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Synopsis Anomalocaris canadensis, a soft-bodied stem-group arthropod from the Burgess Shale, is considered the largest

predator of the Cambrian period. Thanks to a series of lateral flexible lobes along its dorso-ventrally compressed body, it

is generally regarded as an efficient swimmer, well-adapted to its predatory lifestyle. Previous theoretical hydrodynamic

simulations have suggested a possible optimum in swimming performance when the lateral lobes performed as a single

undulatory lateral fin, comparable to the pectoral fins in skates and rays. However, the role of the unusual fan-like tail of

Anomalocaris has not been previously explored. Swimming efficiency and maneuverability deduced from direct hydro-

dynamic analysis are here studied in a towing tank facility using a three-vane physical model designed as an abstraction

of the tail fin. Through direct force measurements, it was found that the model exhibited a region of steady-state lift and

drag enhancement at angles of attack greater than 25� when compared with a triangular-shaped reference model. This

would suggest that the resultant normal force on the tail fin of Anomalocaris made it well-suited for turning maneuvers,

giving it the ability to turn quickly and through small radii of curvature. These results are consistent with an active

predatory lifestyle, although detailed kinematic studies integrating the full organism, including the lateral lobes, would be

required to test the effect of the tail fin on overall swimming performance. This study also highlights a possible example

of evolutionary convergence between the tails of Anomalocaris and birds, which, in both cases, are well-adapted to

efficient turning maneuvers.

Introduction

The primitive soft-bodied arthropod Anomalocaris

canadensis, initially known from the middle

Cambrian Burgess Shale of British Columbia

(Briggs 1979), is considered the apex predator of

the Cambrian period, with large adult specimens es-

timated to reach half a meter in length (Whittington

and Briggs 1985). A predatory habit is suggested by

its ventral mouth cone, equipped with teeth projecting

inwards (Daley and Bergström 2012), its prominent

dorsolateral camera-type eyes on stalks—presumably

with large number of ommatidia (based on a poten-

tially related species from Australia), suggesting acute

vision (Paterson et al. 2011), a pair of frontal grasping

appendages with strong serrated spines (Briggs 1979),

and a series of flexible lateral lobes along its dorso-

ventrally flattened body with a terminal tripartite tail

fin supposedly well-adapted for swimming

(Whittington and Briggs 1985). Although speculative,

additional indirect evidence of a predatory mode of

life includes bite marks on trilobites and presumed

anomalocaridid coproliths (Nedin 1999). Thanks to

new specimens recovered by the Royal Ontario

Museum (Collins 1996), recent studies (Daley and

Bergström 2012; Daley and Edgecombe 2014),

and new observations, the overall appearance of

A. canadensis can now be reconstructed more accu-

rately (Fig. 1B). The tail fin, which is central to the

present study, consists of three imbricated pairs of

vanes with the longest one most distant from the

body axis, and the shortest and also most posterior

one, nearest to the body axis. The vanes were
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originally reconstructed to be dorsal and oblique to

the rest of the body (Collins 1996); however, more

recent interpretations suggest that the tail fin vanes

extended along the lateral margins of the body at a

slight dorsal angle (Daley and Edgecombe 2014), also

consistent with our own observations (Fig. 1B). The

degree of dorsoventral flexibility of the tail is difficult

to assess, although in all specimens with tail fins pre-

served, the vanes seem relatively rigid compared with

the associated lateral lobes. The vanes are never fully

bent along their lengths and also seem to maintain

relatively stable positions relative to each other, even

when the rest of the body is twisted or shows a de-

gree of decay and disarticulation.

Morphologically, A. canadensis shares broad simi-

larities of at least parts of its external anatomy with a

number of evolutionarily unrelated modern

swimmers, which in principle should provide some

insights into the likely functionality of its lateral

lobes and the contribution of its unique tail fin in

locomotion. In terms of its swimming mode,

A. canadensis has previously been compared to rays

in studies using theoretical hydrodynamic simula-

tions (Usami et al. 1998, 2003; Usami 2006). In these

studies, optimal swimming performance was found

to occur when the lateral overlapping lobes acted as

a single flap, as in many batoid fishes. Batoid fishes

use a combination of undulatory and oscillatory

Fig. 1 Anomalocaris canadensis from the middle Cambrian Burgess Shale. (A) Complete specimen, showing posterior tail fin to the right,

ROMIP 51211. (B) Full reconstruction with new morphological interpretations based on recent studies (in particular, Daley and

Bergström [2012] and Daley and Edgecombe [2014]), and personal observations (J.-B.C.). Drawing by Marianne Collins � Royal

Ontario Museum.
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(flapping) movements, using both axial-based and

pectoral-fin based locomotion (Rosenberger 2001),

although the relative role of undulatory versus oscil-

latory movements in A. canadensis and how it pro-

pelled itself either with its body and tail or with its

expanded lateral lobes are questions that have yet to

be explored.

While the swimming efficiency of its flexible lat-

eral lobes may be important to fully categorize the

swimming characteristics of A. canadensis, informa-

tion regarding its ability to rapidly change direction

and to perform bursting maneuvers from rest,

thanks to its unique tail morphology, may prove

beneficial in informing understanding of its possible

predatory habits. The maneuverability of an animal

may be associated with the performance of rapid

escape maneuvers, steady turning maneuvers, and

by maintaining stability when perturbations are pre-

sent in the flow (Webb 2006). Due to its unique

morphology, the tail fin of A. canadensis was selected

as a focus for a general hydrodynamic analysis to

provide information regarding the theoretical mo-

tion for which it was likely most adept and where

the tail–fin geometry—informed by new paleonto-

logical knowledge—may indicate a compromise

among multiple functions. Additionally, the results

from a hydrodynamic analysis may provide insight

as to the relative swimming strength of A. canadensis

in both steady and unsteady (acceleratory) propul-

sion. Maintaining the view that A. canadensis was an

apex predator and therefore a probable powerful and

highly maneuverable swimmer, it is hypothesized

that the primary purpose of the tail fin was to aug-

ment the resultant normal force in both unsteady

escape maneuvers and rapid changes in direction.

Experimental methods

All experiments were conducted in a towing tank

facility at Queen’s University, Ontario, Canada,

with a square cross-sectional area of 1 m2 and a total

traverse length of 15 m (Fig. 2)—the geometry of the

tail fin abstraction is examined in further detail in

the section “Physical tail fin abstraction.” The towing

tank has five sides of optical access and a full cover

on the ceiling to reduce free-surface effects.

Accounting for the loading section and buffer region,

the general motion of the model consisted of an

acceleration from rest, a period of steady motion,

and deceleration to rest over a total length of

11.5 m. A steady towing velocity of 1 m/s was se-

lected to yield Re¼ 300,000 based on the mid-span

chord of the model. This Reynolds number was cho-

sen to be representative of A. canadensis swimming

and is discussed further in the section “Selection of

parameters.” The effect of blockage (the ratio be-

tween the frontal projected area of the model and

the cross-sectional area of the tank) is considered

negligible, with a maximum value of 6.4% for an

angle of attack of 45�, denoted as a in Fig. 4.

Physical tail fin abstraction

Most simply, the tail fin, which is comprised of three

pairs of imbricated vanes, can be represented from a

dorsal point of view as a triangle (Fig. 1A)—termed

a delta wing in aerodynamics. The vanes are sepa-

rated by gaps, which are parallel to the leading edges,

resulting in a shape resembling a series of chevrons.

For the purposes of the current study, the three pairs

of vanes are considered to lie on a common plane

with equally-spaced gaps between each of the vanes

Fig. 2 Schematic of the optical towing tank used for direct force measurements. The model is attached to a streamlined fixture (or

sting) that connects the model to the support structure and is towed upside-down from right to left in the figure. A force sensor is

attached to the model surface at its geometric center.
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and straight trailing edges. (Fossils show vanes with

irregular trailing edge profiles [Fig. 3], which were

not recreated in this study, in order to reduce the

number of potential confounding effects). While a

geometry considering a variable angle between each

of the vanes and the horizontal plane may have the

potential to influence the swimming performance,

the basic abstraction considered here enforces a pla-

nar geometry. Three pairs of chevron-shaped pieces

were constructed of 3.175 mm-thick stainless steel for

strength and corrosion resistance. These were

mounted to a central bar connected to the towing

tank traverse (Fig. 4). A plain triangular reference

model was constructed using the same overall

dimensions, material, and mode of attachment as

in the chevron-shaped model, to specifically test

whether or not the gaps between vanes had any hy-

drodynamic effects. In early testing iterations, the

chevron pieces were observed to bend significantly

away from the common plane when loaded. As a

result, two additional support bars (Fig. 4) were

added to the trailing edge to minimize this effect

and ensure a consistent testing geometry across all

angles of attack. Due to the relatively high angles of

attack being tested, the flow is expected to be largely

separated, with the trailing edge supports having

minimal effect on the flow. In reality, the gaps be-

tween vanes would have been highly variable during

a propulsive stroke. Minimal gap variations would be

expected near the body, but much greater gaps

would be expected more distally due to the relatively

flexible nature of the vanes. The effects of vane flex-

ibility were beyond the scope of this study and re-

quire further investigation.

Selection of parameters

While the exact maximal size and swimming speed

of A. canadensis are unknown, the Reynolds number

regime and angles of attack are hypothesized to be

broadly comparable to what we know applies in

fishes. A flow can be characterized by its Reynolds

number:

Re ¼ U1c

�
;

where U1 is the flow velocity, c is a characteristic

mid-span chord length, and � is the kinematic vis-

cosity of the fluid. As described by Sfakiotakis et al.

(1999), a typical adult fish swims in a Reynolds

number regime ranging from 103 to 106. Webb

(1975) divides swimming speed into three different

categories: “cruising or sustained,” “prolonged or

steady,” and “sprint or burst.” Fishes do not swim

entirely within a single range of speeds, and instead

modulate their speeds based on the desired activity

level. To account for size, swimming speeds are often

presented with units of body lengths per second

(BL/s). The Atlantic tuna, which is considered a

fast swimmer, can attain maximal swimming speeds

up to 9.3 BL/s (Videler and Wardle 1991). In dorso-

ventrally flattened fish, which are more similar in

Fig. 4 Schematic of the chevron model and connection to the towing tank traverse via a fixture (sting, see also Fig. 2). The model is

towed from right to left by the traverse after setting a desired angle of attack on a variable adapter. An identical mounting setup is used

for the triangular flat plate used as a base testing case. The angle of attack can be varied from 5� to 45� and the sweep angle is 45�.

Fig. 3 Tail fin preservation of A. canadensis specimen ROMIP

51211 showing the vanes and general shape of the region of

interest.
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overall shape to A. canadensis, the maximal speed is

typically much lower, in the order of ca. 1–3 BL/s

(Di Santo et al. 2017).

Selecting a swimming speed of 3 BL/s as a con-

servative estimate for A. canadensis, and approximat-

ing the tail length as 15% of the body length to

match the proportion of the best-preserved specimen

(Fig. 1A), albeit smaller specimens might show dif-

ferent proportions (Daley and Edgecombe 2014),

yields Re� 450,000. Considering the optimal range

of the force transducer for a favorable signal-to-noise

ratio, as well as the capabilities of the testing facility,

Re¼ 300,000 was selected for a model with a 30 cm

mid-span chord length.

Direct force measurements

A submersible, six-component ATI-Nano force sen-

sor was mounted to the geometric center point on

the pressure side of the triangular and chevron mod-

els. Forces were measured at a sampling rate of

1000 Hz with a resolution varying from 1/24 N to

1/8 N, depending on the axis of interest. The general

motion consisted of an acceleration from rest, a pe-

riod of steady-state travel, followed by a return to

rest at 11.5 m traveled. Force data were recorded for

angles of attack ranging from 5� to 45� to observe

the steady-state performance of the model after

reaching a constant velocity. Average force and mo-

ment coefficients were then calculated over a period

of 2 s during the constant velocity portion of the

prescribed motion. Uncertainties calculated for the

steady-state lift and drag coefficients are on the order

of 10�4 for N¼ 6000 independent data points, which

is representative of the standard deviation of the

data. While the true uncertainty in the measurement

is expected to be higher due to the partial depen-

dence of samples, error bars in Fig. 5 are on the

order of the symbol sizes (Figliola and Beasley

2011). At steady-state, average values are calculated

over a range of 2 s with three runs for each set of

parameters. Three runs per angle of attack were

recorded to compute an average of several thousand

points under steady-state conditions. The steady-state

lift and drag are being considered as measures of the

animal’s ability to rotate the center of mass of its body

using the force generated on the tail, as is done in a

banking turn or change of direction, defined here as a

steady maneuver. Force measurements were con-

ducted for angles of attack ranging from 5� to 45�

for both the triangular and chevron models (Fig. 5).

A single angle of attack of interest was then selected

based on the results of initial force testing to further

elucidate the unsteady hydrodynamic performance

during the initial acceleration from rest. This highly

acceleratory motion may be compared with maneu-

vers such as an escape from a resting start or a

propulsive motion. The rate of initial acceleration

from rest is characterized by the parameter:

a� ¼ U 2
1

2ac
;

where a is the dimensional acceleration, U1 is the

towing velocity of 1 m/s, and c is the mid-span chord

length. The force measurement system used in the

current work has been verified in a previous study by

Fernando and Rival (2016) on the flow character-

istics of flat plate abstractions of common natural

propulsors.

Fig. 5 Average steady-state lift and drag coefficients for triangular and chevron models shown in black and red, respectively, as a

function of angle of attack. For angles of attack greater than 25�, an enhancement in force is observed, although at low angles, the

differences are insubstantial.
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For all subsequent force analyses, the parameters

of interest are the lift, drag, and moment

coefficients—normalized by the dynamic pressure

and the planform area of each model. The lifting

force is the resultant force normal to the direction

of motion, and the drag force is the resultant parallel

and opposite to the direction of travel. The lift and

drag may be combined to give an overall normal

force, a parameter necessary to provide a turning

moment at the body’s center of gravity. The pitching

moment is a measure of the tendency of the model

to return to a neutral state about the quarter-chord

position, and may be important in characterizing the

input energy in actuating the tail. The sign of the

pitching moment indicates the direction of natural

rotation of the model, either toward or away from a

neutral position.

Results

For low angles of attack, differences between the

chevron and plain models in lift and drag coeffi-

cients were limited (Fig. 5); however, at angles

greater than 25�, an enhancement in lift of up to

15.3% at 30� is observed. The drag coefficient of

the chevron model was found to have a maximum

increase of 17.0% for an angle of attack of 30�.
Analyses with the steady-state moment coefficient

measured about the quarter-chord position (Fig. 6)

show that, for angles greater than 25�, the chevron

model experiences an enhancement in average mag-

nitude. The maximum percent increase in the mag-

nitude of the pitching moment for the chevron

model over the triangular plate measured was

10.8% for an angle of attack of 30�. Noting that

the most significant steady-state differences between

the two models were observed at an angle of attack of

30�, force testing was conducted for a range of accel-

eration rates at this angle. The negative y-axis indi-

cates that the moment was nose-down, as expected

from the literature for delta wings comparable to the

shape used in the current study (Gursul et al. 2005).

During the transient force peak associated with the

acceleration from rest, the two models performed

similarly and the force enhancement measured at

steady-state conditions was not observed (Fig. 7). At

this angle of attack, the overall force magnitude mea-

sured for the triangular flat plate is slightly higher in

the transient region of the motion, indicating that the

chevron shape does not give a significant benefit in

highly acceleratory motions. While the chevron model

does not provide a benefit in the acceleratory region

of the motion, the gaps do not significantly hinder

the generation of lift during steady-state motions.

The response of the drag coefficient at this angle is

similar, although with a lower overall magnitude

due to the calculation of the resultant force from

the components measured. The resulting nose-down

pitching moment coefficient translated to a quarter-

chord position was found to exhibit an increase in

magnitude at steady-state.

Discussion

The results of the current study suggest that the ge-

ometry of the tail fin of A. canadensis provides a

hydrodynamic benefit in performing maneuvers

such as banking turns or rapid changes in direction

due to the enhanced normal force relative to a solid

triangular shape without structured vanes. As a com-

parison, in fish, the normal force on the tail fin is

used to assist in providing a turning moment for the

body, while a centripetal force is required to turn the

center of mass of the animal (Fig. 8). A small turn-

ing radius and therefore a large normal force indi-

cates some benefit in maneuverability. The same

concept can be applied to A. canadensis by consid-

ering maneuvers in the vertical plane or by applying

an additional rolling motion to the body. In these

rapid maneuvers, the normal force is of more im-

portance than either the lift or drag alone, indicating

that the increase in drag is a benefit rather than a

hindrance as in many traditional aerodynamic prob-

lems where low drag is desired.

Fig. 6 Average steady-state moment coefficient measured at the

mid-chord position and translated to a quarter-chord position as

a function of angle of attack. For angles of attack greater than

25� , an enhancement in magnitude is observed for the chevron

model, although differences are less pronounced than for mea-

sured lift and drag coefficients. At low angles of attack, differ-

ences between the two models are significantly reduced. The

negative axis corresponds to a nose-down pitching moment.
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Due to the high-lift characteristics of the tail–fin

abstraction, it is believed that the ideal function of

the tail fin is primarily associated with swimming

maneuverability, although the results did not indi-

cate that the shape would make for an ineffective

propulsor (see Fig. 9 and the Supplementary data

video for a reconstruction of A. canadensis and its

likely swimming mode). The gaps between vanes en-

hanced performance at steady-state, and did not sig-

nificantly hinder lift production in acceleratory

motions. As there was no observed benefit from

the gaps in the acceleratory region, the results sug-

gest that, to maximize performance, the vanes may

have been forced together under loading during pro-

pulsive strokes in order to provide more of a planar

surface. The enhanced steady-state normal force as-

sociated with the tail fin may provide a benefit in

maneuverability not available to modern rajiform

swimmers with little to no tail fin. While the lateral

lobes of A. canadensis were likely used for active

propulsion through undulating motions, the force

enhancement on the tail–fin abstraction suggests

that the geometry of the tail fin was well-suited to

providing a large turning moment.

More generally, the tail fin of A. canadensis and

possibly A. saron from China (Hou et al. 1995) has

Fig. 7 Normalized resultant force perpendicular to the direction of motion for an angle of attack of 30� and a range of initial

acceleration rates as a function of s* (the distance traveled normalized by the mid-span chord). Two distinct regions are observed:

acceleration and subsequent relaxation, and steady-state, where the slotted model denoted by dashed lines is observed to give a

significant increase in steady-state lift for all acceleration values tested.

Fig. 8 Schematic of turning maneuver for a generic fish shape.

The tangential velocity of the fish is given by �t. The resultant

normal force on the tail fin (N) is used to provide a

turning moment and assist with turning the center of mass

of the fish.

Fig. 9 Hypothetical reconstruction of the swimming behavior of

A. canadensis. Model (see movie file in Supplementary data) by

Lars Fields � Royal Ontario Museum.
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parallels in both morphology, and probably overall

function, with bird tails. While bird tails can be ob-

served in many shapes and sizes, one specific func-

tion they all share is to augment lift during

acceleration and turning maneuvers (Thomas

1997). A portion of the lift generated at the tail

can then be used to turn the body by positioning

the tail in the direction of desired acceleration. The

tail of a bird is considered essential to maintaining

stability during the performance of maneuvers

(Tobalske 2007). A study on the maneuvering flight

of a steppe eagle, Aquila nipalensis, found that the

spread and angle of the tail was consistent across all

measured banking turns, and assisted with providing

the nose-down moment necessary to perform the

maneuver (Gillies et al. 2011). In many species, the

general triangular shape of bird tails can be com-

pared with delta wings, triangular lifting surfaces

also exemplified by the general shape of

Anomalocaris tail fins (Thomas 1993). Bird tails serve

as effective control surfaces and assist with the per-

formance of turning and perching maneuvers.

Although obviously adapted to different environ-

ments, the vane-like structure of the Anomalocaris

tail fin can be broadly compared from an engineer-

ing perspective with the swept feather positioning of

many bird tails, where the ability to spread feathers

and create gaps may result in similar performance

enhancements (to be tested in the future).

Conclusions

The unique fan-like tail of A. canadensis was subject

to hydrodynamic analysis. A model comprising three

chevron shapes was constructed of stainless steel and

compared with a flat triangular plate to observe the

effect of the multi-vane geometry. Average steady-

state forces generated on each of the models were

measured and compared for a range of angles of

attack. An enhancement in measured lift and drag

was observed, in particular for moderate-to-high

angles of attack. This result was most prominent

for an angle of attack greater than 25�. Five different

rates of acceleration were investigated and the accel-

eratory response of the two models was compared.

The two models showed little difference as large

force peaks were observed for each, although the

triangular model showed a small improvement in

lift generation over the chevron model.

While the lateral lobes of A. canadensis were likely

used for undulatory locomotion, the specific func-

tion of the tail fin and its effect on overall propul-

sion would require further studies. Our results

suggest, however, that the multi-component tail fin

shape of A. canadensis provided a benefit in gener-

ating a large normal force on the tail used for

maneuvers, but did not improve performance in

propulsive motions. This is not to say that the tail

fin geometry would not have made for an effective

propulsor, as in many species of fish, but we con-

clude that the unique shape is primarily of benefit to

turning performance. The overall tail–fin function of

A. canadensis can be compared with the lift augmen-

tation and maneuver control often provided by bird

tails. Similarities in shape and structure of the vanes

with tail feathers indicate a possible evolutionary

convergence in high-performance propulsion,

whether through water or air.
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