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Changes in size strongly influence organisms’ ecological performances. For
aquatic organisms, they can transition from viscosity- to inertia-dominated
fluid regimes as they grow. Such transitions are often associated with changes
in morphology, swimming speed and kinematics. Barnacles do not fit into this
norm as they have two morphologically distinct planktonic larval phases that
swim differently but are of comparable sizes and operate in the same fluid
regime (Reynolds number 100–101). We quantified the hydrodynamics of the
rocky intertidal stalked barnacle Capitulum mitella from the nauplius II to
cyprid stage and examined how kinematics and size increases affect its swim-
ming performance. Cyprids beat their appendages in a metachronal wave to
swim faster, more smoothly, and with less backwards slip per beat cycle
than did all naupliar stages. Micro-particle image velocimetry showed that
cyprids generated trailing viscous vortex rings that pushed water backwards
for propulsion, contrary to the nauplii’s forward suction current for particle
capture. Our observations highlight that zooplankton swimming performance
can shift via morphological and kinematic modifications without a significant
size increase. The divergence in ecological functions through ontogeny in
barnacles and the removal of feeding requirement likely contributed to the
evolution of the specialized, taxonomically unique cyprid phase.
1. Introduction
Organisms typically increase in size and often change morphology through
development. These morphological changes are in turn constrained by not
only phylogenetics and physiology, but also biomechanics [1–4]. In the aquatic
realm, changes in size determine the fluid regimes in which the organisms oper-
ate. As small (less than 1 mm) aquatic organisms increase in size, the relative
influence of viscous drag diminishes and individuals operate in an increasingly
turbulent and inertia-dominated regime. Such a shift in the fluid regime has
been associated with increases in swimming and feeding performance [5–7].
However, drastic changes in morphology can also occur without significant
size change [8]. To date, few studies have quantified or examined themechanisms
that determine changes in swimming and feeding performance when organisms
change shape without a complementary change in fluid regime (but see [9]).

Crustaceans with complex life histories provide a goodmodel system to inves-
tigate this relationship between form and function through ontogeny. For
holoplanktonic crustaceans such as copepods and Artemia, their relatively small
larvae (less than 1 mm) operate in an intermediate Reynolds number fluid
regime (Re = 1–100), in which viscosity leads to tradeoffs between maximizing
feeding and swimming performance. Size (and thus Re) increase generally leads
toperformance improvement. This improvement can be achieved either bydirectly
elevating the performance of an existing, underperforming larval morphology [5],
or by permitting larvae to exploit a different morphology or kinematic mechanism
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that are more efficient in higher-Re regimes [6]. Often, in crus-
taceans, the two strategies are inseparable as size increase and
morphological change co-occur [10]. However, for barnacles, a
crustacean with a biphasic life history—sessile adults and
planktonic larvae—their two distinctive planktonic forms,
nauplius and cyprid, do not significantly differ in size. And
yet, barnacle cyprids swim at significantly higher speeds than
the early naupliar stages [11,12]. These observations suggest
that performance gains through changes in morphology and/
or kinematics are possible without a size increase.

The barnacle life cycle generally consists of six nauplius
stages and ends with one cyprid stage. Nauplii swim and feed
(except those that are lecithotrophic), and this stage is the pri-
mary dispersal phase. All barnacle cyprids are non-feeding;
they use a pair of modified antennules for walking, exploring
and attaching to substrates for settlement [13]. Metamorphosis
from nauplius to cyprid involves profound changes in the
overall body form and locomotory appendages. The cyprid is
enclosed by a fusiform, bivalved carapace without the project-
ing structures (e.g. frontal horns and tail spines) seen in the
nauplius.Nauplii swimwith threepairs of cephalic appendages
while cyprids swim with six pairs of thoracic appendages.

Differences in swimming behaviours between nauplii and
cyprids, in particular the increase in swimming speed with
age, lead to differences in vertical distributions, and hence,
cross-shore transport [14,15]. The negative rheotaxis exhibited
by cyprids also plays an essential role in attaching to substrates
[16]. However, before attachment can take place, initial contact
with the substrate is needed, and active swimming against
the flow could help increase the settling window [17–19].
Cyprids, therefore, need to meet strong swimming require-
ments. Indeed, recent observations of tethered barnacle
cyprids ofBalanus glandulahighlighted specializations for swim-
ming: the radial movement of the cyprid’s thoracopods during
the power stroke and the fused setules between these appen-
dages [20]. While tethering allows for an excellent view of
appendage movement, it prevents one from making a direct
link between swimmingkinematics to change in swimmingper-
formance and may introduce hydrodynamics artefacts [21,22].

Here, we compare the swimming performances, kin-
ematics and hydrodynamics of freely swimming barnacle
larvae across their development from nauplius to cyprid.
Larvae of the intertidal rocky shore stalked barnacle,
Capitulum mitella Linnaeus, 1758, increase in size through the
naupliar stages, but do not change sizewhenmetamorphosing
into cyprids, which represents a typical barnacle’s ontogenetic
profile. To compare swimming performances, we quantified
the displacement gained per beat cycle of free-swimming
larvae. We examined whether swimming differences can be
attributed to changes in limb location and orientation, body
size and/or kinematics of the limb beat. Finally, we compared
flow structures around swimming larvae using micro-particle
image velocimetry (µPIV) and examined flow characteristics
such as trailing vortices and spatial flow decay.
2. Methods
(a) Larval collection and rearing
Capitulum mitella adults were collected from rock crevices in
Clear Water Bay, Hong Kong (22°20’2200 N, 114°16’ E). Egg
masses were dissected from the mantle cavity of the barnacles
and maintained in aerated filtered seawater (0.45 µm, 25°C,
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33 psu) until the nauplii hatched. Hatched nauplii were collected
with a pointed light source and transferred to fresh filtered
seawater. Nauplii were fed with a mixture of Isochrysis galbana
and Tetraselmis chuii ad libitum until they moulted into stage VI.
For stage VI nauplii, Rhodomonas salina was used in place of
T. chuii until nauplii moulted into the cyprid stage. Individuals
were fed and their seawater was changed daily. Nauplii II to
VI were filmed on the 1st, 2nd, 4th, 5th and 7th day after hatch-
ing, respectively. We did not obtain video of nauplius I, which
moulted into nauplius II within hours on the first day. Metamor-
phosis into cyprids first occurred on the 12th day of rearing, and
2-day-old cyprids were used for video observations. Morpho-
metrics data of nauplii and cyprids were measured from video
frames with ImageJ (electronic supplementary material, table S1).

(b) Video acquisition
Videos of free-swimming nauplii and cyprids were taken with a
high-speed camera (FastCam Mini UX100, Photron Ltd.) at
2000 frames s−1 and a final resolution of 1280 × 1024 pixels.Magni-
fication was achievedwith an extended focal distance createdwith
a bellows and a Nikon 60 mm F2.8 lens. Videos had fields of view
of 2.0 × 1.6 mm to 2.9 × 2.3 mm and estimated focal depths of
approximately 20–30 µm (see electronic supplementary material).
This high-speedmicroscale imaging systemwasmodelled after the
ones described in [23,24]. About 30 nauplius or cyprid individuals
were recorded in each video session inside a custom-made cuvette
(25 × 75 × 5 mm) illuminated by an array of white LEDs. Record-
ings were taken inside a temperature-controlled room at 25°C,
and an external 400 mlwater bathwas used to house the recording
chamber to further buffer small temperature fluctuations. Microal-
gae (Isochrysis galbana) were used as seeding particles to trace fluid
around nauplii and cyprid, except stage II nauplius for which
neutrally buoyant micro-plastics beads (5 µm in diameter, Sphero-
tech Inc.) were used. Five videos were analysed for each stage
(electronic supplementary material, table S1).

(c) Swimming characterization
To compare swimmingperformances,we calculated swimming vel-
ocity based on the displacement of the naupliar or cyprid body
centroids over time. Onebeat cyclewas analysed for each individual
as most individuals only stayed in the plane of focus for fewer than
two beat cycles. The ‘relative swimming speed’was also calculated
bynormalizingabsolute swimmingspeed against larval length. For-
ward displacement was defined as a displacement vector that has a
positive dot product with the body’s direction vector (i.e. a vector
from the body’s posterior end to the anterior end, and vice versa
for backwards displacement). To compare the efficiency of propul-
sion, we calculated the forward to backwards displacement ratio.
Net displacement over a beat cycle (see details in the kinematics
analysis), both absolute and normalized by larval length, was also
calculated. To determine the flow regime the larvae swam in,
Reynolds number (Re) was calculated with the equation [25]

Re ¼ lU
v
:

Characteristic length l is the larval total length and speed U is the
mean swimming speed of each individual. The value of kinematic
viscosity (v= 0.934 × 10−6 m2 s−1) for 33 psu seawater at 25°C was
used. Swimming metrics for nauplii (5 for each stage) were calcu-
lated from dorsal view videos, but a mix of dorsal and lateral
views (3 dorsal : 2 lateral) were used for cyprids due to the difficulty
in obtaining videos from the dorsal view.

(d) Kinematics analysis
To compare the pattern of appendages’ movement over a beat
cycle, appendage angles were calculated from the tip of the
60.pdf
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appendage relative to the body axis (figure 1). Only the right side
was digitized. From these angles, we calculated stroke amplitude
by mapping the range of the angles for each appendage and
angular speed by taking time derivatives of the angles.

To examine the consequences of differences in numbers of
appendages and timing of the appendage recovery stroke, we
calculated the duration of the power stroke (TP) and recovery
stroke (TR) over a beat cycle and the TP : TR ratio. For nauplii,
TP was estimated from the beginning of the mandible’s beat to
the end of the antenna’s beat, while TR was from the beginning
of the mandible’s return to the end of the antenna’s return.
Under this definition, there was an overlap between the power
and recovery strokes, so the sum of TP and TR exceeded the dur-
ation of one beat cycle of an individual appendage used to
calculate frequency. For cyprids, TP was estimated from the
beginning of the 6th thoracopod’s beat to the end of the 1st thor-
acopod’s beat, while TR was from the beginning of the 6th
thoracopod’s return to the end of the 1st thoracopod’s return.
We computed three additional dimensionless indices to describe
the kinematics of the larval motion. They are: (i) the jump
number (Njump) that describes the characteristics of the imposed
flows [26]; (ii) the Strouhal number (St) that characterizes swim-
ming performance in relation to the oscillatory beats [27]; and
(iii) the advance ratio (J ) that compares larval swimming speed
to speed of appendage tips [27,28]:

Njump ¼ TP

l2=4v
,

St ¼ fA
U

and

J ¼ U
2ufLm

:

TP is the duration of the power stroke, l is the larval total length,
v is the kinematic viscosity, f is the beat frequency, A is the
amplitude in distance travelled by appendage, U is the average
swimming speed, θ is the mean appendage amplitude in
radian, L is the mean appendage length (including setae) and
m is the number of appendage pairs to account for the difference
in a number of appendages used for propulsion. m = 2 for nauplii
because we assumed antennules contribute little towards propul-
sion; and m = 5 for cyprids because the amplitude of the 1st pair
of thoracopods could not be measured in our dataset.
om http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2020.1360/622077/rspb.2020.13
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(e) Hydrodynamics analysis
To compare flow structures around swimming nauplii and
cyprids through ontogeny, flow was visualized as flow velocity
vectors overlaid over a vorticity map. Cross-correlations of video
frames were computed to obtained velocity vectors after masking
larvae. Cross-correlation was computed with a multi-pass algor-
ithm with interrogation windows decreasing in size from 96 × 96
to 64 × 64 pixels with 50% overlaps. Vector post-processing was
performed to remove outlier vectors. To show fluid disturbance
caused by the beating of appendages, two-dimensional ‘flux’ at
the posterior end of the larva was computed. Flux for each frame
was calculated for flow passing through a line segment equal to
the larva’s body width at the body’s posterior end, centred at the
long axis of the larva (figure 1). Body width was chosen for flux
computation because it encompasses the distance within the
reach of themandibles, the appendages used to bring food particle
to the labrum. Flux was computed by integrating the velocity
vector projected onto the normal direction over the line segment.
Positive flux indicates fluid flowing in the opposite direction of
the body vector and vice versa. To compare predation risk as a
hydrodynamic signal presented to predators resulted from the
flow disturbance, the power of spatial flow attenuation with
respect to distance was calculated following the method presented
in [29]. We further characterized the trailing wake vortices of
cyprids by examining the separation of velocity stagnation
points from vorticity maximum/minimum, a feature of viscous
vortex ring [30].

( f ) Software and statistical analysis
Body landmarks and tips of appendages weremarked in ‘tpsDig2’
[31]. Cross-correlation and subsequent computation of vorticity
were performed in ‘DaVis’ software (v. 8.2.1, LaVision GmbH).
Swimming, kinematic and hydrodynamic analyses were com-
puted with ‘npiv’ R package (v. 0.0.1; [32]). The package was
slightly modified for cyprids as the original softwarewas intended
for nauplii. The modified version is available from the first author
upon request. Statistical analyses were performed in R (www.r-
project.org). Analysis of variance (ANOVA) was used to compare
mean differences between ontogenetic stages, followed by Tukey’s
HSD test for pairwise comparisons if the differencewas significant
for the main effect. Data were log-transformed for swimming
speed (both absolute and relative) and the forward: backwards
displacement ratio before being subjected to ANOVA to
60.pdf
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homogenize variance between the ontogenetic stages. The statisti-
cal significance level was set to p < 0.05.
3. Results
(a) Larval size
Larval total length increased gradually from476 ± 13 µm innau-
plius II to 798 ± 6 µm in nauplius VI (mean ± s.e., table 1).
Similarly, larval width increased from 205 ± 5 µm in nauplius
II to 351 ± 9 µm in nauplius VI. Instead of a size increase, there
was a nearly 50% decrease in larval length and width between
nauplius VI and cyprid, with a total length of 429 ± 13 µm and
a total width of 141 ± 10 µm for cyprids (mean ± s.e., table 1).

(b) Swimming speed
Absolute swimming speed increased through ontogeny, from
1.2 ± 0.1 mm s−1 in nauplius II to 2.9 ± 0.3 mm s−1 in nauplius
om http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2020.1360/622077/rspb.2020.13
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VI, and it further increased to 6.4 ± 1.4 mm s−1 in cyprids
(mean ± s.e., figure 2e). Between naupliar stages, absolute
swimming speed was only significantly different between
stages II and VI. Cyprids swam significantly faster than all
naupliar stages except for nauplius VI. After normalization
by larval length, naupliar relative swimming speed ranged
from 2.6 ± 0.2 body length per second (BL s−1) in nauplius
II to 3.7 ± 0.3 BL s−1 in nauplius VI (mean ± s.e.). No signifi-
cant difference in relative swimming speed was found
between naupliar stages. Cyprids swam at 15.2 ± 3.6 BL s−1

(i.e. 4 to 6 times faster than any naupliar stages; figure 2f ).

(c) Flow regimes
Reynolds number (Re) increased gradually through ontogeny
but stayed well below 10 (electronic supplementary material,
table S1). Nauplius VI had significantly larger Re than the
two earliest stages (nauplius II and III). Although cyprids
had a significantly higher Re than stage II to V nauplii, there
60.pdf
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was no significant difference between cyprids and nauplius VI
for either Re value calculated from characteristic length with
and without antennules. The Re of nauplius VI increased to
3.4 ± 0.7 (17.7 ± 3.7% increase, same as the increase in larval
length) when antennules were included in the calculation.

(d) Displacement per beat cycle
All nauplii pushed themselves forward during the power
stroke and slipped backwards during the recovery stroke,
resulting in jerky swimming (figure 2a–c; electronic supple-
mentary material, video S1). No significant difference was
detected in their forward : backward displacement ratios
(figure 2g). By contrast, cyprids swam smoothly with very
little backwards displacement during the recovery stroke,
resulting in a forward: backwards displacement ratio up to
an order of magnitude higher in the naupliar stages (figure 2g;
electronic supplementary material, video S2). Cyprids finished
a beat cycle in less time and reached a similar net displacement
as nauplius VI at the end, despite being smaller in size
(figure 2d). Cyprids completed their beat cycles at a higher
frequency than any naupliar stages (15.4 ± 1.8 Hz compared
with approximately 6 Hz for all nauplii, electronic supplemen-
tary material, table S1). Cyprid net displacement per beat cycle
was significantly higher than that of nauplius II, but was not
significantly different to those of nauplius III to VI. After nor-
malization by larval length, cyprids propelled themselves
significantly further per beat cycle than any naupliar stages
but nauplius VI ( p-value = 0.07; figure 2h).

(e) Kinematics
Nauplii swam by paddling their mandibles backwards first,
followed by the antennae, and they began to return to the
starting position at the end of the antennae’s power stroke in
a metachronal manner (figure 3a–c; electronic supplementary
material, video S1). However, the mandibles reached the
starting position first and began the power stroke while the
antennae were still returning to the starting position. The
antennules spent little time moving in the same direction as
the antennae andmandibles. The antennae’s stroke amplitudes
were significantly larger than those of the antennules and
mandibles (electronic supplementary material, table S1). This
pattern of appendage movement was similar across all nau-
pliar stages, and nauplii of all stages completed their beat
cycle in a similar amount of time (i.e. there was no significant
difference in beat cycle frequencies across naupliar stages).
om http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2020.1360/622077/rspb.2020.13
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There was also no significant difference in the appendages’
amplitudes across the naupliar stages, except for antennules,
for which the amplitudes were significantly higher in nauplius
II than nauplius IV.

Cyprids swam by beating first the sixth thoracopods and
then the remaining thoracopods pair by pair in a metachronal
wave (figure 3d; electronic supplementary material, video S2).
Thoracopod pairs stayed pointing posteriorly at the end of their
respective power strokes until almost all pairs reached the end
of the power stroke, at which point they returned to the starting
positions together. The first thoracopod pair met the other
five returning pairs during its power stroke and returned
together with the others. Thus, the first thoracopod pair had
a smaller beat amplitude than the other pairs, which all had
similar stroke amplitudes (electronic supplementary material,
table S1). Contrary to the naupliar beat patterns, the cyprid’s
metachronal power stroke had similar appendage amplitudes,
and all thoracopod pairs moved in sync during the recovery
stroke. In addition, the thoracopods beat very rapidly, reaching
an average angular speed an order of magnitude higher than
that of the nauplii’s main propelling appendage, the antennae
(electronic supplementary material, table S1). The simul-
taneous recovery stroke pattern in cyprids also increased the
ratio of time spent for the power stroke to time spent for
the recovery stroke (TP : TR). Nauplii had nearly symmetrical
durations of power and recovery strokes, which did not differ
across stages (electronic supplementary material, table S1).
While the Strouhal numbers were higher in nauplii (St > 1)
than cyprid (St= 0.74), stage or larval phase had no statistically
significant effect on Strouhal number (electronic supplemen-
tary material, table S1). After accounting for the difference in
a number of appendage pairs, stage VI nauplii had signifi-
cantly higher advance ratio (J ) than cyprids (p < 0.05;
electronic supplementary material, table S1).

( f ) Topology of flow structure
Swimming nauplii and cyprids generated distinct flow struc-
tures around them. During the power stroke, nauplii had
vortices around their bodies and cyprids generated counter-
rotating vortices in the trailing wake (figure 4a–j; electronic
supplementary material, videos S3 and S4). With the Njump in
the order of 1, the flow fields imposed by both nauplii and
cyprids could be characterized as viscous decay. In nauplii,
weak vortices were generated only when the nauplii paddled
their mandibles, which were more noticeable in nauplius IV
to VI (figure 4a–e). The vortices formed by the beating
60.pdf
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Figure 4. Snapshots of vorticity fields overlaid with velocity vectors around a representative swimming nauplius VI and a cyprid from ventral and dorsal view (same
individuals in figure 3c,d, respectively). Absolute flux change over a beat cycle for nauplius VI (k) and cyprid (l ). Positive values indicate flow leaving larva and vice
versa. Small triangles on time axes of k–n indicate the time positions of snapshots used in a–j. (m–n) Representative profile of U* plotted against r, where U* is the
binned flow speed and r is the radius of the circle with equivalent area to the area occupied by U* in the flow field. Fit lines of attenuation power of theoretical
propulsion models are overlaid. power = power stroke; recovery = recovery stroke. (o) Empirical power fittings for spatial flow attenuation (mean ± s.e., n = 5).
Letters denote grouping from Tukey-adjusted pairwise comparisons. II–VI = naupliar stages II to VI; Cyp = cyprid.
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mandibles of nauplii dissipated at the end of the mandible’s
power stroke and was replaced by the vortices formed by
the moving antennae, which carried fluid along the moving
body. By contrast, the cyprids’ wake vortices were reinforced
om http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2020.1360/622077/rspb.2020.13
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by successive thoracopod beating before they dissipated, effec-
tively extending the peak circulation (electronic supplementary
material, video S4). Positive value of the flux at the trailing edge
of cyprids confirmed that the vortices moved water away body
60.pdf
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(i.e. against the direction of travel; figure 4k,l). The velocity stag-
nation points were separated from the vorticity maximum/
minimum indicating cyprids generated trailing viscous vortex
rings (electronic supplementary material, video S5).

During the recovery stroke, nauplii’s returning appendages
created vortices with reversed directions (i.e. same as the direc-
tion of travel, towards the body) that were smaller in
magnitude compared with those generated during the power
stroke. By contrast, cyprids returned collapsed thoracopods
simultaneously and created much smaller fluid disturbance
than that created during the power stroke (figure 4J ).

(g) Spatial attenuation of fluid disturbance
During the power stroke, the area disturbed by swimming
cyprids was larger than that of nauplii, as indicated by the
greater area of influence radius standardized by larval size
(electronic supplementary material, table S1). However, the
power of flow decay over distance was lower in cyprids than
all naupliar stages except nauplius V (figure 4m–o), meaning
that cyprids generated flow that attenuated faster spatially.
 201360
4. Discussion
Size increases and the resulting fluid regime changes during
development have been linked to improved swimming
performance in small aquatic organisms [5,7,33]. Contrary
to this pattern, our comparison of the stalked barnacle
Capitulum mitella larvae across developmental stages shows
that cyprids swim faster and smoother than their preceding
naupliar stages of similar or larger sizes. In addition to
having a more streamlined body and twice the number of
appendages than the nauplius, cyprids’ higher swimming
efficiency could also be explained by differences in kin-
ematics, namely beat frequency, angular velocity and limb
synchronicity during the recovery stroke. These kinematics
differences were reflected in the presence of trailing viscous
vortex rings in the wake of cyprids and their absence
around nauplii. These differences are likely linked to their
respective ecological roles in the barnacle life cycle: feeding
and dispersal in nauplius versus settlement in cyprids. The
swimming specialization in cyprids highlights the changing
selective pressure exerted on the distinct larval phases.

(a) Swimming speed increases throughout
development

Capitulummitella naupliar swimming speed fits the expectation
that higher swimming speed comes with the larger size, but
only between the stageswith large size differences, i.e. between
nauplius II and VI (figure 2e–f). Despite being smaller in size
(electronic supplementarymaterial, table S1), C. mitella cyprids
swam faster than almost all preceding naupliar stages of
larger sizes, similar to previous findings on other barnacle
larvae [12]. However, C. mitella cyprids swam considerably
slower at 7 mm s−1 than the previously reported speeds of
18–95 mm s−1 for other species [14,16,18]. Our observations
were made in still water, and this setting may have led to
an underestimated swimming speed of C. mitella cyprids.
Cyprids’ swimming speeds had been previously shown to be
highly variable over distance [34] and can be elevated by
downwellingwater flow [14]. Regardless of whether the swim-
ming speed of cyprids could be higher in the field, our
om http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2020.1360/622077/rspb.2020.13
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measurements clearly demonstrated that the shift in swimming
speed could have little to do with size.

(b) Cyprids swam more effectively without
increasing Re

Capitulum mitella nauplii experienced high backwards
displacement during the recovery stroke and are therefore inef-
ficient swimmers. This backwards displacement problem is
universal to all rowing swimmers in low- to intermediate-Re
regimes [35]. One solution to this problem is to operate at a
higher Re, in which inertia dominates, such that the swimmer
can glide at the end of the power stroke and reduce backwards
displacement [36]. For example, an increased Re through
ontogeny (from 2 to 37) helped Artemia reduce backwards
displacement [6]. By contrast, the Re of C. mitella larvae
remained less than 10 throughout development, and we did
not observe cyprids gliding into the recovery stroke. Thus,
it is possible to swim efficiently and reduce backwards slip
without significantly shifting the fluid regime.

Given that both nauplii and cyprids operate in low to
intermediate Re regimes, reciprocal motion (i.e. symmetry in
appendages’ configurations between the power and recovery
strokes) would result in little net displacement [35]. Reciprocal
motion could break in twoways, by changing the effective area
that appendages sweep through between the power and recov-
ery strokes, or by having multiple pairs of appendages beat in
metachronal wave and return simultaneously [37,38]. Kin-
ematics comparisons show that Capitulum mitella cyprids
employed both ways to break reciprocal motion. First, cyprids
maximized the sweeping area of thoracopods during the
power stroke by extending them radially and minimized the
sweeping area by collapsing them medially during the return
stroke. Second, cyprids beat their thoracopods in a metachronal
wave and brought them back together in synchrony (figure 3d).
By contrast, both the powerand recovery strokes of nauplii were
metachronal. Cyprids, therefore, achieve large asymmetries in
their effective sweeping areas and appendage movements
between power and recovery strokes. Such asymmetries in
turn confer swimming efficiency.

The lower advance ratio (J ) in cyprids further supports the
direct contribution of higher limbbeat frequency andnumberof
legs towards cyprid’s faster swimming (electronic supplemen-
tary material, table S1). Although increasing the number of
appendages help with elevating body speed, it is hard to phys-
ically accommodate them without a commensurate size
increase [39]. Cyprid has very tightly spaced appendages
with the ratio of space between pairs (B) to appendage length
(L) of approximately 0.1, which is smaller than that of larger
crustaceans [39,40]. However, this tightly packed limb arrange-
ment is deemed optimal for low to intermediateRemetachronal
swimmers, a group which cyprids belong [41]. Despite having
more tightly packed appendages than the nauplii stage, for
which B/L are approximately 0.15, cyprids paddled their
appendages with higher amplitudes (electronic supplementary
material, table S1). The appendages did not significantly inter-
fere with each other, probably due to the synchronous rather
than metachronal recovery stroke [42,43]. There was also a
trend of decreasing Strouhal number (St), from approximately
1 in nauplii to less than 1 in cyprids, though statistically insig-
nificant (electronic supplementary material, table S1). For
swimming and flying animals operating at high Reynolds
number (Re > 102), including copepod adults [44], St often fell
60.pdf
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within the range of 0.2–0.4, which also coincides with the peak
propulsion efficiency [45]. Neither nauplii nor cyprids swim
with St within this narrow range, but the observed St values
were comparable to those found for pelagic copepod’s naupliar
and copepodid larvae [10]. This comparison of dimensionless
numbers highlights that increased in swimming speed without
an overall size increase at low Re is achievable but require both
morphological and kinematic optimization.

The observed differences in kinematics translated into
differences in fluid disturbance patterns between nauplius
and cyprid stages (figure 4). Three major differences were
observed. First, the area of influence was significantly smaller
during the recovery stroke than the power stroke in cyprids,
reinforcing the notion that they are efficient in reducing
backwardsmotion. Second, cyprids generate trailingwake vor-
tices that were absent in nauplii. Third, we found a significant
reduction in the power of spatial flow attenuation between
most naupliar and cyprid stages [29]. By computing the jump
number (Njump) and observing the separation of velocity
stagnationpoints from thevorticitymaximum/minimum(elec-
tronic supplementary material, video S5), the flow disturbance
observed for both nauplii and cyprids agreewith the features of
viscous vortex rings (Njump∼ 1). Contrary to momentum jets,
viscous vortex rings are intermittent in nature and represent a
stealthy way of swimming [3,23,26]. It is noteworthy that the
major distinctions in dominant flow structures between nauplii
and cyprids remained robust across the whole range of Re
observed. In other words, the flow field around the nauplius
with highest Re observed was still significantly different from
that of the cyprid with the lowest Re of the group (electronic
supplementary material, figures S1 and S2, and videos S6 and
S7). The flow structure distinctions that we observed are very
similar to those found between nauplius and copepodids for
pelagic copepods, which are explained by changes in both
size and morphology [10].

(c) Distinct habitat requirements shape swimming
patterns

The differences in kinematics, hydrodynamics and swim-
ming performance between nauplii and cyprids reflect the
om http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2020.1360/622077/rspb.2020.13
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different ecological roles of these two larval phases. Capitu-
lum mitella nauplii swim and feed at the same time, but
cyprids are non-feeding and swim to locate attachment
sites. Planktotrophic barnacle nauplii’s feeding relies on the
suction current generated during the recovery stroke [46].
Having a relatively longer duration of recovery stroke gener-
ates flows of larger magnitude and area and thus contributes
towards particle capture in nauplii. With swimming and
feeding integrated, the trade-offs between these two func-
tions could impose a constraint on swimming performance
among nauplii, as seen in the comparison between plankto-
trophic and lecithotrophic nauplii [32]. By contrast, cyprids’
swimming appendages are not involved in feeding, nor
substrate walking or adhesion.

Swimming specialization in cyprids probably helps
larvae navigate complex and turbulent flows near settlement
sites [18]. Our data suggest that the evolution of a distinct
cyprid form was not likely driven by an ontogenetic niche
shift resulting from size increases similar to those proposed
for holoplanktonic copepods [47]. Instead, the shift in
swimming performance from nauplius to cyprid was
achieved through morphological and kinematic changes
and reflects a change in the contrasting ecological demands
of living in the plankton and swimming towards settlement
surfaces.
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