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Abstract. High-speed films of swimming Acanthocyclops 
robustus were used to test a crustacean swimming-model 
based on numerical analysis of thrust production. Pre- 
dicted body velocities and jump distances were usually 
within 75% of those observed. Most of the thrust which 
propels. A. robustus is produced by movements of the 
2nd, 3rd, and 4th thoracic swimming legs, with only small 
contributions from the first thoracic swimming legs. A 
model analyzed without the first antennae suggested that 
the antennae do not produce significant thrust. The leg 
and antennal movements could be described with 
trigonometric equations (cosine curves), but were best 
described by polynomial fits of position vs time data from 
the films. Patterns of swimming velocity varied among 
four episodes that were modeled, and followed differ- 
ences in swimming-leg motions. Model results for the 
small (cephalothorax length = 0.6 mm) cyclopoid A. ro- 
bustus and those which have been reported for the large 
calanoid copepod Pleuromamma xiphias and other swim- 
mers indicate that mechanical efficiency (30%) does not 
scale with body size, whereas jump distance (one body 
length), proportion of thrust generated by hydrodynamic 
added mass (70%), and net cost of transport, Cp (40 to 
109 cal g-1 km-a) do. 

Introduction 

Direct measurement of the metabolic power used by 
small crustaceans to swim is restricted by the lack of 
suitably sensitive methods, but can be estimated from 
calculations of the mechanical power dissipated as drag. 
Results for copepods based on an assumed constant 
swimming-velocity suggest energy costs of locomotion 
that are negligible compared to standard metabolism 
(Vlymen 1970, Svetlichnyi et al. 1977). In contrast, analy- 
ses using the observed unsteady velocity-patterns of 
swimming copepods indicate costs that are an order of 
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magnitude higher (Minkina and Pavlova 1981, Petipa 
1981, Petipa and Ostravskaya 1984). 

Numercial integration of the Morrison equation 
(Morrison et al. 1950) was used by Morris et al. (1985) 
to analyze the swimming energetics of a large calanoid 
copepod, Pleurornamma xiphias (cephalothorax length, 
ctl-- 6 mm) by modeling the propulsion generated from 
known movements of its swimming appendages. In addi- 
tion to quantifying the power required to move the ap- 
pendages, the model of Morris et al. also provided a 
testable prediction of the temporal pattern of the cope- 
pod's swimming velocity. Results from that analysis sub- 
stantiated the findings of Minkina and Pavlova (1981) 
and Petipa and Ostravaskaya (1984), i.e., the metabolic 
power used to swim was three to five times higher for 
P. xiphias than its standard metabolic rate. However, the 
analysis was based on the assumption that the temporal 
pattern of leg velocities was sinusoidal, the amplitudes 
and frequencies of the leg movements were extrapolated 
from data for different species, and the motions of the 
first antennae were no t  included in the calculation of 
thrust. The model predictions could not be confirmed, 
as actual temporal patterns of swimming velocities of 
P. xiphias were not available. 

Here we report a test of the numerical model with the 
small copepod Acanthocyclops robustus (ctl=0.6 mm). 
Our objectives were to: (1) compare observed and model- 
predicted swimming velocities, (2) determine the suitabil- 
ity of sinusoidal curves for describing swimming-leg mo- 
tion, (3) examine the role of the first antennae in the 
propulsive process, (4) calculate possible wall-effects on 
confined individuals, and (5) compare the mechanics and 
energetics of swimming of the small cyclopoid copepod 
A. robustus to those of the larger calanoid copepod 
Pleurornarnrna xiphias. 

Materials and methods 

The model input parameters were determined from examination of 
high-speed (2 000 frames s -1) films of Acanthocyclops robustus 
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Table 1. Aeanthocyclops robustus. Model parameters for four swim- 
ming episodes. Mass, length and cross-section were measured on 
0.60 mm cephalothorax-length (ctl) specimens. Dimensions for 
smaller individuals were calculated by assuming constant shape 

Episode: 

9-3 9-4 9-5 12-4 

Temperature (°C) 22 22 22 12 
ctl (mm) 0.60 0.60 0.45 0.55 
Vol (m 3 x 10 -12) 16.70 16.70 7.50 12.90 
Mass (kg x 10 -8) 1.71 1.71 0.77 1.32 
Area (m z x 10 -8) 4.37 4.37 2.46 3.67 

swimming in a 10 x 10 x 1 mm cuvette (Kohlhage 1983) together 
with measurements of the dimensions of preserved specimens. 
A. robustus swims in ~ 1 body-length hops (episodes) which consist 
of the metachronal power strokes of the swimming legs and first 
antennae followed by return of the antennae and the collective 
packet of legs to their initial positions (see Kohlhage 1983 for de- 
tailed description). Episodes were selected in which the swimming 
trajectory was a straight path parallel to the focal plane of the 
camera, and the copepod was in lateral view and did not collide with 
other individuals during its leap. Wall effects resulting from the 
small size of the cuvette were modeled for one of the episodes. For 
a rigorous test of the model, the observed body-velocity patterns 
and jump distances need to vary significantly among episodes yet be 
correctly predicted by the model from changes in the input parame- 
ters alone. Four episodes were selected which met the above criteria 
in that leg and body-velocity patterns were distinctly different and 
both individual size and ambient temperature varied (Table 1). 

Geometric dimensions 

Body dimensions of preserved Acanthocyclops robustus (ctl= 
0.6 mm) were measured under a dissecting microscope. Body cross- 
sections and volumes were calculated from the maximum and min- 
imum diameters by assuming an elliptical shape. Body masses were 
calculated from these volumes and a density of 1.022 g c m  -3 
(Williams 1900). 

Cross-sectional areas of the swimming legs during the power 
stroke and of the collective recovery-stroke packet were taken from 
the analysis by Kohlhage (1983, his Fig. 35) of an individual 
(ctl=0.60 mm) swimming away from the camera (Fig. 1). It was 
assumed that water did not flow between the setae and setules 
during strokes, i.e., the legs acted as solid paddles. Flow of water 
through setae would tend to reduce the thrust produced by drag on 
the swimming legs, and calculations of flows through setae (Koehl 
et al. 1984) could be accommodated in our model if necessary. 

The dimensions of the first antennae of a 0.50 mm-ctl individual 
are from Fig. 33 of Kohlhage (1983). 

The body, swimming leg, and antennae dimensions of the three 
different-sized individuals that were modeled in the four episodes 
(ct1=0.45, 0.55, 0.60, and 0.60 mm) were scaled to body length by 
assuming constant shape. A schematic drawing of a 0.6 mm ctl 
individual is shown in Fig. 1. 

Movements of appendages 
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Fig. 1. Acanthocyclops robustus, Idealized drawing (cephalothorax 
length=0.6mm).  Body area, volume, and mass were calculated 
from summation of thin sections through cephalothorax by assum- 
ing elliptical dorsal and ventral outlines; urosome was assumed to 
be cylinder; swimming legs (P 1 - P 4) and recovery packet (RP) were 
flat paddles composed of 50 rectangular sections of uniform height 
but variable width. Although widths at attachment points are in 
some cases wider than model body, this discrepancy has little effect 
on model results because no thrust is generated in these regions of 
the legs 

consisted of rigid basal and distal sections, each of which followed 
their own trajectories. The temporal pattern of antennal motions in 
the four laterally-viewed swimming episodes was assumed to vary 
only in duration (the antennae-stroke periods for these were report- 
ed by Kohlhage 1983). 

Swimming-leg data were fit by least-squares to third-order 
polynomials. It was necessary to extend the stroke period of the legs 
by as much as 2 ms so that the derivative of the polynomial (equal 
to the angular velocity, co) started and ended at zero. The data for 
antennal movements was not sufficiently precise to reveal accelera- 
tive phases of movement; consequently the data was fit to linear 
functions (constant co). Both swimming-leg and antennae motions 
were also fit to cosine curves by measuring stroke period and ampli- 
tude between the observed starting and stopping times and posi- 
tions. The cosine curves had the advantage of accurate stroke dura- 
tions, and beginning and ending velocities of zero, but were based 
on only two data points. In contrast, the polynomials used all 
observed leg positions, but required extension of leg-stroke dura- 
tions to include all phases of acceleration. 

The swimming legs move as rigid paddles. Their motions were 
evaluated in each of the episodes from measurements of the angles 
(/3) between the legs and the long axis of the body in successive 
(every 0.5 ms) frames of film, i.e., as a function of time (t), 

Films of an individual viewed dorsally were used to investigate 
the pattern of antennae movements. While moving, the antennae 

Mathematical modeling 

The model, as outlined in detail in Morris et al. (1985), uses the 
equation of Morrison et al. (1950) to evaluate the in-line hydrody- 
namic force (F) acting on the copepod's body and/or on its moving 
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appendages: 

V=M(dU/dt)  + o~K~l>(dU/dt) + 0.5QCaAU z ,  (1) 

where M = the mass of the moving object (copepod body or a 
section of an appendage), K I = the hydrodynamic added-mass 
coefficient, l) = a characteristic volume of the object, Ce = the 
object's drag coefficient, A = the projected area normal to the 
direction of flow, U = velocity of the object relative to the fluid, 0 
= water density, and t = time. For this study, the model was 
modified by including the hinged first antennae in calculation of the 
thrust, and by introducing an iterative procedure to reduce the error 
inherent in numerical integration of second-order differential equa- 
tions which contain a first derivative (Eisberg and Lerner 1981). 
Essentially, the thrust generated by a small segment of swimming 
leg is calculated during a finite time interval A t from the velocity (U,) 
and the acceleration (A U,/A t) of the relative flow normal to the leg, 
where U, (see Eq. 2 below) is a function of body velocity (V), co, and 
/7 of the leg (Step 1). The local thrusts are summed over the lengths 
of all swimming legs that move during the particular time interval, 
thus yielding the total propulsive thrust (t). This total thrust (t) 
minus the body drag (D) is used to calculate the acceleration of the 
copepod body and its hydrodynamic added-mass during the specific 
interval (Step 2). The body velocity (V) resulting from the accelera- 
tion for the time interval is then calculated (Step 3). Repetition of 
the process results in the temporal pattern of body velocities. 

Each of the equations in Steps 1-3  involves the body velocity 
V and, for each time interval, these equations must be either solved 
simultaneously or approximated. In Morris et al. (1985), the body 
velocity V was approximated in Steps 1 and 2 by using the value of 
V calculated for the endpoint of the previous time interval. In the 
present study, the analysis was refined by using the V calculated for 
the end of the previous interval as a first guess, solving for acceler- 
ation, revising the estimate of V at the midpoint of the new interval, 
and re-estimating acceleration. The iteration was repeated until two 
successive estimates of V were within 1% of each other. 

Drag coefficients for the leg and antennae sections are calculat- 
ed from the formula for a cylinder normal to flow (White 1974). The 
added mass of each leg segment is assumed as the mass of fluid 
contained in the cylinder generated by rotating the section about its 
axis (Blake 1979). The drag coefficient of the copepod body is taken 
from Vlymen (1970), and its added mass is calculated from the 
theoretical flow around a prolate spheroid as used by Vlymen 
(1970). 

The first antennae of Acanthoeyclops robustus were considered 
to consist of two rigid segments a proximal segment of length ]AC[ 
and a distal segment containing Point D (Fig. 2). The fluid flow past 
the proximal segment is calculated in a manner similar to that 
employed for the swimming legs. Measurements of the angle (/?) 
between the proximal segment and the long axis of the body were 
fitted to functions of time. The derivative of this function is the 
angular velocity (co). Relative flow normal to a position, B, on this 
segment (with positive values pointing in the direction of swimming, 
Fig. 2) is: 

U, = co [AB] - Vsin (/~). (2) 

Measurements of the angle e between the distal segment and the 
long axis of the body were also fitted to functions of time. The posi- 
tion of a Point D on the distal segment is given by the sum of the 
position vectors )- if+ C-~ (marked as Points A, C, D in Fig. 2). The 

- - - - - - +  . . , 

time-derivative of the resultant vector, AD gives the ve~caty of Point 
D. The relative velocity of the flow (U,) as - l A D +  V[. The flow 
normal to the antennae segments (U,) is equal to U r - U 1 where U 1 
is the vector projection of Ur on the position vector ~ . .  

The close proximity of walls in the confined cuvette could affect 
the swimming of the copepod, because the motion of the body 
would be slowed by the shear stress on the cuvette wall. The moving 
appendages would also react with the wall, except that this shear 
stress would increase the propulsive thrust and tend to speed-up the 
copepod's swimming, To estimate the magnitude of these wall ef- 
fects, the local shear stress (z) acting on a leg element, antennal 
segment or body segment was calculated from: 

r = Q dU/dz, (3) 
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Fig. 2. Acanthoeyclops robustus. Left first-antennae of a 0.5 mm 
cephalothorax-length copepod. The proximal segment (Point A to 
Point C) rotates through the angle /7, while points on the distal 
segments move through angle e relative to the copepod's body. The 
flow of w a t e ~ s t  each segment (u,) ~results from rotation of the 
segments (co lAg] for proximal and AD distal) and motion of the 
entire copepod (V~. The component of u, normal to the segment is 
u,, while the lateral component is u L 

where dU is the change in fluid velocity from its value near the 
copepod (equal to velocity of the particular leg, antennae or body 
segment) to zero at the cuvette wall; dz is the distance from the body 
part to the wall. 

The force from the shear stress which contributes to the thrust 
of the appendages or drag of the body is: 

F = rA,  (4) 

where A is the effective area of the particular segment. The effective 
area of the leg segments for the copepod in Episode 9-3 was based 
on the area of the entrained water that moves with the leg (its 
hydrodynamic added mass) equal to the area of the circle generated 
by rotating the leg segment about its long axis. Because the shear 
stress acting on a particular element of entrained water is shielded 
by the entrained water of leg segments that are more distal to it, the 
effective area was calculated as the difference between the area of 
each leg segment's entrained water and that of its distal neighbor. 
Zero or negative areas meant that the segment was totally shielded. 
Thus, the water entrained by each leg segment was envisioned as a 
disc that moved parallel to the cuvette wall during each small time 
interval (A t). The total wall effect on the legs was the sum of the 
effects on each segment and was added to the thrust for each A t. 

The effective area of antennae segments was calculated as the 
diameter of the antennae plus entrained water times segment length. 
In this case, both walls of the cuvette exerted shear stress, and the 
resulting force acted in the same direction as the motion of each 
antennal segment. 

The effective area of the copepod body was determined by 
dividing the body into five sections. The urosome was assumed to 
be a cylinder whose projecting area was affected by two walls. The 
cephalothorax consisted of four sections that interacted only with 
the wall dorsal to the copepod (the ventral side was shielded by 
legs). The average projecting area of each section was equivalent to 
half of the maximum projecting area. The average height of each 
section was used to calculate dz. The copepod was assumed to be 
centered in the 1 mm-wide cuvette. 
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Fig. 3. Acanthocyclops robustus. Positions of swimming legs (P 1- 
P4) vs time in Swimming Episode 9-4. Continuous curves are 
third-order polynomial fits to data; dashed curves are cosine curves, 
with amplitude and period calculated from observed starting and 
stopping points of leg rotation. Leg positions at various times are 
shown by sketches at bottom of figure 
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Fig. 4. Acanthocyclops robustus. Mean angular velocities (co) and 
timing patterns of leg (P 1 -P4) and antennae (A) movements for 
four swimming episodes (9-3, 9-5, 9-6, 12-4). Data points represent 
mean angular velocity of legs or antennae and are plotted at mid- 
points of strokes. Lines conneeting points are for graphical clarity 
only 

Results 

The time sequence of  positions of  the four swimming legs 
during Swimming Episode 9-4 shown in Fig. 3 is indica- 
tive of the general leg-motion patterns of  Acanthocyclops 
robustus. The power stroke was initiated by an anterior to 
posterior rotat ion of  the first antennae, followed by se- 
quential (P4, P3, P2, P1) rotations of  the thoracic swim- 
ming legs at mean angular velocities (co) of  522, 504, 335, 
and 254 rad s-  ~, respectively. In the recovery stroke, the 
legs returned as a collective packet at co = -157 rad s-  1 
to their initial positions simultaneously with the first an- 
tennae. 
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Table 2. Acanthocyclops robustus. Leg-movement parameters for 
Swimming Episode 9-4. Periods (t), amplitudes (A), and starting 
positions (rio) were used in cosine equations to calculate positions 
and velocities of the four swimming legs (P 1-4) and collective 
recovery packet (RP) in model analysis. Correlation coefficients (r 2) 
for positions predicted by cosine equation vs positions observed in 
the sequence of film frames are compared to correlation coefficients 
for positions predicted from polynomial equations fit by least- 
squares method 

Swimming 
leg 

P4 
P3 
P2 
P1 
RP 

Cosine function Polynomial function 

t(ms) A(rad) fi0(rad) r 2 r z 

4.0 2.09 1.047 0.983 0.997 
4.5 2.27 0.698 0.990 0.998 
6.5 2.18 0.524 0.998 0.998 
5.5 1.40 0.524 0.988 0.997 

15.5 -2.44 3.142 0.972 0.996 

Analysis of  leg motions by fitting time (independent) 
and position (dependent) data to third-order polynomials 
resulted in higher correlation coefficients than did fitting 
the data to cosine curves (Table 2). However, the cosine- 
curve correlation coefficients were high ( >  0.97), which 
suggests that the accelerative and decelerative phases of  
the swimming-leg power strokes were of  equal duration. 

While the sequence of leg and antennae movements 
were similar in the four episodes analyzed, both co and the 
timing of  these movements varied. Episode 9-4 was char- 
acterized by rapid rotation of  the antennae and P4 at the 
beginning of  the power stroke, followed by rotations at 
decreasing co of  P3, P2, and P1 (Fig. 4). In contrast, co of 
the copepod's swimming legs in Episode 9-3 increased 
steadily to a maximum value of  464 rad s-  ~ for P2, near 
the end of  the power stroke. The leg-movement pattern 
in Episode 12-4, which was filmed in a low-temperature 
environment, was similar to those in Episode 9-3, but 
with reduced co for all limbs. The power stroke of the 
smallest individual of Episode 9-5 was of shorter dura- 
tion than that observed for all other episodes, and co of 
the legs increased to a maximum of  522 rad s-1 for P3 
midway through the power stroke, and then decreased 
for the remaining legs, P2 and P1. 

The different patterns of leg movements resulted in 
different patterns of the copepod's body velocity (Vobs) 
that were observed. For  example, Vob s reached its maxi- 
mum value early in Episode 9-4 (at t = 8 ms) and rela- 
tively late in Episode 9-3 (t = 12 ms; Fig. 5). This match- 
es the timing of  maximum co for these two episodes (5.75 
and 9.00 ms, respectively; Fig. 4). 

The body-velocity patterns predicted by the model 
were, in general, similar to those that were observed. 
Correlation coefficients measuring the similarity in tem- 
poral pattern (rather than magnitude) of  body velocity 
predicted from polynomial fits for leg motion (Vp) vs Vob s 
ranged from 0.89 for Episode 9-4 to 0.62 for Episode 9-5. 
The similarity is evident in the early maximum of Vob s in 
Episode 9-4 and the late maximum in Episode 9-3, which 
are clearly predicted by the model (Fig. 5). 

The magnitudes of  Vp were either within measure- 
ment uncertainty (+_ 0.5 cm s-1) of  Vobs (especially dur- 
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Fig. 5. Acanthocyclops robustus. Temporal patterns of observed 
body velocities (Vob,) and those predicted by model based on poly- 
nomial descriptions of leg movements (Vp), and on trigonometric 
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Fig. 6. Acanthocyclops robustus. Impulse produced by legs ( P 4 -  
P 1), recovery packet (RP), antennae (A), and net impulse (N) for 
four swimming episodes 

ing the power stroke), or lower than the observed values 
(Fig. 5). Maximum values of Vp ranged from 65 to 100% 
of the observed maximum values (Table 3). Polynomial- 
based predictions of total distance travelled during the 
episodes were also lower than observed, ranging from 60 
to 93% (Table 3). 

The model predictions for maximum values of body 
velocity based on cosine-fitted curves for leg motions (Vc) 

Table 3. Acanthocyclops robustus. Comparison of velocities (V), 
jump distances (s) mechanical efficiencies (E), and net costs of 
transport (C) predicted by model based on polynomial descriptions 
of leg motions (p) with model predictions based on trigonometric 
leg-motion functions (c). Similarity of temporal patterns of Vp and 
observed velocities were tested with correlation analysis (Row 1, r 2 
values). Maximum velocities and jump distances are ratios of pre- 
dicted to observed 

Episode 

9-3 94 9-5 12-4 

Vp (r 2) 00.81 00.89 00.62 00.77 
Max. Vp (ratio) 00.65 00.83 01.00 00.70 
Max. V~ (ratio) 00.66 00.92 02.19 00.52 
sp (ratio) 00.60 00.93 00.72 00.78 
sc (ratio) 00.37 00.78 00.39 00.41 
Ep (%) 30.20 30.50 15.00 34.90 
E c (%) 30.60 40.30 29.80 28.70 
Cp (cal g-1 km-1) 61.90 63.10 108.70 40.00 
C~ (cal g-1 k in - l )  81.40 59.30 122.50 50.90 

were more accurate than the Vp for the three high-tem- 
perature episodes (9-3, 9-4, 9-5), but less accurate for 
Episode 12-4 (Table 3). However, cosine-based predic- 
tions for total jump distance were as low as 50% of ob- 
served jump distances (Table 3). 

Model predictions of the impulse generated by each 
of the appendages for both power (+)  and recovery (-) 
strokes for polynomial-based leg and antennae motions 
(Fig. 6) indicates that in all four episodes the antennae 
produced net negative impulse. Of the swimming legs, P3 
produced the maximum impulse and P1 the minimum 
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Table4. Acanthocyclops robustus. Comparison of velocity (F), 
jump distance (s) and net cost of transport (C) predicted for Episode 
9-3, with and without wall-effects, calculated for body, legs and 
antenna 

Vmax. s C 
(cm s - 1) (mm) (cal g - 1 km- 1) 

No wall effects 5.51 0.22 81.5 

Leg wall-effects 5.64 0.24 74.4 

Leg and antenna 5.65 0.24 73.3 
wall-effects 

Leg, antenna and body 5.48 0.22 80.1 
wall-effects 

impulse. The recovery stroke of the swimming legs pro- 
duced relatively small negative impulse. Differences in 
patterns of leg movements are reflected in the relative 
contributions of P2 and P4 to the impulse balance among 
the episodes. 

The mechanical efficiency predicted by the poly- 
nomial-based model was about 30% for three of the 
episodes but was considerably lower (15%) for the small 
individual of Jump 9-5 (Table 3). Costs of transport (Cp) 
were low for the three large individuals (40 to 62 cal g- 
kin- 1) and high for the small copepod (109 cal g- 1 kin- 1). 

Efficiencies and costs of transport based on the model 
with cosine approximations for the leg motions were 
slightly higher than the polynomial-based predictions. In 
Jump 9-3, the effects of the walls of the cuvette were 
modeled. The predicted velocities with wall effects 
"turned on" (V~,) were slightly lower than without wall 
effects (Fig. 5). Separate calculations with wall effects 
turned on or off for legs, antenna and body are shown in 
Table 4. The wall shear-stress increased the thrust pro- 
duced by the legs, leading to a higher maximum velocity, 
jump distance and lower cost of transport. Wall shear- 
stress on the body decreased maximum velocity and jump 
distance and increased cost of transport. In all cases the 
effects were < 5%. 

Discussion 

There are few data in the literature with which to directly 
compare the model predictions. Alcaraz and Strickler 
(1988) measured the force exerted by an individual teth- 
ered to a spring for the larger copepod Cyclops scutifer 
(ctl = I mm). The maximum force reported for C. scu- 
tifer, 0.66 dyn, was seven to ten times larger than the 
maximum thrusts calculated in the present study for 
Acanthocyclops robustus. This may be due to the tether- 
ing of C. scutifer. If we assume that behavior (i.e., the 
oscillation period for the swimming legs) and muscle 
power are the same for both tethered and non-tethered 
crustaceans, then the work produced by each must be 
equal. The tethered individual exerts a force over a dis- 
tance restricted by the tether (0.040 mm for C. scutifer), 
which is much shorter than a free-swimming individual 
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moves (typically one body length). Consequently, the 
force exerted by the tethered crustacean will be larger. 
The mechanical work reported for the jump by C. scutifer 
(3.3 x 10 -11 cal) was similar to the work calculated by 
the model for A. robustus (2.4 x 10 - u  cal). 

The accuracy of the swimming model is evident in the 
similarity of the temporal patterns of predicted and ob- 
served body velocities. The velocities predicted by the 
model were within the experimental uncertainty for half 
of the observed velocities, and the timing of maximum 
predicted velocity was either coincident with that ob- 
served, or displaced by < 2 ms (Fig. 5). This indicates 
that the observed differences in velocity patterns were 
caused by variations in swimming-leg motions, and that 
the model is sensitive to these variations. This is especial- 
ly evident from the comparison of Episodes 9-3 and 9-4, 
where all model parameters were identical except the tim- 
ing and angular velocities of the swimming legs. 

The accuracy of the model's predictions depends on 
the accuracy of the input parameters used and on the 
reliability of the assumptions made in the model formula- 
tion. An analysis of the effects of errors in input parame- 
ters on model predictions was made by changing a single 
input parameter to + 5, 25, and 50% of its original value 
while keeping the other parameters constant. The newly 
calculated jump distance was then compared to its origi- 
nal value. Jump distance was chosen as it was the least 
accurate of the model predictions. The analysis indicated 
that jump distance was most sensitive to changes in swim- 
ming-leg dimensions, body drag, swimming-leg added- 
mass coefficient, swimming-leg movement parameters, 
and fluid properties (Fig. 7), and relatively insensitive to 
changes in body mass, leg-drag, and body added-mass 
coefficient. The differences between predicted and ob- 
served jump distances can be explained by experimental 
errors in these parameters at the percentage level where 
each input-parameter error curve intercepts the observed 
jump distance (horizontal dashed lines in Fig. 7). For 
example, a 25% error in leg dimensions alone would ac- 
count for the jump distance error in three out of four 
episodes. When all the parameters (except viscosity and 
density) are changed (either raised or lowered so as to 
produce the maximum cumulative effect), only a 5% er- 
ror level is required to account for the differences be- 
tween model prediction and observed jump distance for 
the least satisfactory episode, 9-5. Although actual uncer- 
tainty intervals for input parameters were not evaluated, 
it is unlikely that their uncertainty was less than + 10% 
(fluid viscosity and density excepted). Therefore, the 
model appears to be accurate within the limits of reliabil- 
ity of the input parameters and it is not possible with the 
present experimental data-set to detect errors in the un- 
derlying model assumptions (see Morris et al. 1985 for a 
discussion of these). 

The sensitivity of model predictions to changes in 
leg-motion parameters (Fig. 7) and the differences be- 
tween results based on polynomial vs trigonometric de- 
scriptions of leg movements (Table 3) indicate that leg 
motions must be observed at high filming rates to achieve 
accurate model predictions. This is because leg accelera- 
tion provides most of the thrust, and must be calculated 
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prediction. Curve A indicates combined effects of changes in all 
parameters. Effects from changes in one parameter at a time are 
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mass coefficient; D, fluid density; E, body mass; F, leg-drag; G, 
swimming-leg period; H, body added-mass coefficient; I, fluid vis- 
cosity; J, body drag; K, swimming-leg amplitude. Horizontal 
dashed lines represent observed jump distances for four swimming 
episodes (9-3, 9-4, 9-5, 12-4). Intersections of parameter error curves 
with jump-distance lines indicate error level necessary in a single 
parameter to account for difference between predicted and observed 
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from second derivatives of the observed time vs position 
data-pairs. Although not as accurate, the cosine descrip- 
tion of leg motion appears to be suitable for situations 
where high filming rates are unavailable and/or the levels 
of accuracy indicated in Table 3 are acceptable. 

The predictions for body velocity were low in 
Episodes 9-3 and 9-5 during the decelerative phase. Coin- 
cidentally, the model predicted large negative thrusts as 
the legs slowed to their posterior positions. Although the 
differences between predicted and observed velocities at 
this stage may be due to errors in model parameters, 
another explanation is suggested by the observation of 
lateral flexings of the swimming legs made by Kohlhage 
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(1983). Thrust can only be generated by an accelerating 
limb (discounting contributions made by drag) if the 
sweep of the stroke is displaced towards the posterior of 
the copepod, and is maximized when the stroke of the 
appendage extends from fi = 60 ° to 180 ° relative to the 
body axis (Daniel 1984). The leg must decelerate the add- 
ed mass of the fluid entrained by it at the end of its stroke, 
giving rise to negative thrust. The forward component of 
thrust, however, depends on the angle between leg and 
body (see Eq. 1). When positive thrust is generated, the 
leg is nearly perpendicular to the body and the thrust is 
pushing in line with the direction of travel. The leg decel- 
erates and produces negative thrust as the leg-body angle 
approaches 180 ° and the thrust is becoming perpendicu- 
lar to the line of travel. For Episodes 9-3 and 9-5 the 
model closely predicts positive thrust during the first half 
of the leg motions, but over-estimates negative thrust 
during the second half. It is possible that the legs of 
Acanthocyclops robustus shed some of their entrained wa- 
ter, i.e., reduce their added mass, by laterally squeezing 
the endopods and exopods together as the swimming legs 
decelerate at the end of the power stroke. This lateral 
contraction of the leg area was observed in several swim- 
ming episodes (Kohlhage 1983). It was not possible, how- 
ever, to determine if contraction took place in the 
episodes modeled here due to the lateral perspective of 
the camera. 

The model allows examination of various aspects of 
the locomotion process in copepods. For example, the 
impulse produced by the recovery movement of swim- 
ming legs was as low as 7% of the net propulsive impulse, 
and in all cases was less than the recovery impulse of the 
first antennae. This indicates that copepods have evolved 
an energy-efficient method of moving their legs back to 
their initial positions. They accomplish this by shielding 
the posterior legs from fluid resistance with the anterior 
legs, and by reducing the cross-section of the packet with 
lateral contraction of the endopods and exopods (see 
Fig. 1). 

The net negative impulse provided by the antennae 
suggests that, although these organs are longer than the 
swimming legs, they are unimportant to the locomotion 
process. They may instead function as stabilizers or as 
supports for sensory organs (Strickler and Bal 1973). To 
test this hypothesis, the antennae in Episode 9-4 were 
"turned off" (i.e., without antennae) and the model run 
again. The resulting body-velocity pattern (Fig. 5) was 
similar to the analysis with antennae, except that the 
magnitudes of the velocities were all lower, the jump dis- 
tance decreased by 16%, and maximum V c decreased by 
18 %. Mechanical efficiency increased to 40%, while cost 
of transport was slightly lower. These results indicate that 
the antennae may be important in achieving maximum 
velocity and jump distance during an escape response, 
but may be energetically expensive for long-range swim- 
ming movements such as vertical migrations. 

A comparison of the model results for the Acanthocy- 
clops robustus with Pleuromamma xiphias suggests that 
mechanical efficiency does not scale with body size. Both 
copepods had efficiencies of about 30%, which is similar 
to the values calculated for much larger paddlers (Blake 
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of body weight for various swimming animals (after Schmidt-Niel- 
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from oxygen consumed at 75% of critical swimming speed when 
data were available; when not, averaged swimming speed was used ; 
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15 °C; continuous portion of regression line represents net cost of 
transport (y; cal g-1 km-1) vs weight (w; g) for Oncorhynches 
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values typical of zooplankton species, for purposes of comparison; 
data for measured values are for Carassiius auratus, Smit et al. 
1971; Cymatogaster aggregata, Webb 1975; Euphausia paeifica, 

Torres and Childress 1983; Gamrnarus oeeanicus, Hatcrow and 
Boyd 1967; Lagodon rhomboides, Wohlschlag et al. 1968; Lepomis 
gibbosus, Brett and Sutherland 1965; Liza macrolepis, Kutty 1969; 
Mieropterus salmoides, Beamish 1970; Salmo gairdneri, Webb 1971 ; 
Tilapia nilotica, Farmer and Beamish 1969; and Leander adspersus, 
Ivlev 1963. Calculated values are based on steady swimming-veloc- 
ity (Labidocera trispinosa, Vlymen 1970; Pseudocalanus elongatus, 
Svetlichnyi et al. 1977); force measurements (Cyclops seutifer, A1- 
carez and Strickler 1988); or unsteady swimming-velocity (Acantho- 
cyclops robustus, present study ; Pleuromamma xiphias, Morris et al. 
]985 ; Calanus helgolandicus (1), Minkina and Pavlova 1981 ; C. hel- 
golandicus (2), Svetlichnyi 1987) 

1980). However, A. robustus has zero or negative veloc- 
ities at the end of  its recovery stroke and moves on the 
average about  one body length per episode, whereas 
larger copepods have coasting stages (Petipa 1981, Mor- 
ris et al. 1985) and may move several body lengths per 
episode. 

The importance of  hydrodynamic added-mass to 
thrust production did vary with size. In Pleuromamma 
xiphias, roughly 30% of the thrust was produced by ac- 
celerating the water entrained by the legs compared to 
75% for Acanthocyclops robustus. This may be related to 
the relative sizes of  the legs. The length of  P4 of  P. xiphias 
is approximately 25 % of  the ctl, while the length of  P4 in 
A. robustus is nearly 43% ofctl. The tips of  the swimming 
legs of  A. robustus remain almost stationary during the 
one-body-length swimming hop. The process might bet- 
ter be described as "walking" rather than "paddling" 
through the water. 

The model's accuracy is also indicated by the compar- 
ison of  predicted net cost of transport with those reported 
for other swimming animals (Fig. 8). The model predic- 
tions indicate that cost of  transport for crustaceans scales 
to body mass with a slope that is similar to that of fish 
(dashed line in Fig. 8), but with a higher intercept. The 
model predictions for the small copepod Acanthocyclops 
robustus and the larger copepod Pleuromamma xiphias 

(Morris et al. 1985) agree with both the theoretical calcu- 
lations for the copepod Calanus helgolandicus [Minkina 
and Pavlova 1981; C. helgolandicus (1) in present Fig. 8] 
and directly measured values for shrimps, euphausiids, 
and decapods. Costs of transport  have also been calculat- 
ed from the measured forces exerted by tethered C. hel- 
golandicus [Svetlichnyi 1987; C. helgolandicus (2) in pres- 
ent Fig. 8] and Cyclops scutifer (Alcaraz and Strickler 
1988). The value for CaIanus helgolandicus is higher than 
would be expected from the other crustacean data, possi- 
bly because they were measured during a "flight reac- 
t ion" stimulated by electric shocks. During escape move- 
ments, it is reasonable to assume that acceleration and 
speed are important  and metabolic cost unimportant  
to C. helgolandicus. The value for Cyclops scutifer, in 
contrast, is lower than expected. The reasons for this are 
unclear, but may be due to the effects of tethering on the 
forces exerted by the swimming legs. Because the individ- 
ual used by Alcaraz and Strickler was glued to a circular 
spring, the measured force may not  be equivalent to 
thrust in an untethered specimen. Also, a jump distance 
of one body length was arbitrarily assumed in our calcu- 
lation as actual data were not presented. 

The temperature-dependence of  cost of  transport  as 
predicted by the model for Acanthoeyclops robustus has 
been observed for the euphausiid Euphausia pacifica 
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(Torres 1984). This tempera ture-dependence  might  be 
due to changes in density and viscosity o f  the water. 
However ,  when these parameters  were changed f rom 12 ° 
values to 22 ° levels for  Episode 12-4, and the model  run 
again, cost  o f  t ranspor t  was no t  significantly changed.  
Kohlhage  (1983) p roposed  that  the lower cost  o f  trans- 
por t  for  A. robustus was a consequence o f  the lower pow-  
er ou tpu t  o f  the copepod ' s  muscles at low temperatures,  
and the resulting slower swimming speeds. This was test- 
ed by compar ing  the metabol ic  power  predicted by the 
swimming model  for the three h igh- tempera ture  episodes 
with tha t  o f  the low-tempera ture  episode. The resulting 
Qlo value was 2.01, which is typical for  poik i lo therm 
muscle ( G o r d o n  1977) and supports  Kohlhage ' s  hypothe-  
sis. 

The  model  is successful at  predict ing observable 
swimming behavior  to within 25% (swimming velocities 
and j u m p  distances) and, by inference, the predicted en- 
ergetic costs should be as accurate.  Us ing  the technique 
requires detailed analysis o f  bo th  the dimensions and 
mot ions  o f  the swimming appendages;  however,  it ap- 
pears that  sinusoidal pat terns o f  appendage  velocity m a y  
be adequate  approximat ions  to the actual mot ions .  The 
model  is applicable to a wide spectrum o f  b o d y  sizes and 
swimming appendages,  and numerical  experiments may  
be per formed that  are otherwise impossible (such as 
changing  density and viscosity wi thout  changing  temper-  
ature and migra t ion  simulations). 
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