ~5 cm2 of surface area exposed to
the air right at the air–water interface, thus wind ef-
fects were minimal. On these dates, the speed of the
water flow was subtracted from the measured swim-

ming speed of mega lopae that swam with
the current and added to that of mega-
lopae that swam against the  current.

Swimming orientation data were ana-
lyzed using circular statistics (Batschelet
1981). A Rayleigh test was used to deter-
mine whether data were significantly
different from random. In cases where
the distributions were non-random, a
V-test was used to determine if mean
swimming direction was similar to the
bearing of the sun, wave direction, sur-
face current and shore. Swimming
speeds were square-root transformed to
ensure that the data met the assumptions
of normality and homogeneity of vari-
ances. Swimming speeds from 17 June
and 30 July 2013 (corrected for water
speed) were compared to each other us-
ing a Student’s t-test, while those from 22
August 2012, 17 June 2013 and 30 July
2013 (no correction for water speed was
applied) were compared using ANOVA.
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Comparison to physical data

From 19 August to 13 September 2012, we de -
ployed a thermistor chain in 30 m of water (Fig. 1) to
observe internal waves. The thermistor chain was
deployed as close to the observation locations as pos-
sible but in deep enough water to prevent loss due to
boat traffic and/or wave action. Four Seabird SBE-56
thermistors were deployed at 5, 10, 15 and 19 m from
the surface and recorded data every 0.5 s. Depths
were chosen to provide sufficient resolution around
the thermocline using the available thermistors. We
used these data to describe the internal waves in the
study area and calculate the probability of transport
by internal waves.

McManus et al. (2005) calculated transport dis-
tance using Lamb’s (1997) equation as:

(1)

where Δx is the transport distance of the particle, L is
the soliton half-width, and b2 is defined as:

(2)

Umax is the maximum particle velocity at a specific
interface, V is the linear propagation speed of the
wave, and Ud is the swimming speed of the organism.
However, thermistor moorings do not record current
velocities, and thus McManus et al. (2005) used the
following soliton solution from Holloway (1987) to
convert thermistor data into velocity data:

(3)

(4)

(5)

(6)

where η is the deviation of the thermocline from
ambient, η0 is the amplitude of the soliton, x is the
horizontal position of the particle, c is nonlinear
phase speed, c0 is the linear phase speed, g is the
acceleration due to gravity, and h and ρ denote the
thickness and density of respective layers (h1 and ρ1

denote upper layers). Combining Lamb’s (1997)

equation and Holloway’s (1987) solution, McManus
et al. (2005) proposed (assuming Ud = 0):

(7)

where Umax is calculated at the surface and depth as:

(8)

(9)

This allowed McManus et al. (2005) to calculate
transport distance from a single thermistor chain
despite not having velocity data.

An assumption of McManus et al. (2005) was that
Ud = 0; however, the focus of our study was on the
contribution of swimming speed of an organism and
therefore we used

(10)

to calculate transport distance. We calculated Umax

(using Eq. 8) only for the surface of the water column,
because megalopae swam at the surface in all of our
observations.

Using these equations, we calculated transport
pro bability for passive and actively swimming or -
ganisms exhibiting the behaviors we observed in
M. magister megalopae. To find internal waves in the
mooring data, data were interpolated onto a 0.2 m
grid and plots of daily average temperature gener-
ated to determine the depth of the thermocline. On
all days the average thermocline depth was 12 m.
The temperature record from the 10 m thermistor
(the thermistor closest to the thermocline) was
assessed visually for the presence of internal waves
of elevation and depression (Fig. 2). For each wave
observed variables needed for the above equations
were recorded. Transport calculations require esti-
mates of density above and below the thermocline.
Density was calculated from the 10 and 15 m ther-
mistors using the equation of state of seawater with
zero pressure and an assumed salinity of 33. Routine
CTD casts conducted in this area show that salinity
remains relatively constant at 33 (M. Jarvis pers.
comm.).

Using the recorded data, transport distance was
calculated for swimming speeds ranging from 0 to
10.0 cm s−1 in 0.1 cm s−1 increments. We assumed that
larvae swam with the surface current, as did the
M. magister megalopae. In the above equations in
situations where Ud = V, the particle is transported an
infinite distance by the wave until the characteristics
of the wave or the organism’s behavior change.
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Our focus was to determine transport of megalopae
across the continental shelf, which is ~25 km wide
near our study site in Coos Bay. Since internal waves
are generated at the continental shelf break by the
internal tide, we considered waves to be transporting
if the transport distance was ~25 km (i.e. the maxi-
mum transport distance near Coos Bay). We use the
terms ‘transport’ and ‘transporting’ to denote dis-
tances <25 km and ‘shelf-transport’ and ‘shelf-trans-
porting’ to denote distances ≥25 km.

We assumed that organisms were capable of re -
ducing their swimming speed to match wave propa-
gation speed. Based on the nature of the transport
model, this means that a ‘shelf-transporting’ wave
that oc curred for larvae with swimming speeds rang-
ing from 0 to 0.2 cm s−1 was presumed to be ‘shelf-
transporting’ for organisms with swimming speeds
ranging 0 to 10.0 cm s−1. Had we not made these
assumptions, megalopae swimming at faster speeds
would not have been transported by the waves that
transported slower swimming megalopae. In marinas
with turbulent eddies, M. magister megalopae alter

their swimming speed relative to local
currents, so it is probable that megalopae
do indeed reduce their speed (L. K. Ras-
muson pers. obs.). The above calculations
only apply to non-linear internal waves;
therefore, internal bores were excluded
in this analysis.

RESULTS

In situ observations

In all trials, megalopae swam up from
1 m depth to the very surface of the water,
close enough to dimple the surface of the
water. After release, megalopae extended
their legs and spun in a circle. In most
cases, megalopae did not begin swim-
ming horizontally until their anterior end
pointed in the direction of the surface cur-
rent. When swimming horizontally, they
tucked their legs against their carapace
and swam with the surface current. In
some rare in stances, megalopae swam
towards the observer and either clung to
the observer (these individuals were
excluded from analysis) or swam past the
observer (included in analyses). 

On all dates, the swimming direction of
megalopae was significantly clustered

(Fig. 3). Megalopae did not swim east or with the
swell on any day (Table 1, Fig. 3). On 2 of the 3 sam-
ple days, megalopae did not swim towards the sun,
while on the third day, swimming was slightly similar
to the sun’s bearing (Table 1, Fig. 3). Mean swimming
direction on all dates was, however, statistically sim-
ilar to the direction of the surface current (Table 1,
Fig. 3). On one occasion, 8 megalopae were released
when no surface current was detected. During this
trial, megalopae appeared to swim randomly (n = 8,
Z = 0.90, p > 0.05); however, the small sample size
limits the power of the statistical test. 

Mean swimming speed (prior to removal of back-
ground speed) was 11.1 cm s−1 (range: 5.6−23.8 cm
s−1) and did not differ among sampling dates (F2,27 =
0.0724, p > 0.05; Table 2). Because megalopae swam
with surface currents, we removed the contribution
of the surface current to their swimming speed. After
correcting for current speed, the average swimming
speed of megalopae on 17 June and 30 July 2013 was
9.8 cm s−1 (range: 5.0−23.1 cm s−1) and did not differ
between sampling dates (t9 = 0.618, p > 0.05; Table 2).

147

0    10     20       30       40       50          60

0    10     20       30       40       50          60

6

8

10

12

14

16

18

6

8

10

12

14

16

18

A

B

Time (min)

D
ep

th
 (m

)

10.2
T (°C)

T (°C)

10.0

9.8

9.6

9.4

9.2

9.0

8.8

8.6

8.4

8.2

9.7

9.6

9.5

9.4

9.3

9.2

9.1

Fig. 2. (A) Internal wave of depression on 3 September 2012 and (B)
internal wave of elevation on 4 September 2012 extracted from 24 d of
thermistor chain data. Temperature (T) scales differ between panels. 

Arrows: depths of the thermistors



Mar Ecol Prog Ser 511: 143–152, 2014

Transport distances

Over 24 d, we observed 69 internal waves, 54
waves of depression and 15 waves of elevation.
Waves of depression would frequently occur in rank
ordered packets with the largest amplitude wave
leading. Leading waves had ‘idealized’ soliton

shapes whereas subsequent waves
in packets did not conform as well.
Waves of elevation were always
solitary and conformed well to
the presumed shape of ‘idealized’
solitons. A total of 24 internal
bores were observed (18 of de -
pression and 6 of elevation),
though they were not included in
the analysis.

None of the waves would have
been ‘shelf- transporting’ (distan -
ces ≥25 km) for non-swimming
organisms (Table 3, Fig. 4). As
swimming speeds of organisms
increased (assuming they swam in

the direction of wave propagation), the number of
transporting waves increased dramatically and at
swimming speeds of 0–10 cm s−1 all waves would
have been transporting (Table 3, Fig. 4). Addition-
ally, mean transport distance increased very slightly
and maximum transport distance increased as well
(Table 3, Fig. 4).
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Date Rayleigh’s Mean (±SE) Abiotic factor V-test u-value
z swimming angle (°) bearing

15 Aug 2012 16.61*** 253 ± 43 Swell: 60° −5.68
Sun: 135° −2.82

Current direction: 240° 5.68***

22 Aug 2012 14.93*** 268 ± 47 Swell: 150° −4.64
Sun: 120° −2.57

Current direction: 280° 5.35***

17 Jun 2013 5.08*** 176 ± 63 Swell: 60° −1.44
Sun: 120° 1.79*

Current direction: 160° 3.10***

Table 1. Oriented swimming of Metacarcinus magister megalopae. Data were first
analyzed to determine if they were significantly clustered. Mean swimming direc-
tion was compared to the bearing of abiotic factors to determine if they were 

statistically similar (see also Fig. 3). *p < 0.05, **p < 0.01, ***p < 0.001
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DISCUSSION

Our work demonstrated that the
megalopae of M. magister actively
oriented the direction of their swim-
ming and were capable of swimming
at speeds of ~10 cm s–1. Including
these behaviors in calculations of
potential transport distance suggests
that in the presence of an internal
wave, the behaviors and swimming of
M. magister megalopae would greatly
in crease transport distance.

Since the megalopae used in this study had already
migrated across the continental shelf to reach Coos
Bay, their swimming behaviors may have been al-
tered. However, in offshore waters, the megalopae of
Metacarcinus magister have been observed swim-
ming with surface currents (L. K. Rasmuson pers.
obs.), suggesting that the be haviors we observed in
Sunset Bay occur offshore as well. Repeating the
present study in offshore waters with megalopae col-
lected offshore would determine whether the swim-
ming behaviors we observed here are representative
of the natural migration process of M. magister mega-
lopae. Larvae of some lobsters and coral reef fish are
reported to swim ashore (Leis 2002, Jeffs et al. 2005).
In the Northeast Pacific, organisms trying to swim
ashore would need to swim approximately towards
the east. Near Coos Bay, the continental shelf is
~25 km wide, so organisms swimming at 9.8 cm s−1

would require ~3 d to swim across the shelf. This time
period is short enough relative to the megalopa stage
duration  that it is possible megalopae could swim
ashore. However, megalopae did not swim east on
any of the sample dates (Fig. 3). Thus, the swimming
direction of the M. magister megalopae would not
have resulted in their swimming ashore.

Other studies suggest that crab megalopae and
coral reef fish larvae use reef sounds as a cue for nav-
igating to settlement sites (Leis et al. 2002, Jeffs et al.
2003). M. magister primarily settles on soft sediments
on the continental shelf (depth varies greatly) so it
seems unlikely that intertidal sounds would act as a
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Sample date Including water speed Swimming speed only

Mean ± SE Range Mean ± SE Range

22 August 2012 11.5 ± 1.8 5.9−21.9 NA NA

17 June 2013 11.4 ± 2.1 7.6−13.5 9.0 ± 0.6 6.1−12.1

30 July 2013 10.4 ± 0.6 5.6−23.8 10.8 ± 2.1 5.0−23.1

Mean 11.1 ± 0.9 9.8 ± 1.0

Table 2. Swimming speed (cm s−1; including and excluding water speed) of
Metacarcinus magister megalopae. n = 10 on each date. NA: data not avail-

able since water speed is unknown

Swimming speed (cm s–1)
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Fig. 4. Influence of larval swimming speed, assuming the
larvae swam in the direction of wave propagation, on calcu-
lated transport distance of internal waves (n = 69). x-axis
labels denote the range of speeds in each bin, and data
points are scattered in the x-direction for ease of reading.
Data at y = 25 km represent particles that remained in the
wave and were transported until the characteristics of the 

wave or behavior of the organism changed 

Swimming Transport distance (km) No. of ‘shelf-
speed (cm s−1) Mean Maximum transporting’ 

waves

0 (passive) 0.05 0.41 0
0−0.2 0.11 0.80 1
0−1.5 0.24 4.00 7
0−3.5 0.30 2.10 21
0−6 0.60 4.68 44
0−10 ≥25.00   ≥25.00   69

Table 3. Mean and maximum transport distance for trans-
porting internal waves (distances <25 km) and the number
of waves considered ‘shelf-transporting’ (distances ≥25 km)
out of 69 observed internal waves for larvae with different
swimming speeds. ‘Shelf-transporting’ waves were ex clu -
ded from calculations of mean and maximum values for
transporting waves except at swimming speeds of 0 to 10 cm
s−1, because at this speed all waves were ‘shelf-transport-
ing’. See ‘Materials and methods: Comparison to physical
data’ for an explanation of why shelf transport distance is 

≥25 km
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navigation cue. Sounds or chemical cues generated
by either conspecifics or organisms living in soft sed-
iments could act as a cue for navigation. However,
this seems unlikely since both conspecifics and
organisms living in soft sediments are common
across the shelf and thus would not provide a direc-
tional cue. However, since this study was conducted
over soft sediment bottoms where M. magister settle
(L. K. Rasmuson unpubl. data) and was not designed
to test orientation to bottom habitat features, we
could not test this hypothesis.

In a previous study in the enclosed inland waters of
Puget Sound, congeneric species (Glebocarcinus ore-
gonensis, formerly C. oregonensis; and Metacarcinus
gracilis, formerly C. gracilis) swam in the direction of
the sun’s bearing (Shanks 1995b). M. magister swam
in the direction of the surface current on all 3 obser-
vation days, and on 1 of these 3 days (17 June 2013),
this happened to be also similar to the direction of the
sun. However, even on that day, swimming direction
was more similar to the direction of the surface cur-
rent (p < 0.001) than the direction of the sun's bearing
(p < 0.05). Studies on M. magister (other congeners
not as well studied) have clearly demonstrated bio-
logical differences between enclosed inland and
open ocean populations (reviewed in Rasmuson
2013). For example, M. magister larvae from Puget
Sound are smaller than open ocean larvae and adults
in Puget Sound more frequently utilize intertidal
habitats (reviewed in Rasmuson 2013). In a different
species, Pachygrapsus crassipes, a recent compara-
tive study of vertical migration from enclosed estuar-
ine and open ocean populations suggests that estu -
arine populations vertically migrate while oceanic
populations do not (Miller & Morgan 2013). Thus, it is
possible that the observed differences between con-
generic species arose from biological differences
between populations that inhabit enclosed inland
waters and those in the open ocean. Regardless of
whether the differences (sun versus surface current
orientation) were due to the study being conducted
in enclosed inland waters or due to species differ-
ences, megalopae of other Cancridae genera did not
swim towards the east and thus likely do not swim
ashore.

The behavior we observed for M. magister was
identical to that reported for P. crassipes and Lo pho -
panopeus bellus bellus megalopae (Shanks 1995b);
megalopae swam at the ocean’s surface and oriented
their swimming with the direction of the surface cur-
rent. In the current study, megalopae did not appear
to orient their swimming when no surface current
was observed, suggesting that megalopae orient

their swimming direction relative to surface currents;
though more data are needed.

The average in situ swimming speed we measured
(9.8 cm s−1 after correction for current speed) is inter-
mediate between previously reported swimming
speeds: 4.2 (Jacoby 1982) or 8.5 cm s−1 (Fernandez et
al. 1994) in still water and 44.7 cm s−1 in a flume with
a strong current (Fernandez et al. 1994). The slowest
current speed tested by Fernandez et al. (1994) was
14 cm s−1, whereas the current speeds we observed
were ~1.5 cm s−1. The results from these 2 studies
suggest that the megalopae of M. magister alter their
swimming speed and may do so relative to local cur-
rent speed.

Daily abundance at the coast of M. magister mega-
lopae varies with a fortnightly periodicity that is out
of phase with the spring neap tidal cycle and is
highly pulsed (Johnson & Shanks 2002, Roegner et
al. 2007). Fortnightly periodicity in recruitment is
considered indicative of cross-shelf transport by
internal waves (Shanks 1986, 2006, Pineda 1991).
This recruitment pattern is not considered indicative
of selective tidal stream transport, because the level
of recruitment would be directly proportional to the
size of the tidal prism, and thus recruitment would
be in phase with and proportional to the spring neap
cycle (Shanks 2002). Furthermore, concentrated
patches of M. magister megalopae have been ob -
served in surface convergences, some of which were
internal waves (Shenker 1988, L. K. Rasmuson &
A. L. Shanks pers. obs.).

Transport by internal waves occurs when the speed
of the surface current over the internal wave is
greater than the propagation speed of the wave.
Reported horizontal current velocities over internal
waves are highly variable (centimeters to meters per
second; Jackson 2004). An organism swimming in
the direction of the surface current would increase
their speed relative to the propagation speed of the
wave and thus increase the possibility of being trans-
ported by a wave. Megalopae of L. bellus bellus were
observed swimming in the convergence over an
internal wave and in the direction the internal wave
was propagating (Shanks 1995b). Given the behavior
of M. magister megalopae, e.g. swimming in the
direction of the surface current, it is likely that if
megalopae were exposed to flow over an internal wave
they would swim with the wave (Shanks 1995b).

Over 24 d, none of the observed internal waves
would have caused ‘shelf-transport’ (distances ≥
25 km) for passive particles (Fig. 4). Calculations sug-
gest, however, that for organisms that swim in the
direction of wave propagation, many of the internal
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waves would cause ‘shelf-transport’. At swimming
speeds of 10 cm s−1, all 69 waves would have been
‘shelf-transporting’, so that ‘shelf-transport’ would
have occurred daily. Thus, the behaviors exhibited
by M. magister may dramatically increase the possi-
bility of being transported shoreward by internal
waves. We did observe 24 internal bores in our tem-
perature record, and some of these may have caused
‘shelf-transport’ for passive particles, but lack of suit-
able models prevented us from calculating transport
potential (Pineda 1991, Helfrich & Pineda 2003).

Previous studies have demonstrated that only some
waves transport megalopae (Shanks 1983, 1988,
Shanks & Wright 1987). However, our data suggest
that M. magister megalopae would have been trans-
ported by all of the waves we observed. This is in -
consistent with work showing that recruitment of
M. magister megalopae is pulsed (values can change
by more than 3 orders of magnitude fortnightly;
Shanks 2013). Our mooring was deployed where the
water column depth was only 30 m. The waves we
observed likely had been slowed by friction on the
bottom in shallow water and thus were travelling at
speeds that larvae could more easily match. Thus it is
possible that the greater variability of internal wave
speeds and amplitude in deeper waters would
decrease the number of waves that could potentially
transport megalopae significant distances. For this
hypothesis to be tested, daily recruitment of mega-
lopae should be correlated with high frequency
measurements of internal waves at different sites
across the continental shelf to determine the charac-
teristics of a transporting internal wave.

Our study indicates that M. magister megalopae
swim in the direction of a surface current and swim at
speeds of ~10 cm s−1. Transport by internal waves
occurs if the speed of the surface current over the
wave is greater than the speed of the wave. As an
increasing number of studies examine larval behav-
ior in situ it is essential to understand how these find-
ings influence how larvae migrate back to settle. We
have demonstrated that larval behavior greatly
increases transport by internal waves, and since
internal tides, and thus waves, are ubiquitous around
the world, future work will likely demonstrate that
larvae of many species are transported by internal
waves.
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