




















horizontal) was 84.25+5.79 deg. with a range of 67.1-90.0deg. The
vertically directed jet can be seen in the velocity plots of Figs2 and
3.

During the majority of the swimming sequences, one fin
downstroke coincided with each mantle contraction, with the fins
moving upward during the refilling phase. Based on the high-speed
footage, it was not clear whether these fin motions were passive or
active. However, DPIV data reveal negligible impulse production
from these motions, although greater spatial resolution is probably
necessary to fully resolve the fin flows. Moreover, previous
observations indicate that paralarvae sink rapidly during the refilling
phase even when the fins are in motion (Bartol et al., 2008).
Therefore, irrespective of whether these motions are passive or
active, fin force production is probably very low relative to the jet.

Adjustment for laser thickness
As indicated in the Materials and methods, an algorithm was
developed to deconvolve the velocity and vorticity fields to correct
for depth-averaging of the data by ¢. Ly, Ly, and D, were similar
for both convolved and deconvolved calculations (within ~6—-8%
of one another). However, because the Matlab routines did slighly
better at matching convolved parameters with the vorticity field
(based on visual comparisons of the computed values with the
vorticity fields for each case), convolved values for Ly, Ly, and D,
were considered more reliable and are presented in subsequent
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sections. By contrast, /, E, U; and Ujmax were significantly different
in convolved and deconvolved calculations and thus deconvolved
values for I, E, Uj and Ujpyay are presented for the remainder of the
paper unless stated otherwise. Convolved and deconvolved data are
illustrated in Figs2 and 3. Although the velocity and vorticity fields
do increase in magnitude during the deconvolution process as
expected, the general shape of the velocity and vorticity fields are
similar. The deconvolved velocity and vorticity fields show some
irregularity near the centerline, which is a result of the deconvolution
process amplifying non-axisymmetric features near the centerline
(the centerline being most heavily affected by the deconvolution).
These irregular features have minimal effect when calculating 7, E,
U; and Ujmax because I and E are weighted toward data off of the
centerline (see Eqns2 and 3, noting that yr0 as » r0) and they are

averaged out in the computation of Uj and Ujyay. For clarity, we
present both the convolved and deconvolved vorticity plots in Fig. 4
so that any irregularity in the deconvolved data does not detract
from the general vorticity patterns.

DPIV and jet properties
Over the Re range considered in this study [Reynolds number of
jet (Reje)=5-25, Reynolds number of squid (Regq,ia)=25-90], a
continuum of jet structures was observed. The jet structures ranged
from spherical vortex rings (Ly/Dy=2.1, Ly/Dp=13.6) to more
elongated vortex ring structures with tails (Ly/Dy=4.6, Lv/Dr=36.0)

Fig. 4. Convolved vorticity fields for paralarvae Doryteuthis pealeii swimming at 1.4cms™ (7.8 DMLs™) (A,B), 1.9cms™ (10.6 DMLs™) (C), 1.2cms™
(6.5DMLs™") (D), 22cms™ (11.9 DMLs™) (E) and 2.1cms™ (11.3 DMLs™) (F). The insets represent deconvolved vorticity fields that have been adjusted
for laser sheet thickness. L, is the length of jet based on vorticity extent, D,, is the distance between vorticity peaks; n¢p is the convolved propulsive
efficiency, ngp=deconvolved propulsive efficiency and DML is the dorsal mantle length.
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(Fig.4). Spherical ‘vortex rings’ or ‘vortex ring puffs’ generally
occurred at L,/D,<3 [mean Ly/Dy for five jet sequences=20.7+3.2
(#s.d.), range of Ly/Dp=13.6-25.2] whereas the more elongated
vortex ring structures were observed at Ly/Dy>3 [mean Lvy/Dr for
28 jet sequences=23.3+5.1 (£s.d.), range of Ly/Dg=17.8-36.0)], with
Ly/Dy, being a more reliable predictor of spherical vortex rings than
Lv/Dg. Spherical vortex rings, i.e. Lo/Dy<3, were less common than
elongated vortex rings, i.e. Ly/D,>3 and were recorded in only 15%
of the jet sequences.

Ly/Dy and Ly/Dy, i.e. the degree of elongation of the vortex
structure, increased with mean swimming speed (U) (Tablel;
Fig.5). Mean Ly/Dg, and Ly/Dg were 3.60+0.60 (range=2.13—4.58)
and 22.7+4.81 (range=13.6-36.0), respectively. The ratio between
jet velocity and swimming velocity (Uy/U and Ujmayx/Umax), 1.€. slip,
decreased with increased swimming speed (Table1; Fig.5). The
power law exponents (approximately —1), lack of dependence of U
on U (Table 1; Fig.6A) and lack of dependence of Ujpax on peak
swimming speed (Unax) (Table 1; Fig. 6B) indicate that jet velocity
is constant irrespective of swimming speed. Mean Uj/U was
1.61£0.73 (+s.d.) and mean Ujpax/Umax Was 2.15+0.99 (£s.d.). Pulse
duration increased with swimming speed (Tablel; Fig.6C). [
increased with higher L/D,, and U (Table 1; Fig. 7A,B). However,
jet thrust time-averaged over the mantle contraction did not increase
with Ly/D, or U (Table 1; Fig. 7C,D).

Jet propulsive efficiency
Mean propulsive jet efficiency (7,) for convolved (1,.) and
deconvolved (11,9) data were 83.0+7.50% (range=66.0-93.6%) and
74.9+£8.83% (range=56.1-87.5%), respectively. 7, increased with
increased U for both convolved and deconvolved data (Table1;
Fig. 8A,B) but there was no significant dependence of 17, on Ly/Dy,
for either convolved or deconvolved data (Table1; Fig.8C,D).
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Based on circulation of the vortex ring structures, dissipation was
rapid, with complete ring dissipation occurring at ~0.5s (Table 1;
Fig.9).

DISCUSSION
Jet structure

This study provides the first data on pulsed jet hydrodynamics of
a biological organism at intermediate Re (Regqic=25-90;
Rej=5-25). As is the case with juvenile and adult brief squid
Lolliguncula brevis that swim at high Re (i.e. Re>1000) (Bartol et
al., 2001b; Bartol et al., 2008), vortex ring formation plays an
important role in propulsion of paralarval D. pealeii at intermediate
Re, with a continuum of vortex structures being produced from more
classical spherical vortex rings to more elongated vortex rings with
no clearly identifiable pinch-off. These vortex rings, which result
from the separation of a boundary layer at the edge of the funnel
followed by spiral roll-up of fluid, are important coherent structures
because they accelerate ambient fluid downstream (either by pushing
it aside or by entrainment), leading to an increased pressure at the
funnel exit plane and elevated thrust per pulse (see Eqn 1) (Krueger,
2001; Krueger and Gharib, 2003). Although vortex rings have been
observed and quantified around oscillatory/undulatory locomotors
at intermediate Re (Miiller et al., 2000; Brackenbury, 2002; van
Duren and Videler, 2003), this study provides the first evidence of
vortex ring structures in a jet-propelled cephalopod paralarvae. Like
fish larvae, the vorticity field extent of paralarvae was large due to
vorticity diffusion and vorticity dissipated quickly [within 0.5s for
paralarvae (present study), 1s for fish larvae (Miiller et al., 2000)].

Numerical and mechanically generated jet pulse studies conducted
at higher Re (i.e. Re~2800—10%) have demonstrated the formation
of vortex rings or puffs during short jets and vortex rings pinched
off from the generating jet during long jets (Gharib et al., 1998;
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Fig. 5. Ratios of the length of jet based on the vorticity extent (L) to the distance between vorticity peaks (D,,) plotted as a function of mean swimming
speed during mantle contraction (U) (A), length of the jet based on the velocity extent (Ly) to the maximum funnel diameter (Dg) plotted as a function of U
(B), mean jet velocity along the jet centerline (U to the mean swimming speed during mantle contraction (U) plotted as a function of U (C) and maximum jet
velocity along the jet centerline (Umax) to the maximum swimming speed during mantle contraction (Unax) plotted as a function of Unax (D).
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Table 1. Regression results for selected parameters

Regression
Comparison type F P R
L/D,on U L 11.053 0.002* 0.262
L/D-on U L 13.268 0.001* 0.300
U/Uon U P 37.431 <0.0001* 0.609
Upnax! Unax 0N U P 28.836 <0.0001* 0.487
UonU L 0.013 0.910 -
Upnax 0N Upex L 0.105 0.748 -
Pulse duration L 18.016 <0.001* 0.368
onU
lon L/D, L 11.642 0.002* 0.273
lon U L 27.758 <0.0001* 0.472
FronL/D, L 0.590 0.448 -
FonU L 1.632 0.211 -
Npcon U P 41.753 <0.0001* 0.574
Neon U P 35.521 <0.0001* 0.533
Necon L,/D, L 0.626 0.435 -
Npaon L/D, L 0.721 0.402 -
T on time L 44.799 <0.0001* 0.258

L is linear regression, P is power regression, d.f.=1, 31 for all
comparisons and * denotes significance. L, is jet length based on the
vorticity extent, D, is the distance between vorticity peaks, U is the mean
swimming speed during mantle contraction, L, is the jet length based on
the velocity extent, D js maximum diameter of the funnel, U is the mean
jet velocity along the jet centerline, U, is the peak jet velocity along the
jet centerline, U, is the peak swimming speed, /is the jet impulse, F;
the jet thrust time-averaged over the mantle contraction, 1, is the
convolved propulsive efficiency, n,4is the deconvolved propulsive
efficiency and I'is jet vortex circulation.

Rosenfeld et al., 1998; Mohseni et al., 2001; Krueger and Gharib,
2005; Krueger et al., 2003; Krueger et al., 2006). These
investigations revealed a limiting principle for vortex ring formation
characterized in terms of F, which was introduced earlier. For

61 A
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dimensionless pulse sizes beyond F, the vortex ring stops entraining
circulation, impulse and energy from the generating jet and separates
from the jet. F occurs when the length of the ejected fluid (~L,) is
about 4 X the diameter of the jet aperture (~D,). In the present study,
no clear pinch-off was observed for jets with L,/Dy>3. The
elongated vortex ring structures observed in the present study,
however, may indeed represent a vortex ring/trailing jet complex
similar to that described in Gharib et al. (Gharib et al., 1998), only
that viscous diffusion has blurred the separation between the ring
and jet so that ‘pinch-off” is not distinguishable (see Fig. 4F). Another
possibility is that the elongated vortex ring structures represent
vortex rings whose formation has been pre-empted by viscous
diffusion so that a vortical tail remains behind the ring (see Fig.4D).
Based on the current data set, it is not possible to make a distinction
between these two possibilities but this topic certainly merits
further study, involving perhaps numerical simulations or DPTV with
high temporal resolution.

While the details of the evolution of the paralarval jet wake remain
elusive, the observed increase in Ly/D, with swimming speed
indicates that longer ring structures with greater expelled water
volume are integral to higher speed swimming in paralarval squid.
The observed increase in L/D,, with speed is achieved by increasing
pulse duration with speed, permitting a larger volume of water to
be expelled and the generation of longer L. Based on the results
of this study, this larger volume of water is expelled at approximately
the same velocity as smaller volumes of water at lower swimming
speed in paralarvae, i.e. paralarvae appear to employ a relatively
constant velocity jet across the speed range considered for this study.
This may be related to force limitations of the mantle musculature
given that specialization of sub-populations of the circular muscle
fibers for high force generation in D. pealeii does not develop until
the animals are juveniles and adults (J.T.T., P.S.K. and I.LK.B., in
preparation). The longer pulse durations and larger Ly/D, result in
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Fig.7. Mean impulse and mean thrust plotted as a function of the ratio of jet length based on the vorticity extent to the distance between vorticity peaks
(Ly/Dy) (A, C, respectively) and mean impulse and mean thrust plotted as a function of mean swimming speed during mantle contraction (U) (B, D,

respectively).

greater impulse with speed because more jet momentum is expelled.
The observed independence between thrust and speed and thrust
and Ly/D,, can be predicted from a simple momentum analysis for
a constant velocity jet. The finding that paralarvae use longer rather
than faster or higher frequency jets within the speed range considered
in this study is intriguing. Is this solely the product of constraints
of the paralarval mantle motor system, where either the ability of
the circular muscles to generate higher power or the ability of the
nervous system to exert fine control over circular muscle activation
is limited (see Otis and Gilly, 1990; Gilly et al., 1991)? Or,
alternatively, are paralarvae employing this approach and confining
their jets to a limited L./Dg, to remain within a high propulsive
efficiency window? Again, these questions are beyond the scope of
the present study but they are interesting areas for future
investigation.

One important difference between many of the mechanical jet
studies described above and the present study is that squid paralarvae
are self-propelled and not fixed like mechanical jet nozzles.
Consequently, there is a co-flow component, i.e. external flows move
over the funnel as the squid swims through the water and this will
impact vortex ring formation and the resulting jet structure as
discussed in other studies (see Krueger et al., 2003; Krueger et al.,
2006; Anderson and Grosenbaugh, 2005). Krueger et al. (Krueger
et al., 2003; Krueger et al., 2006) and Anderson and Grosenbaugh
(Anderson and Grosenbaugh, 2005) both revealed that F* decreases
with increased uniform background co-flow at Re~1000-3000, with
Krueger et al. (Krueger et al., 2003; Krueger et al., 2006) detecting
a precipitous drop in F to values <1 (as opposed to values of 4)
when the ratio of co-flow velocity to jet velocity (R, or 1/slip) is

>0.5. Krueger et al. (Krueger et al., 2006) explained the decrease
in F in terms of the decreased strength of the shear layer feeding
the ring and the increased rate of advection of the ring away from
the nozzle as the co-flow is increased.

In the present study, well-developed spherical vortex rings were
observed at Ly/Dy=2.1-2.9 where mean R,=0.76+0.26 (+s.d.)
(where R, or l/slip=mean swimming speed/mean jet velocity).
Although these Ly/Dy, are not exactly equivalent to the ratio of jet
plug length to jet diameter (L/D) used to mechanically generate
vortex rings, they are slightly higher than expected for vortex ring
formation based on the findings of Krueger et al. (Krueger et al.,
2003; Krueger et al., 2006). Moreover, some spherical and elongated
rings formed when R,>1, a condition in which vortex rings should
not form because the outer boundary layer presumably dominates
downstream flow development. Higher L./D,, and R, for vortex
rings reported in the present study may be a product of two important
factors: (1) the present study was conducted at a lower Re realm
(Resquia=25-90) where viscous forces may have lowered the jet
velocity somewhat from the value at the funnel aperture during jet
ejection and (2) paralarvae employ muscular control of their funnel
aperture during ejection, a characteristic observed in several species
of squid (O’Dor, 1988; Bartol et al., 2001b; Anderson and DeMont,
2005) and other biological jetters (Dabiri et al., 2006). The
investigations of co-flow components in mechanical jet studies have
not incorporated temporally variable funnel apertures and,
consequently, they are not fully representative of biological jetting,
although they are certainly useful in providing insight into general
principles related to biological propulsion. A dynamically controlled
funnel probably plays a significant role in the jet structure of self-
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propelled organisms given that Dabiri and Gharib (Dabiri and
Gharib, 2005) demonstrated that funnel diameter changes in
mechanical jet generators during jet ejection into stationary water
contribute to higher impulse-to-energy expended ratios and higher
F.

The absence of vortex ring pinch-off from a trailing jet in paralarval
D. pealeii is intriguing when compared with the DPIV jet results of
Anderson and Grosenbaugh (Anderson and Grosenbaugh, 2005) and
Bartol et al. (Bartol et al., 2009). Anderson and Grosenbaugh mostly
observed elongated jets [Ly/Dg=9.0-32.0 (entire jet in the field of
view); Ly/Dp=5.5-61.8 (estimated jets when portions of jet were not
completely visible in field of view)] with no clearly discernible leading
vortex rings in adult D. pealeii (DML=27.143.0 cm) swimming over
arange of speeds from 10 to 59.3 cms ™' (Anderson and Grosenbaugh,
2005). Steady propulsion by individual vortex rings was not observed.
In contrast to adults, D. pealeii paralarvae exhibited steady jetting by
individual vortex rings and produced overall shorter jet pulses
(Lo/D=2.1-4.8; Ly/Dp<36) that resulted in the production of spherical
and elongated vortex rings with no clear pinch-off. Moreover,
Lolliguncula brevis 3.3-9.1cm DML in size demonstrate two
distinctive jet structures or ‘modes’ when swimming at speeds of
243-222cms™ (0.54 to 3.50DMLs™"): (1) short jets involving
isolated vortex rings (Ly/Dy<3, Lyv/Dg=3.23—11.45) and (2) longer
jets consisting of a leading vortex ring pinched off from a trailing jet
(Lo/Dy>3, Ly/Dg=5.89-23.19) (Bartol et al., 2009). Given these
findings, two important questions arise: (1) do D. pealeii produce
fundamentally different jets than L. brevis, whereby leading edge
vortex ring pinch-off does not occur and (2) does jet structure change
significantly throughout ontogeny in squids, from paralarvae to adults?
Although D. pealeii and L. brevis hatchlings are similar in
morphology, they do differ significantly at older life-history stages

and thus a complete ontogenetic series of both species is required to
fully address the above questions.

Propulsive efficiency

Previous studies have emphasized the importance of continuous
swimming over burst-and-coast swimming at intermediate Re, where
viscous drag lowers coasting distances significantly (Hunter, 1972;
Weihs, 1974; Weihs, 1980; Batty, 1984; Webb and Weihs, 1986; Osse
and Drost, 1989; Miiller et al., 2000), and the importance of
undulatory/oscillatory, viscous-dominated propulsion (Vlyman, 1974;
Weihs, 1980; Jordan, 1992; Miiller and Videler, 1996; Brackenbury,
2002; McHenry et al., 2003). Jetting in paralarvae resembles burst-
and-coast swimming to some degree because there is a burst of thrust
as the mantle contracts and water is expelled, followed by a coasting
phase as the mantle refills. However, paralarvae are not true ‘coasters’
during routine station holding because they do not travel considerable
distances along the direction of travel, as they fight not only viscous
drag but also gravity during refilling. Paralarvae do employ a high-
frequency jet, which pushes them more towards continuous swimming
but they do not fall neatly into this designation either because of their
mantle-refilling phase. Furthermore, paralarvae do not rely heavily
on oscillatory/undulatory motions of their rudimentary fins for
propulsion at early ontogenetic stages (Boletzky, 1987; Okutani, 1987;
Hoar et al., 1994; Bartol et al., 2008) but rather rely almost exclusively
on a pulsatile (inertial) jet.

As a result of the prominent role of viscosity at intermediate Re
and the trend toward a relative increase in drag as Re decreases into
the intermediate range, propulsive efficiency was expected to be
low for paralarvae. However, results from the present study reveal
quite the contrary. Mean 1, was 83.0+£7.50% (+s.d.) and mean Mg
was 74.9+8.83% (+s.d.). These efficiencies are not only surprisingly
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Fig. 9. Linear regression of jet vortex circulation (T') on time for Doryteuthis
pealeii paralarvae.

high for a jet-propelled organism at intermediate Re but they are
also actually higher than 1, for juvenile/adult brief squid L. brevis
computed using Eqn4 with impulse and kinetic energy data from
other studies (see Bartol et al., 2008; Bartol et al., 2009) [mean
Np=66.5£16.3% (&s.d.); N=59; two-tailed r-test, P<0.01]. The
efficiency advantage of paralarvae is likely to be due, in part, to
their jets being more directly aligned with the direction of motion
than juvenile and adult squid. Juvenile and adults squid typically
have highly inclined jets especially at low swimming speed (Bartol
etal., 2001b; Anderson and Grosenbaugh, 2005; Bartol et al., 2009),
resulting in a lower fraction of the jet impulse doing useful work.
The efficiency advantage of paralarvae is also a product of lower
slip, with a mean Uj/U for paralarvae of 1.61+0.73 (+s.d.) and a
mean Uj/U for juvenile/adult L. brevis (Bartol et al., 2009) of
2.21+1.04 (£s.d.). This lower slip may be related to two factors:
morphology and over-pressure benefits. Compared with juvenile and
adult squid, paralarvae have larger funnel apertures (Packard, 1969;
Boletzky, 1974; Thompson and Kier, 2002) and hold proportionally
greater volumes of water in their mantle cavities (Gilly et al., 1991;
Preuss et al., 1997; Thompson and Kier, 2001). These characteristics
allow paralarvae to expel larger volumes of water at lower speeds
to produce the requisite thrust for a given normalized speed. The
high pulsing rates of paralarvae relative to adult squid [mean
contraction period and total jet period for paralarvae=0.092+0.016s
(£s.d.) and 0.41£0.08s (£s.d.), respectively; mean contraction
period and total jet period for juvenile and adult L.
brevis=0.25+0.060s (+s.d.) and 0.65+0.14s (+s.d.), respectively
(Bartol et al., 2009)], allow for the production of short jets with low
Ly/Dy. As demonstrated by Krueger and Gharib (Krueger and
Gharib, 2003), shorter jets can produce more thrust per unit of
expelled fluid volume than longer duration jets because there is a
higher relative contribution of over-pressure (i.e. /p in Eqn 1) to total
impulse and thrust. This thrust augmentation benefit provides the
same Fr with lower Iy (see Eqn 1), allowing a lower jet velocity to
be used for the same relative swimming speed.

The decrease in slip, i.e. ratio between jet velocity and swimming
speed, and the accompanying increase in propulsive efficiency with
increased swimming speed observed in the present study are
consistent with observations of larger squids. Anderson and
Grosenbaugh (Anderson and Grosenbaugh, 2005) found decreased
slip and increased efficiency with speed in adult long-finned squid
D. pealeii [mantle length (ML)=27.14£3.0 cm (mean=s.d.)] swimming
over a range of speeds (10.1-59.3cms™, 0.22-2.06 MLs™") and

Bartol et al. (Bartol et al., 2009) observed similar trends in
juvenile/adult brief squid L. brevis (3.3-9.1 cm DML) swimming at
speeds 0f 2.43-22.2cms ™' (0.54-3.50 DMLs™"). Although not based
on direct measures of the jet impulse and kinetic energy, Anderson
and Grosenbaugh reported efficiencies of 86% for speeds above
0.66 MLs™" and 93% for speeds above 1.6 MLs™' (Anderson and
Grosenbaugh, 2005). Propulsive efficiencies measured in this study
for paralarval D. pealeii swimming at speeds above 2cms™!
(11.1MLs™") were similarly high, with mean propulsive
efficiencies=89.7+3.2% (+s.d.) for convolved data and 83.7+3.3%
(£s.d.) for deconvolved data. The detection of such high propulsive
efficiencies in both hatchling and adult D. pealeii is significant given
the varying roles of inertia and viscosity over such a wide Re range
(40-180,000).

The absence of a dependence of propulsive efficiency on Ly/Dy,
is not surprising considering there was no clear distinction in jet
structure; a continuum of Ly/D, were detected with no
distinguishable pinch-off of a vortex ring from a trailing jet. The
lack of dependence also may be related to the small range of
observed L/Dg, (2.13—4.58). The data presented in this study are
for steady ‘vertical bobbing’ and represent the most common
swimming behavior in D. pealeii. As the paralarvae were not forced
to swim over a wide range of speeds but rather were allowed to
select their own preferred speed range during vertical bobbing, the
Ly/Dg, in the present study, in all likelihood, do not represent the
full range of jet structures produced by paralarvae. Escape jets, for
instance, presumably involve higher L,/D,, and higher Re;; where
pinch-off or other deviations from the observed jet structures may
occur. Escape jets were not investigated in the present study
because we did not have sufficient temporal resolution in our DPIV
setup to reliably capture escape jets. Investigating escape jet
structure is the next logical step in understanding paralarval jet
structure and propulsive efficiency, however.

Jet velocity and laser sheet thickness corrections
Despite application of the deconvolution routines, mean and peak jet
velocities were less than mean swimming speeds and peak swimming
speeds, respectively, for the highest swimming speed sequences
recorded (see Fig.5). This may be the result of several factors. First,
pulsed jet thrust is a product of both jet momentum and over-pressure
(see Eqn 1). Atlow/intermediate Re, unsteady effects may be providing
so much over-pressure that only low jet velocities are needed for the
requisite thrust, which is certainly reasonable given greater viscous
recoil resistance within the low/intermediate Re realm. This effect
may be more pronounced at higher speed paralarval swimming.
Second, viscous effects at these low/intermediate Re dissipate kinetic
energy and lower peak jet velocities over a fairly short time scale
(vortex dissipation occurred in <0.5s in the present study). Based on
the time delay between the end of jet ejection (determined from high-
speed video frames of mantle and funnel diameters) and the first
measurement of kinetic energy (~0.02 s), mean dissipation for kinetic
energy was 7.8+4.3% (+s.d.). Although it is not possible to calculate
the associated velocity reduction, the jet velocity decrease could lead
to slip values below 1. Third, application of the deconvolution may
have imperfectly corrected the centerline velocity due to non-
axisymmetric features near the centerline.

Morphology, muscle mechanics and ecology
Squid paralarvae have several morphological characteristics that aid
them in their vertical station holding lifestyle. Compared with
juvenile and adult squid, paralarvae have relatively larger funnel
apertures (Packard, 1969; Boletzky, 1974; Thompson and Kier,
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2002) and hold proportionally greater volumes of water in their
mantle cavities (Gilly et al., 1991; Preuss et al., 1997; Thompson
and Kier, 2001): features that permit the ejection of high-volume,
low-velocity flow for a given swimming speed. Sepioteuthis
lessoniana paralarvae do, in fact, expel relatively larger volumes of
water through their large apertures at low velocities, produce lower
peak mass-specific thrust and generate higher relative mass flux than
do adults during escape jetting (Thompson and Kier, 2001;
Thompson and Kier, 2002). The low slip values detected in the
present study are consistent with these findings.

In both S. lessoniana and D. pealeii, the thick filaments of the
mantle muscles that provide power for jetting (i.e. the circular
muscles) are 1.5-2.5-fold longer in juveniles and adults than in
paralarvae (Thompson and Kier, 2006; J.T.T., P.S.K. and LK.B., in
preparation). Because shortening velocity is proportional to the
number of sarcomeres in series (e.g. Josephson, 1975) and shorter
thick filaments potentially allow more sarcomeres per unit length
of muscle fiber, the shorter thick filaments of paralarval circular
muscle fibers may permit more rapid mantle contractions, assuming
that other aspects of the muscles are the same. These rapid mantle
contractions allow for more continuous swimming and less coasting,
which is beneficial at intermediate Re where viscosity is prominent
and coasting is inhibited. This prediction is consistent with the
mantle contraction times described in the Results above and the
observation of significantly higher maximum unloaded shortening
velocities in the central mitochondria poor and superficial
mitochondria rich circular muscle fibers of paralarval D. pealeii
relative to adults (J.T.T., P.S.K. and 1.K.B., in preparation). The
ontogenetic change in the thick filament lengths of the circular fibers
is not accompanied by a change in the expression of isoforms of
myosin heavy chain (J.T.T., P.S.K. and .K.B., in preparation). Thus,
the rapid mantle contractions and short jet periods that are important
for generating high propulsive efficiency in paralarvae appear to
result from an ultrastructural specialization of the circular muscle
fibers.

Within a day or two of hatching, squid paralarvae are competent
predators, having the ability to attack and consume live prey of
appropriate sizes (Mangold and Boletzky, 1985; Nabhitabhata et
al., 2001; Hanlon, 1990). Paralarvae are predominantly vertical
migrators, depending heavily on currents for horizontal displacement
(Fields, 1965; Sidie and Halloway, 1999; Zeidberg and Hamner,
2002; Boyle and Rodhouse, 2005), with some paralarvae undergoing
daily vertical migrations of 15m while being entrained within
cyclonic gyres near shore waters (Zeidberg and Hamner, 2002).
Therefore, it is not surprising that the paralarvae in the present study
employed a largely vertical jet while station holding in the holding
chamber. Even while holding position in the water column,
paralarvae were capable of impressive speeds during mantle
contraction; average swimming speed was 2.68+0.85cms ™' (£s.d.)
[14.74+4.56 DMLs ™" (+s.d.)] during mantle contraction with a range
of 1.46-4.84cms ™! (4.98-26.87 DMLs ™). Although holding position
and vertically migrating are preferred behaviors, paralarvae are also
capable of escape jetting and can achieve high speeds. Loligo
vulgaris, Doryteuthis opalescens and D. pealeii paralarvae can reach
speeds of 12-16cms™! (26.7-83.3 DMLs™") during escape jetting
(Packard, 1969; Preuss et al., 1997; J.T.T., P.S.K. and L.K.B., in
preparation) whereas //lex illecebrosus paralarvae can reach speeds
of 5.0cms™' (27.8 DMLs™") (O’Dor et al., 1986). These escape jets
are important for paralarvae for evading predators and attacking prey.
As indicated earlier, DPIV analyses of escape jets were not
performed because of temporal limitations but such studies would
provide valuable data at the upper limit of paralarval jetting.

Jetting in hatchling squid 1517
Concluding remarks

Vortex ring structures clearly play a prominent role in locomotion
of paralarval D. pealeii, with a continuum of such structures being
produced during jetting from spherical (classic) vortex rings to more
elongated rings. At the intermediate Re range of swimming
paralarvae, no clear pinch-off of a leading vortex ring from a longer
trailing jet was present even at the largest L,/D,, observed, which
differs from results from mechanical jet studies and some live-animal
adult squid studies at higher Re. Interestingly, paralarvae swim faster
by producing longer rather than faster jets; this may result from
mantle motor system constraints or selection for high propulsive
efficiency at a variety of swimming speeds. Despite previous
expectations of low propulsive efficiency at intermediate Re, our
results revealed that paralarvae actually have high propulsive
efficiency and low slip during their vertical bobbing behaviors,
especially at high speeds. High jet propulsive efficiency may be
more important for paralarvae than older life-history stages because
their fins play such a minor role in propulsion relative to the
contributions of the highly efficient fins of juveniles and adults
(Bartol et al., 2008), requiring paralarvae to rely more heavily on
their jet for propulsion. Therefore, although paralarvae may represent
the lower size limit of biological jet propulsion, they do not denote
the lower propulsive efficiency limit to biological jet propulsion.
Paralarvae achieve unexpectedly high levels of propulsive efficiency
through the production of high-frequency, high-volume, low-
velocity jets that reduce excess kinetic energy and presumably
provide considerable over-pressure benefits.
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LIST OF ABBREVIATIONS
Cp drag coefficient
D diameter of mechanical jet aperture
Dr maximum diameter of funnel
DML dorsal mantle length
DPIV digital particle image velocimetry
D, distance between vorticity peaks
E excess kinetic energy of the jet
f actual data field being averaged
F formation number
Fr time-averaged thrust
Fr jet thrust time-averaged over the mantle contraction
1 jet impulse
Ip impulse per pulse supplied by nozzle exit over-pressure
Iy impulse per pulse supplied by jet momentum flux
k convolution kernel
L length of ejected plug of fluid
Ly body length
Ly jet length based on the velocity extent
Ly jet length based on the vorticity extent
ML mantle length
i, unit vector in the radial direction relative to the jet centerline
fi. unit vector in the longitudinal direction along the jet centerline
r radial coordinate
Re Reynolds number
Rejet Reynolds number of jet
Regquia Reynolds number of squid
Ry ratio of co-flow velocity to jet velocity
t laser sheet thickness
T period between successive jets
(u,) convolved (i.e. measured) radial velocity
U, actual radial velocity
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(uz) convolved (i.e. measured) axial velocity

u, actual axial velocity

U mean swimming speed

U swimming speed normalized in body lengthss™

U; mean jet velocity along the jet centerline

Uimax peak jet velocity along the jet centerline

Umax peak swimming speed

X displacement during mantle contraction

z longitudinal coordinate along the jet centerline

r jet vortex circulation

Mp propulsive jet efficiency

Mpe convolved propulsive efficiency

MNpd deconvolved propulsive efficiency

0,(1) angle between the 3-D radial direction relative to the jet axis
and the vertical plane of the center of the laser sheet at
location T within the laser sheet

p fluid density

v Stokes stream function

[} azimuthal component of vorticity
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