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Small metazoan paddlers, such as crustacean larvae (nauplii), are abundant,

ecologically important and active swimmers, which depend on exploiting vis-

cous forces for locomotion. The physics of micropaddling at low Reynolds

number was investigated using a model of swimming based on slender-

body theory for Stokes flow. Locomotion of nauplii of the copepod Bestiolina
similis was quantified from high-speed video images to obtain precise

measurements of appendage movements and the resulting displacement of

the body. The kinematic and morphological data served as inputs to the

model, which predicted the displacement in good agreement with obser-

vations. The results of interest did not depend sensitively on the parameters

within the error of measurement. Model tests revealed that the commonly

attributed mechanism of ‘feathering’ appendages during return strokes

accounts for only part of the displacement. As important for effective paddling

at low Reynolds number is the ability to generate a metachronal sequence of

power strokes in combination with synchronous return strokes of appendages.

The effect of feathering together with a synchronous return stroke is greater

than the sum of each factor individually. The model serves as a foundation

for future exploration of micropaddlers swimming at intermediate Reynolds

number where both viscous and inertial forces are important.
1. Introduction
Aquatic microorganisms inhabit a world dominated by viscous forces, a world

where the physics of swimming differs from that of macroorganisms [1,2].

The strategy used by the most numerous aquatic metazoans operating at low

Reynolds number (Re) is to swim by paddling, which involves the repeated

back-and-forth movement of one or more pairs of swimming appendages in

a pattern of alternating power and return strokes. However, a rigid paddle

moving back and forth at low Re, regardless of velocity variations, performs

‘reciprocal motion’, known to be incapable of net forward progress [3]. Never-

theless, nauplii can and do swim quite effectively, some with velocities ranging

over two orders of magnitude, achieving maxima of over 500 body-lengths per

second. How do these micro-paddlers manage to swim so fast?

The generally accepted answer is that the surface area of a swimming appen-

dage normal to the direction of its motion is modified during different phases of

the swim cycle, being maximized during power strokes and minimized during

return strokes by ‘feathering’, to decrease drag [4–9]. However, it is unclear

whether the full forward motion of an organism paddling with more than one

pair of swimming appendages depends on the same principle, and many small

crustaceans swim by means of the coordinated beating of two or more pairs

[5,10–12]. Recent models of crustacean swimming have incorporated the phase

relations between adjacent appendages as well as inertia to compute the net force

on the body during distinct power and return strokes [13–15]. These models incor-

porate either the inertia of the swimmer or that of the surrounding fluid flow (but

not both). This introduces several fitting parameters that in turn introduce uncer-

tainty about model validity. At Re well below 1, free parameters can be reduced,

because accurate models can then be based on Stokes flow, ignoring inertia. To
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procure data on locomotion in this range, we have used one of

the smaller paddling microswimmers available, the nauplii of

the paracalanid copepod Bestiolina similis (length 70–200 mm)

[16,17]. Nauplii of this size swim at Re of 0.1–10 [18], which is

thus transitional between low and intermediate Re. Simplifica-

tions that have minimal impact on predictions can allow direct

measurement of the morphological and kinematic parameters

needed for modelling, so none are free. A relatively simple

mathematical description is then applied that can be confined

to the measured quantities, without sacrificing predictive capa-

bility. The purpose is to determine how well such a simplified

model succeeds in accounting for observed swimming behav-

iour. As Re increases into the transition zone, deviations are

expected to develop, providing new insights into swimming at

intermediate Re where viscous and inertial forces are important.

The minimal model we have employed is based on slender-

body theory for Stokes flow adapted from one that was recently

developed by one of us [19]. It differs from previous models in

not relying on any net force or inertia for propulsion. By account-

ing individually for the empirically measured dimensions and

kinematics of all six paddling appendages, our model was

used to predict displacements of the body over time and com-

pare these results with direct observations to assess the

neglected effects of inertia. In addition, the vetted model was

used to quantify the contribution to displacement of each appen-

dage pair, feathering of setae and appendage stroke phase in

order to better understand their role in naupliar propulsion.
100 µm

Figure 1. Bestiolina similis nauplii. (a) Scanning electron micrograph of a first
nauplius (NI) showing angle measurements for first antenna (A1), second
antenna (A2) and mandible (Md). (b) Nauplius stage 3 (NIII) video image
showing position of appendages at rest. Scanning electron micrograph
courtesy of Jenn Kong. Appendage abbreviations, A1, A2 and Md, used in
all figures.
2. Material and methods
2.1. High-speed videography of naupliar swimming
High-resolution measurements of angular position of individual

appendages and body displacement were made for nauplii of

B. similis. Nauplii were obtained from cultures maintained in the

laboratory for less than 1 year under standard conditions as

described in VanderLugt & Lenz [20]. Briefly, B. similis adults

were isolated from mixed plankton collections from Kaneohe

Bay Island of Oahu, Hawaii, and cultured at ambient temperature

(24–288C), a 12 L : 12 D light regime, and fed ad libitum with live

phytoplankton (Isochrysis galbana). Experimental nauplii were iso-

lated from the cultures and identified to stage using morphological

characteristics and length and width measurements [17].

For videography, nauplii were placed into small Petri dishes

(35 mm diameter) at ambient food levels. Experimental nauplii

ranged in size from 70 to 150 mm corresponding to developmen-

tal stages NI to NV. Spontaneous fast swims were recorded at

5000 fps with a high-speed video system (Olympus Industrial

i-SPEED) filmed through an inverted microscope (Olympus IX70)

with a 10� objective. Frames of the video files were converted into

bitmap image files (‘tiff’ format) and analysed using IMAGEJ

(Wayne Rasband; web page: rsbweb.nih.gov/ij/). Six swim epi-

sodes were analysed for appendage angles and location over

multiple power/return stroke cycles at 0.2 ms intervals. The angle

of each appendagewas measured using the main axis of the nauplius

as a reference, as shown in a scanning electron micrograph of an

early nauplius (NI) in figure 1a. Location was determined by tracking

the x- and y-coordinates of the anterior medial margin of the head in

each successive frame during the swim sequence. Five additional

swim episodes were analysed for location during rapid swims to

determine forward, backward and net displacements. Swims were

usually initiated from rest (figure 1b), which was characterized by

a stereotypical position for each appendage: first antenna (A1) point-

ing anteriorly (6–128), the second antenna (A2) pointing mostly

laterally (60–908) and the mandible (Md) posteriorly (105–1358).
2.2. Model formulation
To determine the extent to which observed locomotion of a nau-

plius could be accounted for based on observed appendage

movements and the assumptions of a low Re regime (see Intro-

duction), we employed a model of swimming with rigid

appendages adapted from one based on slender-body theory for

Stokes flow [19]. The aim of the model is to predict the position

of the body, as the angle of each leg changes over time. The

model provides us a reasonable approximation for long and slen-

der appendages paddling at low Re [21], which omits inertia, as

explained in the Introduction. It makes several additional simplify-

ing assumptions intrinsic to its formulation. The copepod nauplius

has a compact rounded body (figure 1) that is simplified in the

model as a sphere with a diameter that is the mean of the length

and width of its body. Using the more accurate prolate ellipsoid

shape instead made little difference in predicted displacements.

Naupliar appendages are relatively rigid elongate rods, slightly

tapering at both ends, again with rounded cross section. In the

model, they were simplified and represented as uniform cylinders,

with a single diameter. While the appendages are only an order of

magnitude greater in length compared with their thickness, for the
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sake of simplicity, the swimmer is modelled as a sphere with extre-

mely slender cylindrical legs that extend radially outwards, using

mean diameters measured from micrographs.

Movement of the nauplius is computed as a balance between

forces propelling it through the medium and the drag resisting

that movement. Linearity at low Re and the slenderness of the

appendages (the assumption that the legs do not interact hydro-

dynamically) make it possible to decompose the total force on

the swimmer into three parts: the ‘propulsive’ part, which is

proportional to the angular velocity of the legs, and two drag

parts proportional to the translational velocity of the nauplius,

one on the fixed legs and one on the spherical body. Separate

expressions derived for these forces can then be equated and

solved for the velocity of the nauplius. This is fundamentally

different from computing drag on a surface in a flow at high

Re, which typically scales as the square of the fluid velocity rela-

tive to the surface. While each leg may experience some force as it

moves through the fluid, there is no net force exerted on a neu-

trally buoyant swimmer at low Re. Thus, briefly (see Takagi for

a more rigorous treatment [19]), for a series of legs, i, of length

Li and very much smaller diameter di (di � Li) extending from

a sphere of radius R and pivoting at its centre, each small leg seg-

ment, dr, located at a distance, r, from the pivot, moves with a

velocity r _u: Its contribution to propulsive force directed parallel

to the forward axis is the product of a constant, k, multiplied by

the segment velocity, the segment length and the sine of the

angle the leg makes with the axis where d fpðrÞ ¼ kr _ui sin u dr:
The force generated by a pair of moving legs on opposite sides

is twice that obtained by integrating along a single leg from its

base at r ¼ R to its tip at r ¼ Rþ L: fp ¼ kð½Lþ R�2 � R2Þ _u sin u,

and for n pairs of legs, the total propulsive force, Fp, at any

instant is Fp ¼ k
P

LiðLi þ 2RÞ _ui sin ui: The drag force on a fixed

leg propelled through the water with a velocity, V, depends on

the angle of the leg with respect to the flow, being maximal

when the leg is extended at right angles to it and around half

that when it is more ‘streamlined’ parallel to the flow. Specifi-

cally, drag obeys the relation fD ¼ 0.5 k L(1 þ sin2u)V [21]. The

drag on a pair is twice this. Batchelor shows that k ¼ 4ph/

ln(2/1), where h is the dynamic viscosity and 1 is the ratio of

the thin cylindrical leg diameter to its length [21]. Added

to the drag on the legs is that on the spherical body in

Stokes flow, which is well known to be 6phRV ¼ 1.5 kRV ln(2/

1). Thus, the total drag force is FD ¼ kVf1.5 kR ln(2/1) þ
P

Li(1 þ sin2ui)g. Equating FP to FD and solving for V yields [19]

V ¼
Pn

i¼1 LiðLi þ 2RÞ _ui sin ui

1:5R lnð2=1Þ þ
Pn

i¼1 Lið1þ sin2uiÞ
:

Viscosity does not appear in the equation. It might seem that

a higher viscosity of fluid should affect the locomotion, and

indeed, a swimmer in a more viscous fluid would require more

muscle power to move the legs in the same manner as in a less

viscous fluid. At low Re, however, if two swimmers have suffi-

cient power to generate the same leg movements in two fluids

with different viscosities, they will generate the same motion

and displace the same distance. It also might seem that any

change in swimming velocity should depend on the velocity of

the body at that instant or at an earlier time. This would be the

case for swimmers with inertia, which accelerate or decelerate

depending on the net momentum exerted by the moving legs

on the surrounding fluid. However, a swimmer operating at

low Re exerts no net force. Any movement of the legs simply dis-

places the fluid with an instantaneous response. The swimming

velocity depends only on the velocity of the moving legs at

that instant. As soon as the legs stop moving, the swimmer

comes to a halt immediately [3].

While the appendages were assumed not to interact with each

other in the model, they can approach each other and essentially

behave as a single bundle. While the bundle would have a different
cross section from a single appendage, the effects on the displace-

ment are small for slender appendages [21,22]. In particular, for

much of the duration of the return strokes, the appendages lie

side by side and move together as such a bundle, with inter-appen-

dage angle less than 208 (see below). To partly account for this in

our model, any distinct appendages within this angular separation

were replaced by a single appendage with the angles averaged.

The model predictions did not depend sensitively on this threshold

angle. For example, return-stroke displacements differed by typi-

cally less than 20% of an already small movement for a 108
change in threshold. In addition, appendages are feathered

during return strokes, based on the observation that each appen-

dage can be divided into two parts: a proximal set of segments

and a distal set of setae. During the power stroke, the setae are

extended, and the effective length of the appendage is that of the

proximal segments plus the setae. During the return stroke, the

setae fold posteriorly, and the effective length of the appendage

in the model is reduced to the length of the proximal segments.

As a further simplification for the model, all appendages were

given equal lengths, set by averaging measured lengths for the

three appendages during the power stroke (Lp, proximal segments

plus distal setae) and the return stroke (Lr, proximal segments

only). The setae are essentially removed completely during

return strokes and reintroduced during power strokes. These

approximations simplify the analysis without much compromise

in the predictive power of the model, because the appendages

are of similar length and the drag of trailing setae is much less

than for extended ones. Note that all input parameters in the

model are based on independent experimental measurements

(table 1). The model outputs the instantaneous velocity V and

thus the displacement over time of a copepod nauplius with

prescribed appendage kinematics.
3. Results
3.1. Naupliar swim behaviour
The naupliar swim is characterized by a series of jerky move-

ments that are produced by the alternation between power

and return strokes of the swimming appendages. Angular pos-

itions of the first antenna (A1), second antenna (A2) and

mandible (Md), measured at 0.2 ms intervals for six swim epi-

sodes, generated the input for the model for nauplii, stages 1–5

(NI–NV, table 1). Figure 2 shows the angular positions of the

appendages of an NIII for 1.5 stroke cycles starting with the

power stroke of the Md (triangles). Power strokes by the appen-

dages followed a metachronal wave from the most posterior to

the most anterior pair: Md followed by A2 followed by A1

(figure 2). The numbered vertical lines in figure 2 indicate

the time for the minimum (1), maximum (3) and median

(2 and 4) angular positions of the A1, and the corresponding

video images of the swimming nauplius are shown below.

Just prior to the return stroke, all three appendages are at

their maximum angular position, and they appear to bend

with the distal setae pointing posteriorly in preparation

for ‘feathering’ (figure 2c; ‘3’). The return strokes of the

three appendages started approximately at the same time

(figure 2b, ‘3’) with the A1 and the A2 moving together for

much of the duration. The return stroke of the Md was shorter

and reached its minimum angle first. The A2 completed the

return stroke next and the A1 last. The Md was also the first

appendage to initiate the subsequent power stroke (T ¼ 14.2

and 23.6 ms), and its angular excursion was half completed

by the time the A1 initiated its power stroke (figure 2, ‘1’).

The nauplii of all stages completed the power and return



Table 1. Morphological parameters of nauplii.

nauplius stage

body size (mm) proximal unit (mm) seta length (mm)

length width A1 A2 Md A1 A2 Md

N172 NI 71 44 37 40 26 26 22 21

N182 NII 78 46 35 34 33 32 20 20

N178 NIII 97 47 35 33 24 25 30 23

N189 NIV 124 54 38 38 32 25 26 20

N201 NV 145 64 42 43 34 27 38 22

N207 NV 149 76 41 31 35 27 35 26
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strokes in approximately 10 ms during the rapid swim, which

corresponded to a beat frequency of 100 Hz (range 85–135 Hz;

n ¼ 11).

The temporal progression of appendage movements in the

coordinated patterns can be represented graphically as bars

placed along a time axis, depicting the duration of each state

for each appendage over successive swim cycles (figure 3).

The relationships between power strokes (solid bars), recovery

strokes (hatched bars) and stationary periods (clear bars) for

each appendage pair are shown for either two (five top

traces) or four (bottom trace) complete cycles (figure 3). Each

swim episode was initiated with a synchronous power stroke

of the three pairs of appendages. This was followed by an

immediate change in gait: subsequent power strokes were pro-

duced by a metachronal wave (the pattern of diagonally

ascending solid bars). In most cases, appendage pairs transi-

tioned through brief stationary periods between the power

and the return stroke, and vice versa. These stationary periods

were offset from each other, so that in nearly all cases at least

one pair of appendages was always moving. During the

power strokes, only pairs of adjacent appendages (A1 and

A2, or A2 and Md) overlapped (N201 being an exception),

whereas in nearly every return stroke, all three pairs of appen-

dages overlapped during some portion of the recovery period.

The transition from power to return stroke included a period

when pairs of appendages moved in opposite phases, specifi-

cally the return stroke of the Md (hatched bar) was almost

always initiated before the completion of the A1 power

stroke (solid bar). However, comparisons among the plots

also showed that the details of the timing of power, return

and stationary phases varied among swim episodes, and

even between cycles within a single swim episode.

Phase relations and their progression during a swim

cycle can be seen more clearly by plotting angles of two pairs

of appendages against each other, generating a Lissajous

curve of the cyclical activity (figure 4a). The lines between

points show the progression of the paired angles over time as

the appendages move during the power and return strokes

(arrows). The synchronous movement of three pairs of appen-

dages during the return stroke is clearly visible by the A1–A2

(left) and Md–A2 (right) trajectories nearly superimposing on

the 458 line (dashed line). In contrast, during the power strokes,

the trajectory for each appendage pair describes a sweeping arc

representing the changing phase states of the metachronal

coordination pattern (figure 4a). In the model, the three pairs

of appendages are treated as a single unit if their respec-

tive angles are within 208 of each other as indicated by the

trajectories inside the dotted lines (figure 4a).
The three pairs of appendages differed both by their

relative position with respect to the body axis, and by their

angular excursion. In the example shown in figure 2, the A1

completed an arc of ca 1208 centred around 708, whereas the

Md excursion was less than 608 and centred at 1358. The angu-

lar excursion of the A2 was intermediate at 1008 and centred

around 908. The antennae, A1 and A2, typically had angular

excursions of at least 1008, often exceeding 1308. Maximum

excursions of the Md were near 908, although in three swim

episodes we observed excursions that were closer to 608
(table 2). The relative placement of the appendages to each

other is a function of the articulation of the appendage and

its minimum and maximum angles during the swim cycle.

This relationship was computed for each swim episode as the

angular separation between the mid-excursion angle for each

pair of appendages varied between 208 and 408 as shown in

figure 4b.

The translation of power and return strokes of the individ-

ual appendages into naupliar displacement is shown in

figure 5. In general, forward motion corresponded to the

power strokes of the appendages (time periods: 0–4, 9–15

and 20–25 ms), whereas backward motion occurred during

return strokes (time periods: 6–7.5, 16–18 ms). The displace-

ment during the first cycle, which is produced by

synchronous power strokes of the appendages, is shorter

than the displacements of subsequent cycles with a metachro-

nal sequence of power strokes (see also figure 3). The initial

forward displacement averaged 0.6 body lengths, whereas

the displacements produced by the second and third power

strokes averaged 1 and 0.8 body lengths, respectively (n ¼ 11).

The backward displacements produced by the return strokes

were similar across cycles and averaged between 0.16 and

0.20 body lengths. For the second and third cycles, these back-

ward displacements represented a 20% backwards slide

compared with the preceding forward gain (n ¼ 11). This

pattern was observed in all naupliar developmental stages.

Additional patterns emerge when the relationship between

displacement and appendage movement is analysed in more

detail. For each swim episode, the phase diagram in figure 3

shows the timing of forward (right pointing arrows) and back-

ward (left pointing arrows) displacement, each separated by a

brief stationary phase (grey). Between the backward and for-

ward displacements, this period was relatively long and

corresponded to a time when the Md and the A1 were in

opposing phases (figure 3, grey between arrow heads). After

the forward displacement, the stationary period was typically

very short and often occurred during the return stroke of one

or more pairs of appendages (figure 3, grey between arrow
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tails). Furthermore, forward displacements were longer than

backward ones, and this difference was disproportionate

to the relative duration of power and return strokes by the

appendages (figure 3, right versus left arrows).
3.2. Comparison between experimental and
model-predicted locomotion

3.2.1. Amplitude of appendage excursions
The model was run using morphological and angular data

obtained from each of the six naupliar swim episodes (tables 1

and 2). Figure 6 shows experimental data and model output
for a four-cycle swim episode of a stage 5 nauplius (NV;

N201), with the angular measurements used as model input

shown in figure 6a. This episode offers a good dataset to test

the model, because displacements per cycle were small initially,

so inertia was small as assumed in the model. In addition, this

nauplius varied the stroke amplitudes over time and produced

non-periodic cycles, which can be readily inputted into our

model. Appendage excursions for this nauplius increased over

the first three cycles as shown in figure 6a. In particular, the

angular excursion of the first antenna (A1) nearly quadrupled

between the first and third cycles. The experimentally measu-

red displacements (figure 6b, black line) are superimposed on

the predicted displacements (grey line). The model output
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successfully predicts the forward, stationary, backward and

second stationary phases of the locomotory pattern. The

model is in good agreement with respect to observed timing

and the distances moved, particularly for the first 20 ms, validat-

ing its basic approximations. The displacement per cycle, both

observed and simulated, increases progressively with time,

which is attributable to the increasing amplitude of the A1,

suggesting, not surprisingly, that the amplitude of an appen-

dage excursion alone can have a significant effect on the

displacement of the nauplius. The model predicts velocity

directly, with displacement of the body reflecting the integration

of this velocity over time (figure 6b). Unfiltered plots of velocity

per se are too noisy to be useful owing to the high frame rate and

pixel resolution of the images. Smoothing velocity with a five-

point running unweighted average provides a less noisy

result, as shown in figure 6c. Velocity peaks by and large

agree between predicted and observed in both time and magni-

tude, both power and return strokes (first return stroke being an

exception). Re peaks around 2 for the first two cycles, rising

above 3 for the last two (right side ordinate).

3.2.2. Inertial effects
A closer comparison between model output and observed dis-

placement showed that discrepancies in magnitude as well

as timing of displacement increased over time (figure 6b).
The observed velocities also tend to lag behind those predicted

(figure 6c). In particular for the final cycle tracked in the swim

trajectory shown in figure 6, predicted backward movement

commenced earlier than that observed, and was of greater

magnitude. The subsequent forward movement predicted

was very close to that observed, but again, the following back-

ward movement commenced earlier and was of greater

magnitude. The model underestimated the forward displace-

ment to the end of the fourth return stroke by 11%. This

discrepancy is attributed to increasing effects of inertia as dis-

tance moved and peak velocities increased with swim cycle.

The velocity lag is also what would be expected from inertial

effects. This is further illustrated in figure 7a, showing plots

of both the predicted and observed peak forward and back-

ward displacements and their timing in each of the first two

swim cycles in the six nauplii (including N201), along with

their mean values and standard deviations. The timing discre-

pancies in local maxima/minima average 0.6 ms, and they are

significant at the p , 0.005 level (one-tailed; sign test). Plotting

the predicted forward or backward displacements against

those actually observed showed an increasing discrepancy

between prediction and observation with larger forward dis-

placements (figure 7b). These results suggest that inertial

effects are a likely explanation for the differences between

model and observed displacements.
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3.3. Testing paddling parameters using the model
Given a model that does not require any fitting of parameters

and the good agreement between model and observation for

the N201 swim episode, we used it to study the effect of

alternative forms of appendage actuation on displacement.

3.3.1. Paddle asymmetry—folding setae
To assess the importance of seta folding on net displacement,

the phase differences among the three pairs of appendages

were eliminated from the model while leaving setal folding

intact, as shown in figure 6a (dashed lines). This was effected

by delaying the timing of the A2 and Md strokes by 1 and
2 ms, respectively, so that all appendages moved in synchrony.

The resulting predicted displacement was significantly smaller

than both the observed displacement and that predicted by the

full model with both factors active. Thus, the 36% reduction (to

70 from 110 mm) in the effective appendage lengths during the

return stroke produces a predicted displacement that is 55% of

that of the full model, as shown in figure 8a (middle trajectory).

3.3.2. Phase lag
To assess the importance of phasing of appendage movements,

the appendages were all allowed to retain their original length

equal to the combined length of the proximal segments and the

setae. The setae were not folded at any time during the cycle, so

that each appendage had the same resistance moving forward

as moving back. In this case, the nauplius was still predicted to

move forward because of the phase lag between adjacent

appendages during the power stroke [19], and the transition

to effectively a single appendage during the synchronous

return stroke, but the predicted displacement was again

much smaller than that of the full model (as well as of the

experimental data) representing 21% of the originally pre-

dicted displacement (figure 8a). Further, the sum of net

displacements from setal folding and phase lag separately is

less than the displacement produced by combining the two fac-

tors, indicating that the effects are nonlinear and reinforce each

other (figure 8a). Thus, the commonly recognized propul-

sive mechanism of appendage feathering is enhanced by an

adjustment of phase relations.

3.3.3. Selective removal of paddles
We used the model to study the relative contribution of each of

the three pairs of appendages to displacement. Figure 8b shows

the model predictions for the displacement when one of the

pairs of appendages is removed. In each case, the predicted

net displacement was smaller than before. The difference was

particularly significant with the absence of either the A1 or

the A2, indicating that they were both crucial for the forward

movement during the power stroke. In the absence of the

mandible, the forward movement was unaffected; however,

the backward movement was greater than the observed, lead-

ing to a smaller net displacement (figure 8b). Thus, each

appendage contributed to net displacement of the nauplius,

but the nature of the contribution differed among appendages.

Although removal of two pairs of appendages reduced

theoretical net displacements significantly, net forward displa-

cements were still predicted, owing to setal folding, even when

the Md was the only appendage (figure 8c). The A2 produced

the greatest net displacement by itself (figure 8c), which is not

surprising given that the mid-point of its angular excursion

is the closest to a right angle, thus providing the greatest

displacement for any given amplitude of angular excursion.

3.3.4. Stroke amplitude and spacing between appendages
The model was used in a study of optimization of net displace-

ment. Based on the swim episodes that were analysed, we

established an ‘idealized’ pattern for the timing of the appen-

dage movements as input for the model. We suppose that all

three appendages oscillate with constant amplitude at constant

angular speed, and the mid-point angles of adjacent appendages

are a constant angle apart. The phases of the strokes are adjusted,

so that the appendages return together. During that time, they

are merged into a single appendage (figure 9a, bar above plot).



Table 2. Kinematic parameters.

nauplius

appendage mid-angle (88888)a angular excursion (88888)b

frequency (Hz) no. of cyclesA1 A2 Md A1 A2 Md

N172 70 91 126 130 125 88 93 2

N182 55 93 120 107 110 68 102 2

N178 64 92 122 125 118 83 119 2

N189 62 94 125 102 90 64 89 2

N201 60 96 139 86 90 51 122 4

N201c 75 98 138 128 92 56 111 2

N207 72 100 120 134 130 86 122 2
aMid-point angles (angular position half-way between extremes) excluded angles for the initial rest position.
bMaximum angular excursions for the different naupliar appendages during swimming bouts excluding the first angular excursion from rest to the end of the
first power stroke. Numbers of cycles indicated in last column.
cAverages are for cycles 3 and 4.
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This ‘idealized’ pattern produces the key observed behavioural

components of metachronal power strokes starting with the

Md and ending with the A1, as well as maintaining partial

synchrony during the return strokes.

The model was tested for a combination of angular spacing

(w) between adjacent appendages between 08 and 458 and

amplitude (a) of the appendage excursion from the mid-point

to either maximum or minimum angular position from 08 to

908, as diagrammed in figure 9a. For this analysis, the model

incorporated three simplifications: (i) folding of setae was

omitted, (ii) spherical body was replaced by a point, and

(iii) appendages with identical angles were bundled together

during the return strokes. Results are shown in figure 9b as a

‘heat map’ with warmer colours indicating larger net forward

displacements (see figure caption for details), which are attained

in the approximate ranges of 408 , a , 708 and 208 , w , 308.
Interestingly, the experimental data for several nauplii are

within or close to these ranges (figure 9b). The theory predicts

that displacements remain large over wide ranges of a and w

close to the optimum. The model suggests that, by exhibiting

a swimming behaviour close to the theoretical optimum, nauplii

can afford to vary the appendage excursions over time and

across different episodes (as observed) without much compro-

mise in displacement. However, the current analysis does not

incorporate setal feathering or drag on the body; the computed

displacements are only indicative of the maximum possible

displacement per cycle.
4. Discussion
Organisms, including nauplii, depend on locomotion to search

for and capture food, relocate in space and escape from poten-

tial predators. Copepods are the preferred prey of many

different planktivores, and all developmental stages (nauplii

and copepodites) are under selection for effectively avoiding

predators. Effective locomotion under the low Re regimes

that render their aquatic habitat ‘sticky’ for motion is clearly

of key value. The model analysis here has extended our under-

standing of how the naupliar body plan in combination with a

coordinated beat pattern of three pairs of appendages achieve

that locomotion.

The smaller an organism, the more dominant viscous forces

are expected to be in comparison with inertial forces at any given

swimming speed. Nauplii of copepod species like B. similis are

among the smallest free-living metazoans [23], and thus are

among the smallest aquatic organisms that depend on paddles

for locomotion. Because of their size, they should be among the

better organisms for models limited to low Re regimes. Thus, we

have been able to simulate locomotion by accounting just for the

viscous forces and ignoring the inertial ones. The model is

dependent only on measured morphological parameters and

kinematic data. Discrepancies between model and observation

have given more insights into the kinematics of the swim,

including the role each appendage-paddle plays in locomotion,

the effect of feathering compared with the effect of return-stroke

synchrony on net displacement, and when inertial forces might

contribute to locomotion.
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This model extends two previous models of swimming in

crustacean nauplii. One was developed by Williams [5,6] to

simulate naupliar and metanaupliar kinematics in Artemia,

whereas the second one was used to examine the effect of vis-

cosity and temperature regimes on the swimming behaviour of

copepod (Acartia tonsa) nauplii [14]. In these earlier models, the

nauplius swims by imparting momentum on the surrounding

water, a fundamentally different mechanism of propulsion

from our model in which the nauplius swims by rearranging

the water without exerting any net force. The earlier models

make assumptions about the coefficient of drag and other par-

ameters in the absence of direct measurements, whereas ours is

based completely on direct measurements. Furthermore, in

accordance with usage patterns observed in their species,

Williams [7] and Gemmell et al. [14] simulated only one (A2)

or two (A1 and A2) pairs of appendages, respectively. We

simulated all three pairs, in accord with our own observations

on Bestiolina, and this is the more usual pattern observed in

copepod nauplii [10,24]. The Acartia model was limited to

full-sweep (1808) appendage excursions, in order to investigate

maximum performance [14]. However, 0–1808 is an extreme

range that we have not observed in the fast swims of B. similis
nauplii here, so our studies used measured appendage move-

ments with smaller excursions (cf. figure 9). Gemmell et al.
[14] varied the duration of the power phase relative to that of

the return phase in the model, and concluded that this
variation alone is responsible for the changes in displacement

of nauplii swimming in fluids with different viscosities and

temperatures. In our model, stroke duration has no effect on

net displacement, nor does viscosity enter into the mathe-

matical equation predicting low Re swimming. Thus, the

dependences observed in the Acartia model would be an indi-

cation of locomotion in a higher Re regime than what we have

modelled. In contrast, we investigated the effect of other

factors, such as appendage number, amplitude and phase, on

locomotion.

Crustacean nauplii differ in appendage morphology, kin-

ematics and the number of appendages used for locomotion

[5,18,24,25]. Based on earlier observations of swimming in

nauplii and model simulations, these differences lead to func-

tional plasticity in locomotion [5]. The current modelling

studies confirm and extend the conclusion that the nauplius

bodyplan allows for flexibility in swimming. The model pro-

vides quantitative data on how locomotion changes as a

function of the amplitude of the stroke excursion, and its relative

angular orientation with respect to the direction of movement.

Unlike organisms with paddles distributed along an elongate

body [13,15], the A1 and Md are constrained to non-optimal

angles because of a compact spheroidal body. Thus, the model

predicts (figure 8) that the greatest displacement is generated

by the middle pair of appendages, the A2, whose sweep is

centred optimally for forward thrust, near 908. Not surprisingly,
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all crustacean nauplii use the A2 for swimming, and sometimes

this is the only appendage used for locomotion, as in the brine

shrimp (Artemia franciscana) [6,10].

The model predicts lower net displacements when either

the A1 or the Md is not involved in swimming (figure 8b).

Some crustacean nauplii use primarily two pairs of appen-

dages. The cirripeds swim using the A2 and Md (Balanus sp.,

Lepas pectinata) [10,26], whereas the copepod A. tonsa swims

with the A1 and A2 [24]. Specifically, when the Md is excluded,

forward displacement is unchanged, whereas the backward

slide during the return stroke is greater (40% versus 20% of for-

ward displacement). Experimental data for A. tonsa indicate a

backward displacement of approximately 33% of forward

movement, which is greater than that observed in copepod

nauplii using three pairs of appendages (approx. 20%; this

study, [24]), which is consistent with model results (approx.

22%, second cycle, figure 7a). Thus, one key component of

the kinematics of the copepod nauplius’ fast swim is the use

of two pairs of appendages to optimize forward propulsion,

and the third (mandible) to minimize backward movement

during return strokes.
The naupliar swim is characterized by rapidly changing vel-

ocities (this study) [25]. Thus, nauplii inhabit a physical

environment where the relative contributions of viscous and

inertial forces are continuously changing through each swim

cycle. For an organism of a particular size, inertial forces

become more important as velocity increases. The model

provides some insights into this—an examination of the discre-

pancy between the predicted forward versus backward

displacements suggests better agreement for the smaller back-

ward movement, which would be expected given that inertial

forces are not factored into the model. This is further supported

by the experimental observation that the duration of the forward

progression extends beyond the completion of the appendage

power strokes even in the smallest nauplii. Furthermore,

between the power and return strokes the stationary phase in

body movement occurs after the return stroke has already

been initiated in all three pairs of appendages. Both these obser-

vations are consistent with the fact that the nauplius is coasting

after completing the power stroke. Using particle-tracking velo-

cimetry, Wadhwa et al. [27] observed that a pair of vortices was

generated by a swimming nauplius and that these persisted well

after the swim episode had terminated, suggesting that inertial

forces are not negligible. This would be particularly true for

larger nauplii (L ¼ 170–260 mm) swimming at Re . 7 as calcu-

lated by Wadhwa et al. [27]. Even in the case of B. similis
nauplii, especially for the longer displacements in any one

power stroke, the peak displacement was reached significantly

after that predicted by the model based on observed appendage

movement, which suggests the animals were carried forward by

momentum (figure 7a). Thus, the effectiveness of the escape

swim may hinge on the nauplius’ ability to exploit inertial

forces, and may even place a minimum size limit on these plank-

tonic nauplii. The model will need to be refined to include both

viscous and inertial forces to be more broadly applicable,

in order to enable a better understanding of how viscous and

inertial forces interact during naupliar locomotion.
5. Conclusion
Naupliar displacement over time was computed using a model

based on slender-body theory for Stokes flow. The model only

depended on morphological measurements and empirically

determined kinematics of three pairs of appendages. Net for-

ward displacement in the nauplius is increased by the

combination of setal folding and phase lag of the power strokes

with synchronous return strokes. The model’s quantitative

analysis demonstrated that these two effects are nonlinear,

and net displacement is greater than the sum of the two factors

acting individually. For swim cycles with small displacements,

the model accurately simulated locomotion taking only viscous

forces into consideration. However, discrepancies between

model predictions and observations increased with the magni-

tude of forward displacements. These results suggest that

inertial forces can contribute to locomotion even in the smallest

nauplii. The interaction between viscous and inertial forces

is highly dynamic during a swim cycle characterized by

continuously changing velocities.
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