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Migrating fish traversing velocity barriers are often forced to swim at speeds greater than their maximum sustained speed (Ums).  Existing models that predict optimal swim speeds based on cost of transport at sustained speeds (Weihs 1974; Trump and Leggett 1980) may be inappropriate in this situation.  I propose a new model of a distance maximizing strategy for fishes traversing velocity barriers, derived from the relationship between swim speed and fatigue time (lnT = a + bUs; T = fatigue time, Us=swim speed).  This relationship undergoes a discrete shift as fish switch from prolonged to sprint mode, with distinct values of a and b.  

By multiplying T by Us less flow velocity (Uf), maximum distance of ascent (relative to the ground, Dmax) can be calculated for a range of swim- and flow speeds.  Plots of this relationship show a clear optimum swim speed at each flow velocity and swimming mode at which Dmax is maximized (Figure 1).  Within a given mode, this optimum value occurs at a constant groundspeed equal to –b-1.  This relationship holds for all flows exceeding Ums.   As fish switch from prolonged to sprint mode, however, the optimal groundspeed changes in accordance with the differing parameter values bP or bS (subscripted here to identify prolonged (P) and sprint (S) modes, respectively).  The speed of flow at which fish should switch from prolonged to sprint mode is defined as Ufcrit = (ln(bS ( bP-1) + aP - aS) ( (bS - bP)‑1.  
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Figure 1.  Effect of swim speed and fatigue time on Dmax over a range of flow velocities (isopleths) and swim speeds (A); and at optimum swim speed within prolonged and sprint modes (B).  Note that, depending on flow velocity, it may be more advantageous to swim one mode or the other.

I tested this hypothesis with data from six migratory fish species (anadromous clupeids: American shad, Alosa sapidissima, alewife, A. pseudoharengus, blueback herring, A. aestivalis; amphidromous: striped bass, Morone saxatilis; and potomodromous species: walleye, Stizostedion vitrium, white sucker, Catostomus commersoni) allowed to sprint volitionally against fixed flow velocities of 1.5 – 4.5 m · s-1 in an open-channel flume.  Test conditions allowed for determination of mode shifts (prolonged to sprint) among American shad and the three nonclupeid species.  Some blueback herring may have swum in prolonged mode, but this did not meet significance criteria; and alewife swam exclusively in sprint mode.

Of these six taxa, only anadromous clupeids exhibited the appropriate optimizing behavior (Figure 2).  American shad made the switch from the optimal groundspeed for prolonged mode to that for sprinting at Ufcrit; likewise, blueback herring and alewife selected the appropriate groundspeed for sprinting.  The other species swam at the optimal groundspeed for prolonged mode.  However, when they switched to sprint mode, they failed to switch to the optimal groundspeed for that mode, continuing instead to swim at the prolonged mode optimum.  As a result, these fish failed to realize their maximum potential distance of ascent (Castro-Santos 2002).
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Figure 2.  Groundspeeds of six species swimming against flow velocities of 1.5 – 4.5 m·s-1.  Predicted optima are indicated by shaded areas (
[image: image1]= prolonged, and            = sprint mode); points and error bars (+ 2 SE) indicate observed groundspeeds.

These results suggest that among the nonanadromous migrants, sprinting may not constitute a migratory behavior.  It may instead be optimized for other behaviors, such as prey capture or escape, which follow different rules from distance maximization.  If these species typically use only sustained and prolonged mode as part of their routine migratory behaviors, then selection may not have acted to produce a distance-maximizing strategy.  Moreover, because these species are able to spawn in a greater variety of habitats (and among striped bass the migration is for feeding, rather than spawning), the selective pressure for distance-maximizing behaviors is reduced.

Regardless of the cause, the variability in groundspeeds exhibited by all species has important implications for models predicting maximum distance of ascent through velocity barriers.  The extent to which fish deviate from their optimal groundspeed, as well as the direction of this deviation can cause dramatic reductions in achieved distance of ascent.  Predictions of ascent capacity that are derived from the swim speed-fatigue time relationship must therefore incorporate the behavioral variability of the species in question, and must not assume that fish adopt a distance-maximizing strategy.
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