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Ahstn1~~-Pnssngc and trnnsit time of ndult upstream-migrant Amcricnn shnd Alosu sapidissima 
~ n d  blucback hcrring A. ucstivalls wcrc investigated in standard Dcnil and Alnska stecppass fish- 
ways with vnrinhlc slopc and hcndpond undcr scmicontrollcd  condition^. Percent of Amcricnn 
hhad passcd per unit time (percent pnssnge) incrcnsed with temperature, while time required to 

lrom the lishway entrance lo the exit (transit time) decreased with increasing temperature 
for both spccics. Increusing fishway slope decreased percent puSSaKe or  American shad, regardless 
of tishwny type. Higher tishwny slope decrenscd pcrccnt pnssage or blueback herring in the sleep- 
pass iishwny only. Low heudpond enhanced percent passage of American shad in the Denil fishwny. 
hut decrcnsed percent passagc of Americnn shnd in the steeppnss liuhway. Headpond lcvel had no 
effect on percent passage of hluebnck herring in either fishwny. Because hendpond level in thc 
steeppnss lishwny nffcctcd pcrccnt pnssngc of Americnri,.ghnd but not thc smnllcr hluebnck hcrring, 
the rchtively smnll cross-sectionnl nrca of the stccppass fishway opcrntcd at low hcndpond mny 
inhibil pussngc of I q c r  species such as American shad. Transit time of American shad decreased 
with bolh incrcnsing slopc and high headpond, and American shad incrcnscd through-water swim- 
n~inp  spccd undcr these conditions. American shad appeared to regulntc their swimming speed 
through Dcnil-type fishways below rntlximill values. Blueback hcrring nsccndcd the fishways at 
speeds compnrnhlc to those of American shad. Shorter transit timcs wcrc not nssocintcd with 
incrcnscd pcrccnt passage. Turbulcncc and air entrainmenl may influence pcrccnt passngc of Amer- 
ioun shnd morc than longitudinnl water velocity 

Although simple Denil and steeppass fishways 
were originally designed for upstream passage of 
adult salmonids (Denil 1909; Ziemer 1962), they 
are increasingly used for passage of nonsalmonid 
spccies (McLeod and Ncmcnyi 1940; Slatick 1975; 
Beach 1984; Katopodis et al. 1991; Clay 1995). 
The advantages of Dcnil-type fishways (Larinicr 
1992) are that they are relatively inexpensive to 
construct and maintain, can operate under a wide 
range of natural discharge (headpond) conditions. 
and are primarily suited to smaller streams and 
low head dams. Thcse advnntagcs have made 
Denil-type fishways an attractive option for pro- 
viding passage Tor anadrornous clupeids in coastal 
rivers. However, the performance of Dcnil-type 
fishways has rarely been evaluated with respect to 
Passage of anadrornous clupeids, and their effi- 
ClCncY in passing these species has been difficult 
to deternine (Larinier and Travade 1992). Slatick 
(1975) observed that adult American shad Alosa 
Sa~idi*sinm readily passed a model-A steeppass 
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fishway at 24% (1 :4.2) slope, but passage perfor- 
mance was dependent on fishway entrance and exit 
conditions. American shad were observed to as- 
cend short (<15.2 m) steeppass fishways at slopes 
of 23.3% (1:4.3) to 28.7% (1:3.5) but were unable 
to ascend a steeppass fishway 20.1 m long at 28.7% 
slopc (Slatick and Basham 1985). 

Slope and headpond level (depth of water at the 
fishway exit) are two major design and operation 
characteristics of Denil-type fishways that mark- 
edly affect hydraulics (water velocity, turbulence 
and air entrainment) and presumably passage per- 
formance. Schwalme et al. (1985) noted no ap- 
parent differences in ascent of several species of 
nonsalrnonid fishes between two operational sim; 
ple Dcnil fishways at 10% (1:lO) and 20% (1:5) 
slopes, but their field observations lacked exten- 
sive replication and cxperimcntal control. Tack 
and Fisher (1977) found little effect of slope (7.5- 
15%; 1 :13.3-1:6.7) or hcadpond (fishway dis- 
charge of 0.53-1 -07 m3/s) on Arctic grayling Thy- 
mallus arcticus greater than 130 mm in total length 
(TL) passing an Alaska steeppass fishway 6.1 m 
in length, although fewer grayling less than 130 
rnm TL were able to pass at the highest slope. 
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FloURE 2.-Time serics of tempernturcs during testing in 1995 nnd 1996. Chronology of testing at different 
slopes is indicnted by the ~ymbols, defined in the key. 

ternated and staggered throughout the season to 
approximate a temporally randomized block ex- 
perimental design (Figure 2). Fishway slopes were 
changed every 6 1 4  trials, and headpond levels 
were altered every 1-3 trials. 

Fish collection and passage rnoniforing.-Up- 
stream migrant American shad and blueback her- 
ring were collected from a trap at the exit of an 
operational fishway on the Connecticut River ap- 
proximately 1 km from the CAFRC flume facility. 
Fish were transported to the flume facility via a 
truck-mounted 1,000-L tank, tagged, and held for 
testing in open, circulating-water holding ponds 
(Burrows and Chenoweth 1970). 

We used an application of passive integrated 
transponder (PIT) technology (Texas Instruments 
TlRIS Series 2000 readers and model RI-TRP- 
WBZB-03 readwrite PIT tags) to monitor voli- 
tional movements of individual upstream-migrant 
American shad and blueback herring. The PIT tags 
were fitted with #6 hooks and attached to fish by 
insertion of the hook through the cartilage at the 
base of the dorsal fin before release of fish in the 
holding ponds. Four PIT antennas were placed 
within cach fishway; one at the entrance, one at 
the exit, and two at evenly spaced intermediate 
loca~ions between the entrance and exit. For fur- 
ther details of the PIT system design and operation, 
see Castro-Santos et al. (1996). 

At the start of each trial, groups of tagged fish 
were crowded from  he holding ponds into thc 
flume below each fishway and allowed to voli- 
tionally encounter the fishway for 3 h. An effort 
wns made to include a minimum of 10 fish of each 
species in cach group; most trials were run with a 
group-size of 20 fish. The 10-fish group-size min- 

imum was not always achieved for blueback her- 
ring because of their limited availaeility at the fish- 
way trap. Movements of fish were fecordcd by the 
PIT tag monitoring system, which logged fish 
identification number and position of the fish 
(within 0.5 m of each antenna) along with a time 
stamp (nearest 0.05 s). At the end of the trial, the 
flume was drained and fish were removed from the 
test area. The tag number, ptlssage status (above, 
below, or inside the fishway), fork length (FL). 
and sex (American shad only) of each fish was 
recorded. Fish were returned to the river after re- 
moval of the tag. A minimum d six trials was run 
for each treatment condition (slope, headpond, and 
fishway type). Water temperature was recorded 
(nearest O.l°C) hourly during trials; mean tem- 
perature was calculated for each trial. 

Data analysis.-The fish collection (species, 
length, sex, fish tag code) and passage data (fish- 
way, slope, headpond, temperature, and time of 
detection at each antenna) were compiled into a 
single database with each record marked with ad- 
ditional trial identifiers. The data were then sorted 
by trial, fishway, slope, headpond, tag code, po- 
sition, and time, yielding a complete time series 
data set on the passage (or passage attempt) of 
each individual. Trials with groups of less than 10 
introduced fish were omitted from analyses of per- 
cent passage. The data were then analyzed to gen- 
erate percent of the total number of introduced fish 
passed per trial, and transit time (duration of time 
from the last PIT tag record from the antenna at 
the bottom of the fishway to the first record at the 
antenna at the top of the fishway) for each fish 
passed. 

All cffccts of slope, headpond, temperaturc, and 
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TAHLE I.-Snrnple sizes (N) nf datn collected for ench trctltmcnl (slopc, headpond), 1995 ~ n d  1996 dntn pooled. 
Values for prcenl pnssugc m number of trials with groups of 10 or rnorc Amcricun shud or blucbilck herring, vnlucs 
for transit timc m numbcr of individunl fish that completed the passage. 

Denil Stccppuss 

Shud Herring Shad Hcrring 

Percent l 'mn~it  t'crccnl Trunhit Pcrccnl Trnnsit Percent T r u n ~ i t  
Slope I-laudpund pwunge h c  p w w y e  time ptmagc time pawage time 

1:10 High 8 96 
Low 7 87 

1 ;8 High 12 1 (X) 3 
Low 7 76 3 

1 :6 High 8 40 2 
l ~ r w  10 9 1 1 

1 :4 High I I 23 
Low H 30 

between-year differences on percent passage and 
transit time were analyzed using covariance anal- 
ysis (Proc GLM, SAS 1985). Differences between 
individual slopes and within-cells differences due 
to slope X hcadpond interaction were analyzed 
using single degree-of-frcedom contrasts. The ef- 
fect of sex on passage in each fishway was ana- 
lyzed by calculating percent passage of each sex 
within ench trial and performing a Wilcoxon 
malched-pairs test with percent passage of males 
and females within each trial as the bivariate ran- 
dom variables (Conover 1980). Only trials with a 
minimum number of six fish of either sex were 
used in these analyses. 

Results 
In 1995. 1,232 American shad (310-585 mm 

FL; mcan = 413 mm FL) and 424 blucback herring 
(205-290 mm FL; mean = 234 rnm FL) were col- 
lected and tested (introduced into the flume). In 
1996, 1,521 American shad (305-580 mm FL; 
mean = 418 mm FL) and 38 blueback herring 
(220-26s mm FL; mean = 242 mm FL) were col- 
lected and tested. Water temperatures ranged be- 
tween 14°C and 21°C in 1995 and belwecn 15°C 
and 21 "C in 1996. 

Sample sizes for percent passage and transit 
time of trials included in analysc~ arc given in 
Table 1. Water temperature was positively corre- 
lated with pcrcent passage of Amcrican shad in 
both fishways (Figure 3; Denil: P < 0.001; steep- 
pass: P = 0.003) All suhsequent data analyses 
were performed using complete regression models 
that included slope, headpond, temperature, and 
(where significant) year and temperature X year 
(interaction) effects. Watcr temperature did not 
significantly affect percent passage of blueback 
herring (Denil: P > 0.05; steeppass: P > 0.05). 

Watcr temperature did influence the trlinsit time of 
both Amcrican shad and blucback hemng, with 
shorter transit times associaled with higher tem- 
peratures (Figure 3; Dcnil American shad: P < 
0.001; stceppass American shad: P < 0.001; Denil 
blueback herring: P = 0.003; Steeppass blucbnck 
herring: P = 0.065). Although no significant dif- 
ference in percent pnssage was observed between 
years (Dcnil: P > 0.05; sleeppass: P 0.05), tran- 
sit timc did differ between years, with longer (ran- 
sit times associated with 1996 data (P < 0.001; 
stceppass: P = 0.023). Moreover, the effect of tem- 
perature on transit timc for American shad differed 
between years. with a grcaier reduction in transit 
timc associated with the 1996 data (Denil: P < 
0.001; steeppass: P = 0.028). Because significant 
effects of temperature on percent passage and of 
temperature, year, and temperature X year (inter- 
action) on transit time were observed,thesc effects 
were included in the regression models; Figures 4 
and 5 reflect least-squares means with these effects 
adjusted lo their mean value. 

Denil Fishway-Anzericurr Shad 

Percent passage of American shad decreased 
with increasing slope ( P  < 0.001; Figure 4a). al- 
though the difference was not significant among 
all slopes. Percent passage was significantly great- 
er a1 low hcadpond than at high headpond ( P  < 
0.001). Transit tirnc decreased with increasing 
slope (P < 0.001: Figure Sa), but there was no 
significant difference in mcan transit time between 
1:4 and 1:6 slopes (P > 0.05). Transit time was 
significantly greater at low headpond thnn at high 
headpond (P < 0.001). There was no signifcant 
difference in pcrcent passage between males and 
females (P > 0.05) in the Dcnil fishway. 
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FIFIJRF, 3.-Upper panel: percent of fish passed during each 3-h run versus temperature for comparative 1995 
nnd 1996 tests. Lowcr panel: lrnnsit time of passed Rsh versus temperature. Both pnnels illustrate dala from Denil 
fishwny, Americnn shad only. Solid lines indicale least-square6 rcgrcssion; dushed lines are 95% confidence limits 
for cnch regression. 

Denil Fishway-Blueback Herring 

Percent passage and transit time of blucback 
herring were not significantly different bctwcen 
slopes ( P  > 0,05) or headpond levels ( P  > 0.05; 
Figures 4c and 5c). 

Steeppass Fishway-Americun Shad 

Percent passage of American shad decreased 
with increasing slope (P < 0.001; Figurc 4b), and 
mean percent passage was significantly different 
between all slopes (P < 0.05). Percent passage was 
significantly greater at high headpond level than 
at low hcadpond level (P < 0.001). The effect of 
slope on percent passage was significantly diffcr- 
cnt between headpond levels ( i . ~ . ,  significant in- 

teraction; P < 0.05). Transit time decreased with 
increasing slope (P < 0.001; Figure 5b). but mean 
transit times were not significantly different bc- 
tween the 1:8 and 1:10 slopes (P > 0.05). Transit 
time was significantly greater at low hcadpond 
than at high headpond (P < 0.001). Thc effect of  
headpond on transit time was significantly differ- 
ent bctwcen slopes (slopc X headpond interaction; 
P < 0.001). Percent passage of males was signif- 
icantly greater than percent passage of females (P 
= 0.034) in the steeppass fishway. 

Steeppass Fishwny-Blueback Herring 

Percent passage of blueback herring was greater 
at 1:8 than at 1:6 slopc (P = 0.016; Figurc 4d), 
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FIGLIKE 4.-Lcn~t-squares mcnn percenl pnssnge versufi slopc for high (closed circlcs) and low (open circles) 
hcadponds for Americnn shad in thc (A) Denil nnd (B) stceppass fishways and for bluehnck herring in the (C) 
Dcnil nnd (D) stecpptlss fishwnys. Data are menns itdjustcd lor tcrnpemlure. Solid burs indicate no significanl 
diffcrencc betwecn pairs or conditions (main cffccts; horizontnl ber = slope, vertical bar = hcadpond). Dotted 
bars indicate no significunl difference between pairs uCconditinnfi within cclls where .significant slope X hcadpond 
inlernctions existcd. Dutn for blueback herring at 1:6 slope are from 1995 tcsls only; blueback hcrring dnta on 1 :  
8 slope ere pooled from 1995 and 1996 testa. 

but was not significantly different between low and 
high headpond levels (P > 0.05). Transit time was 
greater at 1:8 than at 1:6 slope (P = 0.038; Figure 
5d). but was not significantly different betwecn 
low and high headpond levels (P = 0.086) 

Temperature had a pronounced effect on ob- 
served passage performmcc. Percent of American 
shad passed increased with temperature, whereas 
transit times decreased with increasing tempera- 
ture for both species. These results are probably 
related to incrcascd motivation, physiological ca- 
pacity, or both, at higher temperatures. Limited 
sample sizes, incompletely randomized expcri- 
mental designs, and difference in experimental 
temperature range between 1995 and 1996 tests 
probably contributed to a large portion of the vari- 
ability and interaction of these temperature and 
year effects. Due to run timing, our tests of blue- 
back herring also occurred over a smaller temper- 

ature range than that of Americtm shad. Other 
sources of variability in results belween years 
might include spawning condition and total time 
previously spent within the freshwater environ- 
ment. Because the source of fish used in the tests 
is 198 km from the river mouth, annual variability 
in river flows, tcmperatures, or passage conditions 
might produce inter-annual differences in fish con- 
dition and energy reserves in fish collected from 
the Cabot fishway trap. 

Increasing fishway slope decreased percent pas- 
sage of American shad, regardless of fishway type. 
Higher fishway slopc decreascd percent passage of 
blueback herring in the stecppass fishway only; 
however we did not evaluate this effect for blue- 
back herring in the Dcnil fishway at 1:10 and 1:4 
slopes. For American shad in the Denil fishway 
and steeppass fishway at high headpond, there did 
not appear to be a strong difference in percent 
passage betwecn 1 : 10 and 1:8 slopes, hut higher 
slopes decreascd percent passage significantly. 
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FICIURE 5.-Mean [ransit time versus slope for high (closcd circlcs) and low (open circles) hcndponds for American 
shnd in thc (A) Denil and (B) stceppavs fishways and for hluebnck herr in~  in the (C) Dcnil nnd (D) steeppass 
fishways. Data are means adjusted for covariates (tempernture, ycar, temperature X ycnr). Solid bars indicate no 
significant difference between pairs of conditions (mnin cffccts; horizontal bur = slopc, vertical bar = headpond). 
Dotted bars indicate no significant dirference between pnirs of conditions within ccllfi where significant slope X 
hcadpond interactions existed. Dnta for bluebuck herring nt 1:h dope are from 1995 tests only; blueback herring 
data on 1:8 slope are pooled from 1995 and 1996 tests. 

However, differences in pcrcent passage were sig- 
nificant bctwccn 1: 10 and 1:8 slopes for American 
shad in the steeppass fishway at low headpond. 

Low hcadpond increased pcrcent passage of 
American shad in the Denil fishway, but decreased 
pcrcent passage of American shad in thc steeppass 
fishway. In both fishways, water energy loss was 
generated by baffling, which resulted in strong sec- 
ondary flows and air entrainment in the fishways. 
At high headpond in the Denil fishway, fluctuating 
secondary flows creatcd more turbulencc and air 
entrainment, which appeared to hinder passage cf- 
ficicncy of American shad. In contrast, the steep- 
pass baffling did not increase turbulencc and air 
entrainment significantly between high and low 
hcadponds. At a given slope, the magnitude of 
longitudinal velocities within each fishway arc 
similar at both high and low headpond. Therefore. 
turbulence and air entrainment may influence per- 
cent passage of American shad more than longi- 

tudinal water velocity. Because headpond level in 
the stccppass lishway affcctcd percent passage of 
American shad but not the smaller blueback her- 
ring, the relatively small cross-sectional area of 
the steeppass fishway operated at low hcadpcind 
may inhibit passagc of larger species such as 
American shad. 

Transit time of Amcrican shad decreased with 
both increasing slopc and headpond. American 
shad therefore increased swimming speed under 
these conditions. Shorter transit times also were 
not associated with increased percent passage. 
American shad appeared to regulate their swim- 
ming speed through Denil-type fishways below 
maximal values. Recorded burst speeds for allis 
shad A. ulosa range from 4.1 to 6.1 m/s (Larinier 
and Travade 1992). At the highest average water 
velocitics in the steeppass and Dcnil fishways 
(1.8-2.1 rnls), American shad ascended at mini- 
mum transit times of approximately 4 s. Over the 



6-m distance be~ween PIT tag antennas, these tran- 
sit time data translate to a through-water swim- 
ming speed of 3.4-3.6 m/s for American shad. 
Surprisingly, blueback herring ascended the fish- 
ways at speeds comparable to those of American 
shad, even though blueback herring average 56% 
smaller (in fork length) than American shad. 

Male American shad also ascended the steep- 
pass fishway in greater proportions than females. 
The reason for this result is unclear, although 
smaller males may be ablc to negotiate the rela- 
tively narrow width of the steeppass fishway more 
easily than larger fcmalcs. Differential selection 
of sexes in fishways has been observed for alc- 
wives A, pseudohurengus ascending a pool and 
weir fishway (Walton 1982). 

The rclationships observed for percent passage 
and transit time are probably the primary result of 
water velocity and turbulence within each fishway. 
However, other effects such as air entrainment. 
visibility, and the hydraulic gradient force (Behlke 
1991) could have significant influences on moti- 
vation, swimming performance, control, and ma- 
neuverability for these and other species. Further 
detailed analysis of hydraulic characteristics of 
both fishway types and finer resolution of move- 
ments and position of fish within the fishway may 
yield additional information about thesc factors 
and rclationships. 
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