FINAL

1.0 Introduction

Upstream passage was evaluated quantitatively using the swimming and leaping capabilities of trout (particularly rainbow trout) and minnows/suckers (hardhead, Sacramento pikeminnow, Sacramento sucker).  The upstream fish passage assessment methodology outlined in Powers and Orsborn (1985) and Thompson (1972) was used to evaluate passage at potential vertical barriers, high velocity chutes, and/or critical riffles based on field measurement of the barriers in the field during base flows.  Barriers were analyzed for 12-inch (340 mm) trout and minnows/suckers.

2.0 Fish Swimming and Leaping Capabilities

A range of swimming velocity was used for the trout (high and low swimming estimates).  Minnow and sucker swimming capability was set at the lower end of the trout swimming range.  Burst swimming velocity was used to determine the leaping ability of fish (i.e., their ability to navigate vertical barriers).  Prolonged and sustained swimming capability was used to determine the ability of fish to navigate high velocity water in chutes and riffles (Powers and Orsborn 1985).  
Burst swimming (less than 0.1 minutes) was assumed to range between 8 and 12 body lengths/sec for salmonids (trout) (Beamish 1978; Reiser and Peacock 1985; Videler 1993).  Burst swimming for cyprinids (minnows) and catastomids (suckers) was set on the lower end of the trout range (8 body lengths/sec).  The sixty-minute sustained swimming velocity was assumed to be between 2 and 4 body lengths/sec for trout (Brett and Glass 1973; Beamish 1978; Reiser and Peacock 1985) and approximately 2 body lengths/sec for minnows/suckers
 (Myrick and Cech 2000; Berry and Pimentael 1985).  Prolonged swimming (0.1–60 minutes) was assumed to vary between burst and sustained swimming speed logarithmically (Viedeler 1993).  Figure AQ 6-3 shows the assumed swimming capabilities of fish. 
The size of fish used for the analysis was set at an intermediate size of 12 inches (340 mm). In the small streams (Duncan Creek, Long Canyon creeks) the maximum trout size was smaller than 12 inches, about 9 inches (230 mm FL).  In the intermediate and larger sized rivers (Middle Fork American River above Ralston Afterbay, Rubicon River, Middle Fork American River below Ralston Afterbay) the maximum trout size was larger than 12 inches, about 15 inches (380 mm FL) or greater (PCWA 2008).  For fish in the approximately 12-inch and less size, empirical fish leaping data for brook trout indicate that smaller fish (e.g., 6 inches) can leap as high as larger fish (e.g., 8+ inches) (Kondratieff and Myrick 2006).  This is partly due to the fact that the maximum swimming speed per body length is higher for smaller fish (e.g., <12 inches) than it is for larger fish (e.g., >12+ inches) (see compilation of data in Kondratieff and Myrick 2006).  As a result, we used the leaping and swimming ability of a 12-inch fish as reasonable representation for the passage capabilities of various sized fish in the Project area.  The same fish size was used for hardhead, Sacramento pikeminnow, and Sacramento sucker.  

A water temperature of 15 ˚C was used to help estimate the approximate 60 minute sustained swimming speed discussed above (Brett and Glass 1973).  In general, the effects of water temperature on swimming ability in the range of about 10–20˚C are relatively modest (e.g., Myrick and Cech 2000) and water temperature was not used to modify swimming velocity in this analysis. 

3.0 Leaping Barriers (Falls)  

Passage of vertical barriers (falls) requires fish to leap the vertical and horizontal dimensions of the falls.  Passage also requires suitable takeoff conditions at the plunge pool and suitable landing conditions at the falls crest.

Vertical and Horizontal Leaping.  In order for a fish to clear a leaping barrier they must be able to leap high enough (H) to reach the crest of the barrier and far enough (X) to cover the distance from the standing wave in the plunge pool (the point of optimal leap) to the crest of the barrier.  Leaping ability was based on trajectory equations that convert the burst swimming speed of a fish into X and H components (Powers and Orsborn 1985):

H = (Tan A) X – g (X)2 / 2(VF Cos A)2
Where VF is the burst speed of the fish (ft/s), A is the leaping angle, and g is a constant acceleration due to gravity (32.2 ft/sec2).  Figure AQ 6-4 shows the vertical and horizontal leaping capability of a 12-inch fish (Note: all potential leaping angles were tested to determine the maximum X distance and H that could be navigated).

Leaping barriers were considered impassable for trout if the barrier could not be cleared at a burst speed of 12 body lengths/sec.  Leaping barriers were considered potentially passable for trout if they could be cleared at a burst speed between 8 and 12 body lengths/sec and barriers were considered to be passable if they could be cleared at burst speed of 8 body lengths/sec or less.  Leaping barriers were considered impassable for minnows/suckers (e.g., hardhead) if they could not be cleared at a burst velocity greater than 8 body lengths/sec and passable if they could be cleared at a burst velocity of 8 body lengths/sec or less.  Table AQ 6-1B shows a summary of leaping barrier passability based on fish burst speed.
AQ 6 Appendix B Table 6-1.
Leaping Barrier Passability Based on Fish Burst Speed.
	Falls Barrier Rating 
(Based on Figure AQ 6-4 and Burst Speeds
Listed in This Table)
	Burst Speed (body lengths /sec)
Required to Leap Barrier

	
	Trout
	Minnows / Suckers

	Passable
	≤8
	≤8

	Potentially Passable
	>8–12
	NA

	Impassable
	>12
	>8


Falls Plunge Pool Conditions.  If the plunge pool depth was greater than the full body length of a fish, the leaping ability of a fish was assumed to be unhampered.  If, however, the plunge pool depth was between 1 and ½ body lengths and/or the penetration of the plunging water reached the bottom of the pool, the leaping ability was assumed to be reduced and the barrier (all else being passable) was deemed only potentially passable.  If the plunge pool depth was less than 1/2 body length, the barrier was deemed impassable.  Table AQ 6-2B shows a summary of falls barrier passability based on plunge pool conditions.

Falls Crest Landing Conditions.  If the water velocity at the crest of the falls was greater than the fish’s burst velocity (Figure AQ 6-3), the barrier was classified as impassable.  If the crest landing area was deeper than the fish’s body depth, the crest was analyzed as a chute / critical riffle (see below).  If the depth of the crest was between 1 and ½ times the depth of the fish and passable as analyzed above, it was considered only potentially passable due to the shallow depth, unless the crest sloped downward in the upstream direction in which case the falls was considered passable.  If the crest depth was less than ½ body depth, the falls was considered impassable.  The body depth of fish was assumed to be 0.22 times the length of the fish (USFWS 2008).  Table AQ 6-2B shows a summary of falls barrier passability based on crest landing conditions.

	Falls Barrier Rating
(Based on Plunge Pool Depth and Crest Landing Conditions)
	Plunge Pool
Depth
	Falls Crest
Landing
Conditions1

	Passable
	≥ full body length of a fish
	Depth of the crest was ≥1 times the depth of the fish or the crest ½–<1 times the depth of the fish and sloped downward in the upstream direction and velocity was < than the fish’s burst velocity.

	Potentially Passable
	½–1 body length or penetration of the plunging water reached the bottom of the pool
	Depth of the crest was between 1–½ times the depth of the fish and velocity was < than the fish’s burst velocity.

	Impassable
	<½ body length
	Depth of the crest <½ times depth of the fish or water velocity at the crest was > than the fish’s burst velocity

	1Depth of the fish was 0.22 times fish length.


AQ 6 Appendix B Table 6-2.
Falls Barrier Passability Based on Plunge Pool Conditions and Falls Crest Landing Conditions.  

4.0 Chutes and Critical Riffles (Swimming Barriers)  

Fish passage assessment of chute and critical riffle barriers required the water velocity to be less than the upstream distance swimming capabilities of the fish and the depth to be great enough to pass fish.

Water Velocity and Chute Length- If the water velocity of the chute or critical riffle was greater than the fish’s burst velocity (12 body lengths/sec for trout or 8 body lengths/sec for minnows/suckers), it was considered an impassable barrier.  If the water velocity was less than the fish’s sustained velocity, 2 body lengths/sec (for both trout and minnows/suckers) the barrier was classified as passable.  Otherwise, if the velocity was between the burst and sustained velocity, the prolonged swimming speed equation (Figure AQ 6-3) was used to determine if the fish could pass the length of the barrier.  For minnows/suckers, the lower velocity swimming equation was used.  For trout, both the high and low velocity equations were used.  If the barrier could be navigated with the lower velocity equation, it was considered passable.  If the barrier could only be navigated using the higher velocity equation, the barrier was considered potentially passable.  Table AQ6-3B shows a summary of chute and critical riffle barrier passability based on water velocity and depth and chute length.
Depth -- If the water velocity of a chute or riffle was determined to be passable, but the water depth was between 1 and ½ times the fish’s body depth, swimming ability was assumed to be impaired and the barrier was classified as potentially passable.  If the water depth was less than ½ times the fish’s body depth, the barrier was classified as impassable. 
AQ 6 Appendix B Table 6-3.
Summary of Chute and Critical Riffle Barrier Passability Based on Water Velocity, Water Depth, and Chute Length.
	Chute Barrier Rating
(Based on Listed Water Velocity, Length, and Depth Conditions)
	Water Velocity
and Length
	Water
Depth

	Passable
	Water velocity < fish’s sustained velocity

(2 body lengths/sec) or fish’s prolonged velocity / swimming distance relationship exceeded velocity / length of chute (Figure AQ 6-5)
	Depth ≥1 times the depth of the fish

	Potentially Passable
	NA
	Depth was ½–1 times the fish’s body length

	Impassable
	Water velocity > fish’s burst velocity (8 body lengths/sec for minnows/suckers or 12 body lengths/sec for trout) or fish’s prolonged velocity / swimming distance relationship was < than the velocity / length of chute (Figure AQ 6-5)
	Depth was <½ times fish’s body depth


� Critical swimming velocity data (a laboratory measure of prolonged swimming capacity) for hardhead, Sacramento pikeminnow, Colorado pikeminnow, and Sacramento sucker (Myrick and Cech 2000; Berry and Pimentel 1985) were compared to data for rainbow trout (Beamish 1978; Hawkins and Quinn 1996; Jain et al. 1997).  Minnow/sucker species swimming velocities were comparable to the lower range observed for trout (typically about 2 body lengths/sec).  
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