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Introduction
The majority of research on exercise physiology of fish has been conducted on individuals forced to swim while confined in water tunnel respirometers (Beamish, 1978). We chose to study behaviour, gait transition and post-exercise physiology in smallmouth bass (Micropterus dolomieu) following a voluntary 25 m ascent through an experimental raceway against water velocities of varying intensity. Our objective was to establish relationships between exercise intensity and (1) behaviour, (2) locomotory gait, and (3) anaerobic fuel use. 

Methods

Smallmouth bass were collected from the Winnipeg River and transported to a 25 m experimental raceway located in Pinawa, Manitoba, Canada (Peake and Farrell, 2004). Water velocity was adjusted to a value between 8 and 120 cm/s, and fish were placed in a holding tank that was continuous with the downstream end of the raceway. Ground speed of fish that voluntarily ascended was monitored by light-gate sensors placed at regular intervals along the longitudinal length of the raceway. Ground speed was calculated by dividing distance between the sensors by the amount of time that passed between consecutive sensor hits. 

The relationship between locomotory gait and swimming speed was assessed by filming fish as they swam through a 2.5 m Plexiglas-lined area of the raceway. Swimming gaits were classified as either steady or unsteady using criteria similar to those described by Rome et al. (1990). Post-exercise physiological measurements were made using plasma and muscle samples removed from smallmouth bass white muscle following a voluntary ascent through the raceway against various water velocities. Post-exercise oxygen consumption was also measured, for a sub-group of smallmouth bass that were anesthetised following a complete ascent.

Results
The highest steady swimming speed observed defined the upper boundary of the steady zone in this study, while the lowest unsteady speed marked the lower boundary of the unsteady zone. The steady zone for 32 cm smallmouth bass extended to 77.5 cm/s, and the unsteady zone began at a swimming speed of 103.8 cm/s (Figure 1). Swimming speeds between 77.5 and 103.8 cm/s (termed the transitional zone) were supported through recruitment of steady and unsteady swimming. Mean ground speed increased significantly as fish moved from steady (18 cm/s) to transitional (22 cm/s) to unsteady (39 cm/s) swimming.

Muscle glycogen levels in fish that maintained speeds below about 90 cm/s were relatively high and variable (Figure 1A). In contrast, fish that maintained higher swimming speeds showed lower and somewhat more consistent readings. Glycogen levels remained relatively steady as swimming speed increased within the unsteady zone. Plasma lactate increased linearly with mean speed throughout the performance envelope (Figure 1B). Muscle lactate values were relatively steady in fish that maintained speeds lower than 140 cm/s (Figure 1C). However, muscle lactate and exercise intensity were positively correlated at higher speeds. Post-exercise oxygen consumption rates increased in a linear fashion with exercise intensity throughout the range observed (Figure 1D).

Discussion

This study is among the first to demonstrate that a link exists between exercise physiology and behaviour in fish. During ascents that predominately involved steady swimming, smallmouth bass maintained a ground speed that resulted in a passage time of approximately 2 min. However, ground speeds demonstrated by fish swimming in the unsteady zone were much higher, and resulted in a 54% drop in passage time. This suggests that fish were actively trading exercise intensity for duration, likely in an attempt to conserve anaerobic fuel stores and/or mitigate physiological disturbances associated with anaerobic metabolism.
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Figure 1. The relationship between post
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D) and mean 

swimming speed in the raceway.
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This hypothesis is supported by most of the post-exercise physiological data collected. Although plasma lactate and oxygen consumption data indicate that unsteady swimming was supported by anaerobic metabolism, and incurred an oxygen debt, muscle glycogen and lactate levels in the late and early portions of the transitional and unsteady zones, respectively, were relatively constant (Figures 1A and C) as swimming speed increased. Thus, fish were able to make the 25 m ascent against progressively higher water velocities using similar amounts of anaerobic fuel, by adopting a more energetically efficient locomotory gait, increasing ground speed, and reducing passage time.

Conclusions

Smallmouth bass in the experimental raceway demonstrated distinct locomotory zones supported by steady, mixed, and unsteady swimming as exercise intensity increased. Ground speed increased and passage time decreased as water speeds “forced” fish to swim faster. This behaviour allowed individuals to conserve anaerobic energy stores and delay accumulation of glycolytic metabolites. Thus, free-swimming fish actively reduce energy expenditure when faced with various locomotory challenges, activity that is unlikely to occur in confined individuals. 
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