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Abstract. -Combinations of watar vclocity and passape length in highway culvarts were evaluated 
to datermine conditions that enabled or prevantad the passaga of nonnnadromous rainbow Eout 
Oncorhynchus mykiss. brown trout Salmo truttu, cutthroat -out 0, clarb, and brook trout Sal- 
velinus fontlnalis. Fish paasagc t h r o a  six culverta 45-93 m long was datermined by trapping and 
elcctrofishinb Water velocities wem mcaeurcd 5 cm above tha bottom (bottom vtlodty) and at 
0.6 of tha water depth at intervals batwttn rest sitae throughout the bnpfhs of tha culverts. Nonlinear 
ragmeion linm epaci6c to species and state of mxual maturity wart fit to the wmbinationa of mean 
bottom velocity and paasage length represanthg tha most atrenuow conditions that allowed the 
upstraarh paneage of trout. Bccausc of the similarity of the stranuoua p a s a p  relations among 
specits, the spawning rainbow trout relation could ba used M the general critarion for pmwe of 
the trout studied. This relation indicated that fish could swim distances of 10, 30, 50, 70, and 90 
m with mean bottom valocitit~ up to 0.96, 0.8KO.74, 0.70, and 0.67 mh, respectively. 

Highway culverts often impede or block fish 
movements. The steep slopes and low roughness 
coefficients of culverts frequently cause high water 
velocities to develop that have prevented the pas- 
saga of Arctic grayling Thymallus arcticus. long- 
nose suckers Catostomus catostomus, northern pike 
Esox lucfus (Derksen 1980), staclhcad (anadro- 
mous rainbow trout) Oncorhynchus mykiss, coho 
salmon 0. kisutch, chinook salmon 0. tshawytscha 
(Kay and Lewis 1970), and cutthroat trout 0. clar- 
ki (Huston 1964; Berg 1975). 

The study of fish passage through culverts or 
steeppass fishways has focused on anadromous 
salmonids (Oauley 1960, 1967; Kay and Lewis 
1970; Slatick 197 1) and Arctic'grayljng (MacPhee 
and Watts 1976; Derksen 1980; Trhvis and Tils- 
worth 1986). The passage abilities of other non- 
anadromous salmonids have been measured in the 
field only by Huston (1 964), to our knowledge, but 
they have been assumed to be less than those of 
anadromous salmonids. 

Our objective was'to measure the combinations 
of water velocity and distance that could be ne- 
gotiated by brown trout Salmo Iruta, brook trout 
Salvelinus fontlnalis. rainbow trout, and cutthroat 
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trout. This information would bc usehl for de- 
signing new culverts and for identifiing existing 
culverts that prevent or Limit the passage of non- 
anadro'mous salmonids. 

Shdy Culverts 
The six round, corrugated-metal culverts stud- 

ied are located at four sites in Montana. The two 
culverta on Cedar Creek, a tributary to the Ycl- 
lowstone River, are positioned side by side. These 
culverts are 45.0 m long and 1.9 m in diameter 
and are on a 4.4% slope. The north culvert has 
been improved by fitting it with a ladderlike struc- 
ture constructed from angle iron and lying about 
20 cm above the culvert bottom. The ladder rungs 
are spaced a mean distance of 1.2 m apart (range. 
1.1-1.5 m) and retain bed load that provides rest 
sites fortrout. The improvement structure is about 
1.1 m wide and extends the entire length of the 
culvert. The unimproved south culvert contains 
no structure and essentially no bed load. Before 
installation of the structure in the north culvert, 
both culverts had blocked the migratory move- 
ments of cutthroat trout from the Yellowstone 
River (Berg 1975). Cedar Creek contains small 
resident populations of brown trout, cutthroat 
trout, and brook trout. 
The two, culverts on Sourdough Creek, a trib- 

utary to the East Gallatin River, also are located 
side by side. These culverts are 94.0 m long and 
3.0 m in diameter and are on a 1.2Oh slope. Of the 
two, the west culvert rtcaivts the greater flow, and 
the east culvert has accumulated more bed load. 
Neither culvert contains improvement structures. 
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Sourdough Creek contains brown trout, rainbow 
trout, and brook trout. 

The culvert outlet at Dapuy's Sprirq Crcck was 
0-1 7 cm abova the surfaca lava1 ofthe Yellowstone 
River during our study. Distance above surfaa 
level depended on the river stage. This culvert, 
which contains no improvement structures, is 50.5 
m long and 1.6 m in diameter and is on a 0.2% 
slope. The stream supports resident brown trout 
and rainbow trout and is a spawning site for rni- 
grating rainbow trout from the Ycllowstont River. 

The culvert on Twelvemile Creek, a tributary 
to the St. Regi6 River, is 69.5 m long and 5.3 m 
in diameter and is on a 1.8% slope. The culvert 
contains 5 of the original 10 plate-metal bafFles 
installed to trnut passage. The Ave func- 
tional baffles are spaced an average of 6.1 m apart 
(range, 6.0-6.2 m) and are located in the upstream 
30.4 rn of the culvert. Each baffle consists of an 
upright sheet of plate metal 0.65 m high at the 
center with a single notch aaaccnt to a culvert 
wall about 1 m wide by 0.15 m deep. These notch- 
es are on alternate sides on consscutiva baffles and 
cause the curremt to meander. A boulder (about 
2.5 m in maximum dimension) that had knocked 
down several baffles also acts as an additional ve- 
locity-reducing structure 49.0 m from the up- 
stream inlet of the culvert. Twelvemile Creek con- 
tains brook trout, brown trout, rainbow trout, 
cutthroat trout, and bull trout Salvelinlls coqfluen- 
lus. 

Methods 

Trout passage. -In 1 984-1 986, the passage of 
trout through tho culverts was determined during 
their seasonal spawning periods. The trout studied 
ware on natural spawning runs or were those re- 
turning upstream through the culverts after being 
physically.displaced downstream. Displaced trout 
were upstream residents that were captured by 
electrofishing, marked, and released below the cul- 
verts. 

Traps and electrofishing were used to capture 
trout that had swum through the culverts. We 
placed traps and leads immediately above culverts 
to capture fish successfully completing paswe. 
Traps were constructed of wood frames covered 
with 2.5-cm-mesh poultry wire and contained two 
offset b d e s  at the mouth. Either nylon netting or 
poultry wire, each with 2.5-cm mesh, was used for 
trap leads. When traps were not in use, we elec- 
trofished areas abova culverts for marked fish that 
had been displaced below the culverb. A Smith- 

Root type V or VII electroshocker was used for 
electrofishing 

The species, length, weight, and sex (if obvious) 
of each captured trout were recorded. We marked 
each captured fish about 260 mm long or lonpr  
(all lengths measured as total length) with a Floy 
T-tag and each fish shorter than about 260 mm 
with a caudal An clip. 

Hydraulic characteristics. - Water velocities were 
measured at and between rest sites (passage areas) 
throughout the lengths of the culverts. Velocity 
measurements between rest sites were taken in the 
deepest water, usually at 5.CLlO.O-m intervals; 
however, 1.5-3.0-m intervals were usually used in 
sites whom substantial variations in velocities wem 
apparent. 

Water velocities were measured about 5 cm 
above the culvert bottom at all sites. These bottom 
velocities were measured because they reflected 
the influence of the bottom materials present and 
became trout yere observad swimming along the 
bottom or sides of the culverts. In addition to 
bottom velocities, velocities at 0.6 of the water 
depth (theoretical vertical means) were measurtd 
at many locations so the relation batween the two 
t y p s  of measurements could be determined in a 
regression analysis. This relation was determined 
to compare the results of this study with other fish- 
passage studies that used 0.6-depth velocities. AU 
velocities were measured with a Gurley model 622 
current meter or, wherc conditions dictated, a 
Gurley model 625 or Montedorc4Vhitney model 
PVM 2 current meter. 

Water depths were measured at all velocity mea- 
surement sites. On June 24, 1985, the water depth 
in Cedar Creek decreased from 8 to 4 cm in the 
unimproved culvert. This was the only time when 8 
we believed that insufficient water depth blocked 
trout passage through culverts. In all othor situa- 
tions where trout did not pass through culverts, 
water depths betwacn rest sites were greater than 
26 cm, which would not restrict passage. 

Strenuous conditions of troui passage. -Mean 
bottom velocities for passage araas batween rcst 
sites were calculated from velocity measurements 
made between the slow waters associated with the 
rest sites. Slow waters usually occurred within 0.3 
m upstream and 1.2 m downstream of the struc- 
ture creating the rcst site. The passage length is 
defined here as the length of culvert between the 
most distant velocity measurement points includ- 
ad in the mean velocity calculation for a passage 
area. Thus, the passage length is less than the dis- 
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tancc between rest sites and does not include the 
slow waters near the rest sites. 

The observed combinations of mean bottom ve- 
locity and passage length were plotted on figures 
that were specific to species and spawning con- 
dition. Unless they were sexually mature, rainbow, 
brown, and cutthroat trout were assumed to ba 
nonspawning fish during their spawning parid if 
they were less than 250 mm long; almilady, brook 
trout were considered to be nonspawning if they 
were less than 200 rnm long Fish captured outside 
of their spawning period were irlcludcd with the 
nonspawning fish. The points fqund near the upptr 
boundary of a scatter plot were selected as the 
strenuous combinations of mean bottom velocity 
and passage length. When a sutlident range of data 
points was present, we fitted the strenuous corn- 
bin at ion^ that trout swam through with a nonlin- 
ear regressi~n line by using the quasi-Newton tech- 
nique (Willcinaon 1988). These regression lines 
were compared with the general l i n w  test by using 
the Bonferroni multiple-comparison technique to 
control the overall confidence at 0.95 (Neter a al. 
1985). 

Fidd tests. -From J h e  19 to 24. 1985, 17 cut- 
throat trout were placed in an enclosure tbat optncd 
into the downstream outlet of the unimprovad cul- 
vert in Cedar Creek The position of the enclosure 
forced the fish trying to move upstream to attempt 
to pass through the unimproved culvert. Two rocks, 
each about 33 cm in diamotor, were placed in the 
unimproved culvert to create rest sites at lacations 
15 and 30 m from the upstream idet  of the culvert 
from June 20 to 24. 

Trout access to tho east culvert on Sourdough 
Creek was blocked with 2.5-cm-mesh poultry wire 
from March 21 to April 21, 1985, to force fish to 
attempt paasage through the west culvert, which 
carried most of the streamflow. We placed up to 
four rocks, about 4 6 5  1 cm in diameter, at loca- 
tions in the west culvert to provide distances be- 
tween rest sites of 7.694.0 m. Rocks 1 and 2, 
when in place, were located 15.0 and 22.0 m from 
the upstream inlet of the culvert, resptctivaly. 
When present, rock 3 was located 4 1.5 or 35.0 m 
from the culvcrt inlet, and rock 4 waa 68.7. 64.0, 
or 55.5 m from the culvert inlet. 

Results 
Rainbow Trout 

Rainbow trout passed through culverts on Sour- 
dough, kpuy ' s  Spring, and Twclvemfle cmks 

during the study (Table 1). All rainbow trout passed 
through the cast culvert in Sourdough Crctk until 
its entrance was blocked during the field test. After 
the east culvert was blockad, however, rainbow 
trout passed through the west culvert even after 
all the reat sites introduced during the field test 
were removed. 

The combinations of mean bottom velocity and 
passage length that spawning and nonspawning 
rainbow trout passed through arc shown in Figure 
1. The nonlinear regresaion lines fitted to stran- 
uous conditions passed by spawning and non- 
spawning rainbow trout ware not significantly dif- 
farant. These regression lines arc characterized as 
steeply descending for passage lengths of about 0- 
10 m and gradually descending for pasmge lengths 
greater than 10 m. 

Brown Trout 
Brown trout pansad through culverts on Sour- 

dough, Depuy's, and Twelvemile creeks during the 
study (Table 1). Like rainbow trout, all brown trout 
passed through the east culvert in Sourdough Creek 
until its entrance was blocked. Aftar the mat cul- 
vert was blockcd, however, nonspawning brown 
trout passed through the west culvert even after 
the introduced rest sites were removed Because 
the field test wae conducted only in the spring, 
introduced rest sites were not present in the west 
culvert in Sourdough Creek for epawning brown 
trout. 

The conditions that spawning and nonspawning 
brown trout passad and did not pass through are 
s h o w  in Figure 2. The regression lines fitted to  
the atrcnuous passage conditions for spawning and 
nonspawning brown trout wore significantly dif- 
ferent. The regression lines, however, do appear 
to be similar for paaaage lengths of 25-100 m. The 
regression line for spawnieg brown trout was not 
significantly different from that of spawning rain- 
bow trout, even though spawning brown trout hcsd 
fewer strenuous passage conditions, Although the 
nonlinear regression line for nonspawning brown 
trout was significantly different from those for 
spawning and nonspawning rainbow trout, the 
strenuous passage relation of nonspawning brown 
trout for passage lengths of 2 6 9 4  m was not sig- 
nificantly different from those for spawning o r  
nonspawning rainbow trout (P > 0.05). 

Brook Troul 

Spawning and nonspawning brook trout passed 
through the culvarts on Twelvemile and Sour- 
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TAFILE 1.-Characteristics of spawning nnd nonapawning rainbow, brown, and brook trout that pasacd through 
study culverts in thm Montana creeks. Spawning trout wcm those captured during the spawning aaason and found 
to be sexually mature or water than 250 mm total length (TL) for rainbow and brown trout or gmatar than 200 
mm TL for brook trout. 

Trout datn 

Numtmr of Arh 
Creak Ymr Culvart Spawnin# ~ n d i t i o n  psld Total length (mm) 

m h l w  t r 0 l  

Twclvamils 1984 Nonspawning 
Sourdough 1985 Eeat S p a W n h  

East Nonnpawninp 
1986 Wslt SP- 

Wen Nonnpawning 

Twclvcmilc 1984 

Sourdough 1985 

1986 

Depuy'r 1985 
Sprinu 

Brook trout 

Twalvmile 1984 , SP- 6 21 1-255 

Sourdough 1985 Emt spa- 2 213-215 
Ea~d Nonspawning 1 229 

1986. Wmt Nonspawning 20 225308 

dough crceks (Table 1). Nonspawning brook trout 
also passed through the west culvert in Sourdough 
Creek after the east culvert was blocked, and they 
did so even after all the introduced rest sites were 
removed. As for spawning brown trout, intro- 
duced rest sites were not present in the west culvert 
in Sourdough Creek for spawning brook trout. No 
brook trout were present in bepuy's Spring Creek 
to attempt passage through that culvert. 

The conditions that spawning and nonspawning 
brook trout passed and did not pass through are 
shown in Figure 3. The regression lines for spawn- 
ing and nonspawning brook trout were signifi- 
cantly different from each other and were s ip& 
cmtly different from thosc of spawning and 
nonspawning rainbow trout. Spawning brook trout 
did not faca passaBa conditions as strenuous as 
those faced by other species in spawning condi- 
tion. The regression line through the strenuous 
passage conditions for nonspawning brook trout 
for passage lengths of about 20-94 m was not sig- 
nificantly different from those for spawning and 
nonspawning rainbow trout (P > 0.05). 

Cutthroat Trout 

Thirty-nine spawning cutthroat trout (224426 
mrn) passed through the Ccdar Creek culvert im- 

proved with the ladderlikc structure during the 
1984 and 1985 study periods. Spawning cutthroat 
trout did not pass through the unimproved culvert 
on Cedar Creek until the rest sites ware introdwed 
during the field ttst in 1985; however, eight cut- 
throat trout (294-356 mm) did pass through the 
unimproved culvert after rest sites were intro- 
duced. No cutthroat trout passed through the un- 
improved culvert containing the introduced rest 
sites after the water depth decreased from 8 to 4 
cm. 

Strenuous passage conditions for spawning cut- 
throat trout were not-found over a sumcient range 
of passage lengths to warrant fitting a nonlinear 
regression line (Figure 4). However, the strenuous 
passage conditions found for spawning cutthroat 
trout corresponded closely to those along the 
regression line for spawning rainbow trout. 

Relation of Bottom Velocities to 
0.6-Depth Velocities 

The relation of 0.6-depth velocities to bottom 
velocities in the round, corrugated-metal culverts 
studied without bed load was determined so we 
could compare our results with those from other 
studies that used 0.6-depth velocities. This rela- 
tion was 
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FIUURE 1.-Combinations of mean bottom waltr velodty (V)  and pamagc length (L) that spawning md non- 
spawning rainbow trout did and did not pms through. The nonlinaar mgrwsion lime am fits to the strenuous gasaape 1 1 ;  1 
combinations indicated by tht open squams. Each p r a p e  symbol indicates- at least onc fish rruccasafblly oomplatad I) 4 

1 1 '  passage. 

A is the water velocity (m/s) at 0.6 depth; B is the 
water velocity ( d s )  5 cm above the bottom. The 
coefficient of determination ($1 of equation (1) was 
0.76, but it increaecd to 0.84 when water depth 
was added as a variable: 

A and 8 are defined as in equation (1); Cis water 
depth (cm). Culvert slope and diameter did not 
significantly influence this relation (P > 0.05). 

The bottom-velocity-passagc-Iength relation of 
strenuous passage for spawning rainbow trout 
(Figure 1) is probably a fair representation of the 

j 
j 

gcneral passage abilities of all four species studied, 
regardless of their state of maturity. The relations ;I 

for nonspawning rainbow trout and spawning 
I 

brown trout are not significantly different from 
that of spawning rainbow trout, nor are the rela- 
tions of nonspawning brook and brown trout for 
passage lengths of 2&94 rn. Though there is an 
insufficient range of passage points to determine 
a relation for spawning cutthroat trout, the indi- 
vidual points of strenuous passage coincided with 
the spawning rainbow trout relation. Only the re- 
lation for spawning brook trout has consistently 
lower strenuous passage velocities than spawning 
rainbow trout throughout the range of passage 
lengths studied. We believe the rcason strenuous 
passage velocities differ among species and be- 
tween spawning conditions for some passape 





nome 3.-Combinatiom of maan bottom wator velocity (V) and pw length (L) that spawning and non- 
spawning brook trout did and did not pasa through. The nonlinear ralpassion lime are fits to the ~trenuous passage 
combinations indicated by the open squares. EBch passage aymbol indicatm at laaet ona fish euccssnfully completed 

P A 9 8 A E  W T H  M 
Roum 4.-Combinations of maan bottom water ve- 

locity and passage length that spawning cutthroat trout 
did and did not pass through. Each pmnge aymbol in- 
dicatas at least one fish auccmsfully completed pawage. 

relation for spawning rainbow trout becomes rel- I 11 il' 
atively flat. We hypothesize that for pasmge lengths \ I 
greater than about 10 m, trout uae prolonged lp! 
swimming rather than burst swimming to achieve 
passage and that these velocities should be similar 1 
to prolonged swimming speeds found in labora- I 

tory swimming stamina tests. Prolonged swim- 
ming speeds are defmad as speeds maintainable 
for 20 s to 200 min (Beamish 1978). h m i s h  
(1978) projects, from data collected by Bainbridgc 
(1960, 1962), that the maximum prolonged swim- 
ming speed of a rainbow trout 350 mrn in length 
is about 1 d s .  Additionally, Jones et al. (1974) 
found that wild-caught and hatchery-red rain- 
bow trout could maintain swimming velocities of 
0.67 and 0.96 m/s on the average, respectively, 
for 10 min. Indeed, the prolonged swimming abil- 
ities of rainbow trout in laboratory swimming 
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T m ~ e  2.-Maximum water velocities at 0.6 of water deptb projected in five studies to permit tha paasage of 
nonanadromous and anadrornoue Balmonids through culverte at various paawe lengths. 

Vdocitim h 
Vdociku fbr nonanldromous dnlonido tinadtomow 

Maximum lalrnorddr. 
V W  Saltzmmn and Tmvh and Kay and Lawin 

length (m) P n x n t  mud? K d  (1971) humm (1976) Tflmwonh (1986)~  (1970) 

10 1.32 1.22 1.22 1.38 2.51 
30 1.12 1.21 1.22 0.90 2.29 
50 1.04 0.61 0.61 0.79 2.16 
70 0.99 0.61 0.46 0.55 2.02 

$0 r (4 90 0.95 3 , , ,  0.61 0.46 0.55 1 , r 1.89 
.., 

* The valociticl glven nm from the spswning nlnbow trout mlation in F i m  1 convsnsd to 0.6-depth vslociticu by text quation 
(1). 

Maximum wntar valocitie8 thnt nm racommendcd st the mcan annual l d  discbrge. 
, 

stamina tests d o  appear t o  be similar to  the strcn- 
uous bot tom velocities o f  0.964.66 m/r3 pradictcd 
for passage lengths of 10-1 00 m from the spawning 
rainbaw trout relation in  Figure 1. 

Wild, reqident dmonid populations are im- 
portant recreational rtsoutcea. Habitat alterations 
have severely depleted many of these populations 
by reducing the availability of spawning habitat, 
thus  limiting recruitment. Culverts with high- 
velocity waters continue to impede or depress 
spawning migrations a n d  thereby recruitment. To 
reduce the effectrr of  highway culverts, we rec- 
ommend that the relations describing the most 
strenuous passage conditions found in this study 
be used as the maximum allowable bottom ve- 
locities for passage lengths in culverts. The relation 
found for spawning rainbow trout may be used as  
a general criterion for the proper installation of 
highway culverts and  t o  suggest locations for 
placement of  velocity-reducing strpctures in  cul- 
verts, if necessary. We believe thatmeasuring bot- 
tom velocities throughout the lengths of culverts, 
whenever practical, i s  the best method of obtain- 
ing the most accurate velocity characteristics that 
trout fact when attempting to pass through cul- 
verts. 
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