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27 Abstract
28

29 Locomotor performance of animals is of considerable interest from management, physiological, ecological and
30 evolutionary perspectives. Yet, despite the extensive commercial exploitation of fishes and interest in the health of
31 various fish stocks, the relationships between performance capacity, natural selection, ecology and physiology are poorly
32 known for fishes. One reason may be the technical challenges faced when trying to measure various locomotor capacities
33 in aquatic species, but we will argue that the slow pace of developing new species-appropriate swim tests is also
34 hindering progress. A technique developed for anadromous salmonids(the U procedure) has dominated the fishcrit

35 exercise physiology field and, while accounting for major advances in the field, has often been used arbitrarily. Here we
36 propose criteria swimming tests should adhere to and report on several attempts to match swimming tests to the
37 physiological ecology of the animal. Sprint performance measured with a laser diodeyphotocell timed ‘drag strip’ is a
38 new method employing new technology and is reported on in some detail. A second new test involves accelerating
39 water past the fish at a constant rate in a traditional swim tunnelyrespirometer. These two performance tests were
40 designed to better understand the biology of a bentho-pelagic marine fish, the Atlantic cod(Gadus morhua). Finally, we
41 report on a modified incremental velocity test that was developed to better understand the biology of the blacknose dace
42 (Rhinichthys atratulus), a Nearctic, lotic cyprinid.
43 � 2002 Published by Elsevier Science Inc.
44
45 Keywords: Fish; Exercise; Sprint; Burst swimming; Laser diode; Critical swimming
46
48

1. Introduction

49 Locomotor performance of feral animals is of
50 considerable interest from management, physiolog-
51 ical, environmental, ecological and evolutionary
52 perspectives. For some animals, success in preda-
53 tor–prey interactions and dominance hierarchy
910
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54

encounters depend upon locomotor capacity
55(Webb, 1986; Garland et al., 1990). Similarly, the
56first response of motile animals to environmental
57perturbation is usually behavioral; successful
58movement to more suitable environments and
59therefore survival may depend upon locomotor
60capacity (e.g. Breitburg, 1992). Thus, locomotor
61performance is a potential fitness parameter and
62scientists have expended considerable effort over
63the past half-century trying to measure the relative
64ability of animals to move in several temporal
65contexts(see Beamish, 1978; Bennett and Huey,
661990; Garland and Carter, 1994; Garland and
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Losos, 1994; Hammer, 1995; Kolok, 1999 for
68 reviews).
69 The study of locomotor capacity of fishes, in
70 particular, has a relatively long history(see
71 reviews by: Beamish, 1978; Randall and Brauner,
72 1991; Hammer, 1995; Domenici and Blake, 1997;
73 Kolok, 1999; Plaut, in press); most of this work
74 has focused on the mechanism of propulsion by
75 fish and the use of exercise performance as a
76 gauge of fish health, stress level or ability to deal
77 with environmental change. Very little effort has
78 gone into investigating differences in locomotor
79 capacity among individual fish and whether these
80 differences have ecological or evolutionary rele-
81 vance(Kolok, 1999; Plaut, in press). The majority
82 of fish locomotion studies have employed a graded
83 water velocity increment test first developed by 84

Brett (1964), which was designed to evaluate the
85 relative ability of salmonid fishes to ascend lotic
86 waters to natal streams. A smaller number of
87 studies have employed fixed-velocity tests, chasing
88 regimes, filming of fish swimming behavior or
89 other techniques(Beamish, 1978). The years fol-
90 lowing Brett’s (1964) first description of theUcrit

91 test saw the widespread and indiscriminant adop-
92 tion of his procedure to a multitude of problems
93 concerning swimming capacity in a variety of fish
94 species(Hammer, 1995). Beamish(1978) exten-
95 sively reviewed the state of fish locomotion
96 research at this point in time, including an already
97 large number ofU studies. Drawing largely uponcrit

98 his own work with centrarchids(Farlinger and
99 Beamish, 1977), Beamish(1978) proposed guide-
100 lines for the magnitude and duration of velocity
101 increments for subsequentU studies. Brett him-crit

102 self (1967) had earlier proposed his own guide-
103 lines forU studies. The guidelines proposed bycrit104

Brett (1967) and Beamish(1978) have largely
105 been adhered to by investigators in the 1980s and
106 1990s. One purpose of this presentation is to
107 propose that graded velocity tests can have utility
108 outside the parameters suggested by Brett(1967)
109 and Beamish(1978). We developed a graded water
110 velocity increment test for blacknose dace(Rhini-
111 chthys atratulus) with only 5-min time intervals
112 that was repeatable over a period of 1 month and
113 has revealed very interesting information about
114 this species.
115 Taking into account the diversity of fishes and
116 swimming styles, we propose the following criteria
117 for gauging or establishing the utility of swimming
118 tests:(1) the intra-individual variance of perform-

119

ance in the test over extended time periods
120(months to years) should be significantly smaller
121than inter-individual variance in performance
122among conspecifics(i.e. the test should be repeat-
123able through time); (2) The locomotor perform-
124ance required of the fish in the test should be
125within the range of performances experienced by
126the fish within the course of a lifetime and thus
127have possible relevance towards determining Dar-
128winian fitness of fish in the field;(3) the results
129from the performance test should theoretically
130supply information relevant to the in situ biology
131of the animal, be it behavioral or physiological
132information. For the vast majority of published
133incremental velocity(U ) studies, it is eithercrit

134unknown or not reported whether the test con-
135formed to these criteria(see Hammer, 1995, 136

Kolok, 1999; and Plaut, in press, for reviews). We
137also believe that new swimming tests, which are
138increasingly being developed by fish biologists
139(e.g. Jain et al., 1998; Cech et al., 1998; McDonald
140et al., 1997), should conform to these criteria to
141be of maximal utility.
142A second purpose of this presentation is to
143introduce two new methods for measuring short-
144term exercise performance of fishes and to discuss
145briefly our attempts at determining whether they
146conform to the above-stated criteria. Studies of
147fish swimming performance have multifarious
148goals. However, if the goal of a study is to
149understand performance physiology or to use loco-
150motor capacity as a potential fitness parameter, an
151isolated incremental velocity test will probably
152prove insufficient in most cases. As employed by
153most investigators, a critical swimming speed test
154causes the fish to use variant swimming modes at
155different times during the test. The onset and
156duration of these different swimming modes is
157quite variable among individuals of a species and
158the degree to which an individual uses anaerobic
159metabolism to power the swim can also vary
160substantially(Nelson, 1990; Hammer, 1995; Kolok
161and Farrell, 1994; Nelson et al., 1996). Thus, two
162conspecific fish may have identicalU values butcrit

163may have used quite different physiologies and
164may have swum quite differently in arriving at
165U (e.g. Nelson, 1990; Nelson et al., 1996). Incrit

166other words, individual fish of a species show the
167variation in exercise physiology we have come to
168expect as routine from humans(e.g. Bouchard et
169al., 1989). Thus, if the goal of a study is to
170characterize the performance physiology of a spe-
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cies or population, or to assign a performance level
172 to an individual fish, additional performance tests
173 will improve the veracity of the study. Thus, there
174 is a need for more and diverse swimming tests for
175 fish. At this point in time, there are very few
176 published alternatives to the incremental velocity
177 tests. It is also very poorly known how other types
178 of swimming performance relate toU perform-crit

179 ance in the same individual; this question has only
180 been addressed in a few studies(Kolok, 1999;
181 Reidy et al., 2000).
182 The two new swim tests we report on here are
183 attempts to resolve swimming performances of
184 fish on the scale of seconds to minutes. Fast-start
185 performance is usually considered the measure of
186 performance with the most predictive value for
187 predator–prey interactions(Domenici and Blake,
188 1997; Webb, 1986) and thus ecologicalyevolution-
189 ary relevance, yet has been studied relatively little
190 in these contexts. Most studies on fast-starts and
191 sprint locomotion were designed to discern mech-
192 anisms of propulsion by fish and employed hydro-
193 dynamic kinematics(Gero, 1952; Gray, 1953),
194 high-speed filming, or high-speed filming coupled
195 with digital image analysis to calculate swimming
196 speed or acceleration(Domenici and Blake, 1997;
197 Gamperl et al., 1991; Harper and Blake, 1990;
198 Taylor and McPhail, 1985; Wardle, 1975; Webb,
199 1975, 1978, 1983). Recent technological advances
200 have also allowed the use of piezoelectric accel-
201 erometers(Domenici and Blake, 1997; Harper and
202 Blake, 1989, 1990) to accurately measure fish
203 acceleration. Unfortunately, since we wanted to
204 obtain repetitive measurements of performance on
205 a large number of animals under conditions ‘field-
206 relevant’ for Atlantic cod, none of the traditional
207 techniques were optimal. Piezoelectric techniques
208 require extensive animal handling. Therefore, to
209 measure large numbers of animals with adequate
210 recovery times is difficult. Likewise, although
211 large numbers of fish can be filmed relatively
212 quickly, analysis of films or videotapes to extract
213 data can take inordinate amounts of time. High-
214 speed filming also requires that the fish perform
215 under fairly bright lights, a condition ecologically
216 inappropriate for many fishes, including cod.
217 Huey et al.(1981) developed a computer driven,
218 multi-beam photocell timing technique based upon
219 an earlier dual photocell method introduced by 220

Bennett (1980). Huey et al.’s (1981) method
221 allowed acceleration and sprint velocity to be
222 repeatably and accurately measured in large num-

223

bers of terrestrial animals relatively quickly(e.g. 224

Hertz et al., 1983; Huey and Dunham, 1987;
225Bennett and Huey, 1990). The development of this
226computerized ‘drag strip’ contributed to the flour-
227ishing of knowledge concerning the physiological
228ecology and evolutionary biology of locomotion
229of small terrestrial vertebrates in the 1980s. We
230developed a system, similar to that described by 231

Huey et al.(1981), but designed to measure sprint
232performance of aquatic organisms. This new meth-
233od allows the investigator to obtain acceleration
234and swimming speed data from ‘bursts’ of loco-
235motion on a large number of fishes relatively
236quickly. We report on the use of this method for
237measuring sprinting performance of Atlantic cod
238(Gadus morhua) over a 2-m distance. In addition,
239we report on the development of a constant accel-
240eration test(CAT) for Atlantic cod utilizing a
241traditional swim tunnelyrespirometer.

2422. Methods and materials

2432.1. New sprint performance method

2442.1.1. Chamber construction
245The fast start chamber was constructed from 1y
24640 and 3y80 opaque polyvinyl chloride ‘flat stock’
247(Fig. 1). The dimensions of the actual raceway
248were 2.2 m length=0.3 m width=0.3 m height
249which separated a holding chamber and a receiving
250chamber each of equal dimension. We designed
251this chamber for use on 50 cm adult Atlantic cod;
252these dimensions should be scaled appropriately
253for fishes of different size. To allow passage of
254laser light, transparent windows were cut from
255Lexan Plexiglas and secured to the raceway�

256section of the chamber(Fig. 1).
257Light-emitting laser diodes of 3 mW power
258output, 600–720 nm wavelength and 3 mm beam
259width were placed at 0, 0.3, 0.9, 1.5 and 2.1 m
260positions along the runway(Fig. 1). A 3-mm glass
261rod was attached to the front of the laser lens.
262This rod refracted the beam to project a vertical
263plane or ‘curtain of light’ across the raceway. The
264width, height and intensity of the beam could be
265modified by changing the diameter of the glass
266rod and the distance between the laser and the
267glass rod.
268A group of six photodarlington detectors of
269detection wavelength 580–720 nm were obtained
270from a local electronics retailer and positioned
271vertically 2.5 cm apart directly across from each



Unc
or

re
cte

d 
Pro

of

ARTICLE IN PRESS
4 J.A. Nelson et al. / Comparative Biochemistry and Physiology Part A xx (2002) xxx–xxx

2
3

4 Fig. 1. Diagram of the fast-start chamber used to measure sprint performance in Atlantic cod(Gadus morhua): (a) top view (b) side
5 view. All dimensions are in meters.6

272

plexiglass window(total of 30 detectors). This
273 separation distance assured that a beam would be
274 broken with the first 2 cm of a fish that crossed it
275 (for the size and shape of cod we used). Smaller
276 fish would require a greater density of detectors.
277 These detectors and lasers are produced commer-
278 cially for various applications and are therefore
279 readily available and inexpensive.

280 2.1.2. Operational details
281 The light detection and computer timing circuit-
282 ry for an individual detector of a bank is shown
283 in Fig. 2 and a flow diagram describing the
284 software protocol is illustrated in Fig. 3. In sum-
285 mary, when activated by light, the photodarlington
286 detector signal is amplified and triggers a 2N2222
287 transistor which puts out a 5 V TTL signal to 1
288 of 8 inputs into an 8-input NAND Gate(7430).
289 When all six detectors in a bank are saturated, the
290 NAND gate output is low(-0.3 V). However, if
291 one of the beams is broken, the corresponding
292 input to the NAND gate goes low and forces the
293 output of the NAND gate to go high()0.3 V)
294 (Fig. 2). Similar detectors, including ‘on board’

295

NAND gate circuitry, are now available as inte-
296grated circuits from Honeywell Corporation. The�

297computer and digital timer board(MCS6522
298Peripheral Interface Adapter, Interactive Micro-
299ware Inc. P.O. 771, State College, PA 16801, USA)
300continuously scan the outputs from NAND gates
301associated with each bank of detectors. Data from
302the original incarnation of this sprint chamber were
303collected by an interrupt driven timer software
304routine in assembler code on an Apple II computer,
305operating at 1.023 MHz(code will be supplied
306free of charge upon request). The software-timing
307cycle was capable of distinguishing events 10 sy5

308apart and would initiate upon breaking of the first
309light beam by a fish(Fig. 3). The response time
310of the detector circuitry was determined to be
31110 s. Data from the described system can nowy6

312be conveniently collected with commercial ana-
313logydigital systems such as Labview or�

314Powerlab .�

3152.1.3. Test protocol
316Twenty four hours prior to the initiation of a
317trial, a fish was lightly anaesthetized with MS-222
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11 Fig. 2. Diagram of the electronic circuit used to indicate disruption of a laser beam. Note the section of the circuit replicated for each
12 laser beam. Amperage for each circuit(excluding laser) ranged between 10 and 60 mA.13

318

(50 mgyl Sigma ) and placed in the holding�

319 section of the chamber(Fig. 1). The fish was kept
320 in this area by a gate that was used to separate the
321 holding chamber from the raceway. Trials for
322 Atlantic cod were conducted in 58C, 31‰ water
323 at low, ambient red light so that the fish were in
324 virtual darkness. The following morning, the gate
325 was raised and the fish startled by grasping its
326 caudal peduncle. Electrical, optical and auditory
327 stimuli were also tried as ways to initiate a sprint
328 by Atlantic cod, but tactile stimulation elicited the
329 most intense and reproducible response. Following
330 tactile stimulation, the fish burst down the raceway
331 into the receiving chamber(Fig. 1) where devices
332 for gently decelerating the fish could be located
333 andyor another gate could be closed allowing the
334 fish to rest in this chamber before subsequent
335 treatments. Sprint swimming velocity and accel-
336 eration profiles were calculated by the computer
337 software from the time elapsed between breakage
338 of the first laser beam, breakage of subsequent
339 laser beams and the distance between the laser
340 banks.
341 Operation of the chamber was initially tested
342 with a group of 7 wild Atlantic cod. The procedure
343 was then used on a separate group of 23 Atlantic

344

cod twice each, with 3 months elapsing between
345repetitive trials (Reidy et al., 2000); data from
346both groups of fish are presented here.

3472.2. Constant acceleration test

348This procedure has been previously described in 349

Reidy et al. (2000) as the ‘U ’ test. Briefly,burst

350adult Atlantic cod were placed in a 96 l swim-
351tunnelyrespirometer 24 h prior to the procedure.
352The following day, the water velocity was
353increased at a rate of 0.1667 cm s (10y2

354cm s min ) until the fish was exhausted. They1 y1

355water velocity at which the fish exhausted was
356used as the measure of burst swimming perform-
357ance (U ). The definition of exhaustion wasburst

358when a 12 V electric field did not keep the fish
359off of the downstream retaining wall. The method
360was initially developed on a group of 8 Atlantic
361cod that were each tested twice 1 month apart and
362then 17 of the same 23 cod that were used for the
363sprint procedure(see above) were also tested with
364this protocol. FinalU velocities were correctedburst

365mathematically for the solid blocking effect
366according to Nelson et al.(1994).
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16

17 Fig. 3. Flow diagram of software protocol used to detect hard-
18 ware laser beam breakage and timing between banks. Software
19 was written inBASIC and Assembly Code and is available upon
20 request.21

367

2.3. U procedure modified for a small, loticcrit

368 cyprinid

369 Blacknose dace(Rhinichthys atratulus) from
370 three watersheds and five separate locations within
371 Maryland, USA were collected with a Smith-Root
372 Inc . Model 15-D backpack electroshocker.�

373 Approximately 20 fish from each site(40–60 mm
374 total length, TL) were returned to the laboratory
375 and restricted to an area of their holding tanks
376 where the current speed was between 1 and 3 cmy
377 s. Animals were fed daily with live adult brine
378 shrimp (Artemia sp.), but were fasted 24 h prior
379 to a swimming trial. Fish to be swum, were
380 anaesthetized with MS-222, water concentration of
381 50 mgyl, until they reached phase I of anaesthesia
382 (loss of equilibrium; Iwama et al., 1989). Anaes-
383 thetized fish were transferred to a laminar-flow
384 swim flume(Nelson, 1989) and acclimated to a 5
385 cmys current at 24("1 8C) for 1 h. Fish were
386 then exposed to increasing velocity increments of
387 5 cmys at 5 min intervals until exhausted. Exhaus-

388

tion was defined as the point at which a fish no
389longer responded to gentle prodding with a rubber
390eraser. Critical swimming velocity,U , was cal-crit

391culated according to Brett(1964). The formula
392used was: 393

3945U sUq T yT =UŽ .5 crit i i ii ii

395where U scritical swimming speed(cmys),crit

396U shighest velocity maintained for a full 5 mini

397interval,T stime of fatigue at last current velocityi

398(min), T sinterval length (5 min), and U sii ii

399velocity increment(5 cmys). A subset of these
400fish were re-swum approximately 1 month from
401the date of initial swimming.
402Current speeds of the holding tanks and swim
403flume were measured with a freshly calibrated
404Marsh-McBirney Inc. Model 2000 flow meter. In�

405each case, a three-dimensional grid was established
406(108 stations in the 180=55=35 cm holding
407tanks, 27 stations in the 32=10=10 cm swimming
408section of the swim flume) and current readings
409made at each station. To establish the calibration
410for the swim flume, current readings were repeated
411for each station at 5 V increments of the variable
412transformer supplying power to the motor.

4132.4. General

414All performance tests were conducted without
415investigator knowledge of that particular individ-
416ual’s performance in any previous test.

4173. Results and discussion

4183.1. New sprint performance method

419The results from our trials with Atlantic cod
420show that the chamber described here can effec-
421tively measure sprinting performance in an aquatic
422medium and should be of use to investigators
423interested in the ecological and evolutionary ram-
424ifications of aquatic performance. We support this
425contention with evidence that the method is sig-
426nificantly repeatable over a period of several
427months and a finding that the intra-individual
428variance of swimming speed in repetitive trials is
429smaller than inter-individual variance.

4303.1.1. Swimming speed
431Swimming speed increased in a linear fashion
432when plotted as a function of elapsed time. Thus,
433the relationship of time versus swimming speed
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25

26 Fig. 4. Swimming speed of an individual Atlantic cod as it burst through the 2.2 m runway after tactile stimulation. Figures show three
27 consecutive trials of the same animal run in a single day.(a) Swimming speed as a function of elapsed time; the equation and correlation
28 coefficient of the least squares linear regression describing each line are included.(b) The same trials depicted in Fig. 4a with swimming
29 speed plotted as a function of distance traversed; the equation and correlation coefficient of the best-fit power function are included.30

434

was fit with least-squares linear regressions, the
435 lines and equations of which are presented in Fig.
436 4a for a single animal swum repeatedly, thrice in
437 the same day. When swimming speed is plotted as
438 a function of distance traveled, the relationship
439 was best described by a power function; Fig. 4b
440 shows the same three trials as Fig. 4a, but with
441 speed plotted as a function of distance. Fig. 4
442 illustrates that much of the variability in repetitive
443 runs occurs with initiation of the fast start; the
444 three runs were virtually indistinguishable after the
445 fish passed the second detector array(first data

446

point). This result can be seen numerically by
447comparing the slopes of the regression lines and
448the power function exponent(Fig. 4).
449Comparison of the velocity profiles for six
450additional cod(Fig. 5) demonstrates substantial
451inter-individual variance in sprint performance
452measured with our apparatus. This graph(Fig. 5)
453presents the best of three performance trials, run
454in a single day for each of the six fish. Four of
455the six fish had similar ‘best swims’ after the first
456detector array. In contrast, Fish�2 accelerated
457better than any other fish through the first two
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33
34

35 Fig. 5. Swimming speed of 6 additional Atlantic cod as they burst through the 2.2 m runway after tactile stimulation. The line for each
36 fish represents the best of three trials, all performed in a single day, for each individual. Swimming speed is plotted as a function of
37 elapsed time; the equation and correlation coefficient of the least squares linear regression describing each line are included.38

41
42

43 Fig. 6. Acceleration of Atlantic cod as they burst through the 2.2 m runway after tactile stimulation. The equation and correlation
44 coefficient of the ‘best-fit’ power function for each curve are included. Acceleration curves are for the same three consecutive trials
45 depicted in Fig. 4.46

458

detector arrays but then basically decelerated
459 through the remainder of the chamber while Fish
460 �6 had the slowest start of any fish, but had the
461 greatest rate of acceleration(approximately 2
462 m s ) throughout the remainder of the chambery2

463 (Fig. 5).

464

The fish depicted in Fig. 4 was intermediate in
465performance between ‘fish 6’ and the three similar-
466performing fish (1, 4 and 5). These results can
467also be seen numerically by examining the equa-
468tions; the slope of the line is the acceleration
469through the last three detector arrays and they-
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50

51 Fig. 7. Maximum swimming speed recorded in two separate sprint trials performed approximately 3 months apart, for each of 17
52 Atlantic cod. The equation of the least squares linear regression(solid line) and the square of the Spearman rank correlation coefficient
53 are included.54

470

intercept can be considered a rough measure of
471 the animal’s starting ability(velocity at 0 time).

472 3.1.2. Acceleration
473 Fig. 6 plots the acceleration data corresponding
474 to the three trials depicted in Fig. 4. Again, this
475 was the same animal swum three times in a single
476 day.
477 These data show that the maximal rate of accel-
478 eration for this cod undoubtedly occurred before
479 our first detector array(0.3 m) and, that although
480 the fish continued to positively accelerate through-
481 out the swim chamber, the magnitude declined to
482 a steady level after 0.3 m(Fig. 6). These data are
483 in accord with accelerometer data collected on
484 rainbow trout(Salmo gairdneri) and northern pike
485 (Esox lucius) by Harper and Blake(1990). These
486 authors found maximum acceleration for all types
487 of fast-starts to occur within the first 0.15 s of
488 swim initiation. To get a realistic number for
489 maximal acceleration by Atlantic cod of this size,
490 one would need to have the second photodetector
491 array positioned much closer than 0.3 m from the
492 starting position. For this reason, acceleration data
493 is not analyzed further, although the inter-individ-

494

ual heterogeneity in acceleration data also exceed-
495ed intra-individual acceleration variance(not
496shown).

4973.1.3. Long-term repeatability
498The sprint performance technique described
499above was included in an ongoing study on the
500locomotor performance of Atlantic cod(Reidy et
501al., 2000). As one of many measurements in Reidy
502et al. (2000), 17 Atlantic cod had their sprint
503performance tested twice, with the trials falling
504approximately 3 months apart. Here we reiterate
505the maximal swimming velocity reached by the 17
506cod for each of the two trials because it illustrates
507an important point(Fig. 7).
508Fig. 7 shows that this method is significantly
509repeatable(P-0.01 Spearman-rank orderr ss
5100.756) over a period of 3 months in a population
511of wild fish held in the laboratory. By correcting
512for differences in body size, this relationship
513became even more robust(not shown). The slope
514of the regression line relating second trials to first
515trials is only 0.5; this was largely dictated by the
516four best performing fish having fairly large reduc-
517tions in performance the second time(Fig. 7).
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518

Data points at the extreme of a linear regression
519 have a disproportionate effect on the location of
520 the ‘best fit’ line (Draper and Smith, 1981). Since
521 nine of the fish had a faster second trial, seven
522 fish had a faster first trial, and one fish had
523 identical trials, we feel safe in concluding that
524 there was no learning effect nor did the fish’s
525 health deteriorate over the 3-month period between
526 trials.

527 3.1.4. Method advantages
528 The major advantage of this technique is that it
529 allows the investigator to obtain acceleration and
530 swimming speed data on a large number of fish
531 under natural light levels fairly quickly. The rate
532 at which animals can be processed can be increased
533 by making the chamber bi-directional or by reduc-
534 ing acclimation time. Although filming fast-starts
535 of fish is no more time-intensive than our method,
536 high-speed cinematography must occur at light
537 levels that are appropriate only for neustonic fish-
538 es. Extracting acceleration and swimming speed
539 data from films can also take hours per fish; the
540 apparatus described above produces swimming
541 speed and acceleration data that can be stored in
542 a computer file, saved to a spreadsheet, or printed
543 immediately. Films also have a number of technical
544 problems described thoroughly by Harper and
545 Blake (1989) and reviewed by Domenici and
546 Blake (1997).
547 Accelerometers, when properly deployed, are
548 the optimum way to obtain an accurate measure-
549 ment of a fish’s ability to fast-start(Harper and
550 Blake, 1990), however, their use is precluded for
551 small fishes. The extensive animal handling and
552 surgery required for accelerometer implantation
553 also renders their use impractical for evolutionary
554 or ecological studies requiring large sample sizes.
555 The use of accelerometers also requires labor-
556 intensive calibrations, and to obtain the ultimate
557 degree of accuracy these instruments are capable
558 of, one must also film the fish to correct for
559 tangential accelerations(Harper and Blake, 1990).

560 3.1.5. Method disadvantages
561 The major disadvantage of the chamber
562 described here is that the performance measure-
563 ments are relative. Errors induced by wall effects
564 (Webb, 1993) and non-linear swimming paths of
565 the fish compromise the ability of this chamber to
566 measure absolute values of swimming perform-
567 ance. Furthermore, fish with more pointed snouts

568

will break the portion of the beam impinging upon
569a detector with greater variance than those with
570blunter snouts. Thus, deviations of measured
571speeds and accelerations from actual values will
572be specific to each species and size class of animal.
573For example, the 0.3 m horizontal distance
574between the first two detector banks in our proto-
575type was insufficient to resolve the maximum
576acceleration capability of Atlantic cod with confi-
577dence. This type of error can be limited by reduc-
578ing the vertical and horizontal distance between
579photodetectors and more narrowly defining the
580starting position of the fish(Fig. 1). It is also
581possible with more complex circuitry to monitor
582each phototransistor in a bank and thereby quantify
583and correct for any error due to a vertical swim-
584ming component but this will incur further costs
585and analysis complexity. Likewise, lateral devia-
586tions from linearity can be corrected for by also
587filming the trials. We believe that for studies
588requiring only relative measures of short-duration
589swimming performance between individuals, a
590laser detection ‘sprint chamber’ like the prototype
591described here will prove optimal.

5923.2. Constant acceleration test

593Although interesting information was obtained
594from this test(Reidy et al., 2000), for the prelim-
595inary group of eight fish we used, the test did not
596conform to the criterion of repeatability over time
597(Fig. 8).
598The relationship between performance in a sec-
599ond trial and initial performance was insignificant
600(Fs1.6; Ps0.26), this was largely due to two of
601the fish having large(;20%) improvements in
602performance in the second trial. This was apparent
603by removing these two fish from the data set,
604which produced a significant least squares regres-
605sion between the first and second trial(Fs11.34
606Ps0.028) despite the sample size of only six fish
607(Fig. 8). Although the CAT cannot be considered
608repeatable at the moment, we feel that the question
609needs to be investigated further before rejecting
610the method as useful. Even considering the two
611fish with large improvements in performance
612between repetitive trials, inter-individual variance
613in performance exceeded maximal intra-individual
614variance in performance for this test(Fig. 8). The
615ecological relevance of this test is discussed in 616

Reidy et al.(2000).
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57
58

59 Fig. 8. Swimming speed at fatigue for the 8 Atlantic cod used to initially develop the constant acceleration protocol(U of Reidyburst

60 et al., 2000) recorded in each of two separate trials performed approximately 1 month apart. The equation of the least squares linear
61 regression(dark line) for all eight fish and the same equation with the two worst performing fish removed(both of which had substantial
62 improvement on a second trial) and respective correlation coefficients are included. The lighter line is the line of perfect identity.63

617

3.3. U procedure modified for a small, loticcrit

618 cyprinid

619 The modifiedU procedure we employed tocrit

620 gauge performance of blacknose dace was very
621 repeatable(Fig. 9). The line relating second per-
622 formance to first was highly significant by both
623 least squares(Fs62.5,P-0.0001) and non-para-
624 metric techniques(Spearman rank orderrs0.771;
625 Ps0.001). There was also substantial inter-indi-
626 vidual variance in performance among dace that
627 was not attributable to the size of the fish. The
628 size of the dace in this study was intentionally
629 limited, but among the dace used, there was
630 absolutely no relationship between length and
631 swimming performance. Even the regression of the
632 logarithm of TL plotted against the logarithm of
633 critical swimming speed was insignificant(Spear-
634 man rank orderrs0.22;Ps0.19; ns40).

635 3.4. General

636 Although theU method developed by Brettcrit

637 (1964) has produced a wealth of information on

638

both the performance and metabolism of swim-
639ming fish, we think that the time has come for the
640development of new swimming tests which are
641more targeted at individual species and swimming
642modes. The new sprint performance method
643described here may prove useful to investigators
644interested in the ecological and evolutionary impli-
645cations of variance in aquatic locomotor perform-
646ance. Most of the work in this arena has employed
647reptilian models(see Bennett and Huey, 1990;
648Garland and Carter, 1994; Garland and Losos,
6491994 for reviews). The few fish studies that have
650expressed interest in variance of performance have
651primarily used critical swimming speed as the
652measure of locomotor capacity(reviewed by 653

Kolok, 1999 and Plaut, in press). Because a final
654U value is a complex product of multiple swim-crit

655ming modes and changing metabolic support, we
656predict diminishing utility for this test in studies
657designed to discern biological causality or draw
658ecological or evolutionary inference(Nelson et al.,
6591994, 1996). Indeed, a factor analysis of fin areas
660and aspect ratios of the cod used in the Reidy et
661al. (2000) study turned up significant relationships
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66
67

68 Fig. 9. Critical swimming speed recorded in each of two separate trials run approximately 1 month apart, for each of 14 blacknose5U5 crit

69 dace. The equation of the least squares linear regression(solid line) and the square of the correlation coefficient are included.70

662

with both the new sprint performance method and
663 the constant acceleration method but none with
664 theU procedure. TheU procedure also sufferscrit crit

665 from not mimicking the natural swimming of many
666 fish species; this test was designed to simulate
667 conditions for salmonids ascending lotic freshwa-
668 ters of decreasing order and should not be indis-
669 criminately applied to all fishes and questions.
670 What is needed for the future are swimming tests
671 designed for individual species and questions that
672 conform to the criteria elaborated here.
673 Fast start and sprint performances of fish are
674 biologically relevant to factors that can directly
675 relate to success for many species(Webb, 1985).
676 Presumably, the dearth of studies on ecologicaly
677 evolutionary relevance of fast starts and sprints in
678 fishes comes, in part, from the lack of convenient
679 methods for studying these performances in large
680 numbers of fish. The chamber described here
681 allows investigation of sprint swimming perform-
682 ance under any light levels without a huge invest-
683 ment of investigator time and money. We used this
684 prototype sprint chamber to show that inter-indi-
685 vidual variance in performance was greater than
686 intra-individual variance of repetitive trials. The
687 maximum sprint velocity of 17 Atlantic cod meas-
688 ured with this method was significantly repeatable
689 over a period of 3 months(Reidy et al., 2000).

690

This suggests that the method can be used to
691explore mechanisms of differences in sprint per-
692formance and their ecologicalyevolutionary rele-
693vance. This method has been subsequently used to
694follow sprint performance of individual cod
695through cycles of starvation and feeding(Martinez
696et al., in press). Interestingly, the relative ranking
697of sprint performances of cod was maintained
698throughout a feedingystarvation regime whereas
699those of various muscle metabolic capacities were
700not. With this degree of interesting information
701coming from a prototype chamber utilizing a
702species not generally known for its swimming
703prowess, we are confident that this method will be
704of general use for studies of other aquatic animals.
705Although the CAT(U ) has not been rigor-burst

706ously shown to be repeatable, it has already helped
707to increase our understanding of cod biology. The
708significant, negative relationship withU (Reidycrit

709et al., 2000) hints that there are physiological or
710morphological tradeoffs between the types of
711swimming used in these two tests. In addition,
712factor analysis of cod fin areas produced a factor,
713loaded heavily for pelvic fin areas, that correlated
714strongly and significantly with the CAT(U )burst

715test (rs0.84; Fs23.6; P-0.001). Since cod use
716a ‘flap and glide’ swimming style throughout most
717of the CAT test, this result is logical. Cod depress
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718

their pelvic fins during the ‘glide’ phase of this
719 swimming style to limit backward movement; fish
720 with relatively large pelvic fins are apparently able
721 to do this better, leading to a better final perform-
722 ance value in this test.
723 The U procedure has been modified in prac-crit

724 tically every manner possible(Beamish, 1978;
725 Hammer, 1995); rarely have these modifications
726 been subject to the most fundamental measure of
727 scientific veracity, that of reproducibility. Fortu-
728 nately, when the reproducibility ofU procedurescrit

729 has been tested, they usually are(Randall et al.,
730 1987; reviewed in Kolok, 1999). Here we add a
731 procedure with blacknose dace to the list of5U5 crit

732 significantly repeatable incremental velocity tests.
733 In addition to the significant repeatability of this
734 method, there was substantial inter-individual var-
735 iation, not attributable to size, which will make
736 this test useful for ecological and evolutionary
737 studies on dace. The large differences in locomotor
738 performance among populations of blacknose dace
739 was strongly correlated with differences in current
740 flow at the site of their capture and will be the
741 subject of a separate communication. Thus,
742 although the we used was outside the guide-5U5 crit

743 lines suggested by Brett(1967) and Beamish
744 (1978), because the test is significantly repeatable,
745 mimics conditions encountered by dace in their
746 environment and is yielding important new infor-
747 mation about this species, we claim that it is a
748 valid, new test for this species.

749 4. Uncited reference

750 Nelson and Mitchell(1992).
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