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Crit ical Swimming Speeds of Wild BullTrout

Abstract
\,\'e estimaled the critical swinmine speeds (ti,,,) ofrvild bulltrout a! 6". I l'. and 15'C in laborator) experimenrs. At I l'C.5 fish
ranging fion 11 to 19 cm in length had a mean L' .,, of,18.2,1 cn/s or 3.22 body lengths per second (BLA). Also tlt I l'C . 6 fish
liom 32 to 42 cln had a rnean U ", of 71.99 cm^ or 2.05 Bl-/s. At 15"C. 5 ish from 14 |o 23 cln had a nrean U,,, of 5,1.66 cm/s or
2.8 8 BL/s. No fish successfu lly swam at 6'C. Swim speed was signiil cantlr- inlluenced by f-rsh length. Man) bu ll tr out performed
poorly in our enclosed respirometers: of 7 I U, .,, tens we attempted, only lhc I 6 dcscribed above were successfu L B ul I trout ihat
rcllsed 1o swim hcld slation within lunnels by using their pectoral fins as depressors. or thcy rcllcd and laler becane inpinged
against a downstream scrccn. Sevenl common rechniques did not stimulate consistent swimnring aclivily in these llsh. Our
estimates of U ,, for bull ftoul provide an underslandiDg of their pedormance capacity and will be uscful in modeling ellbns
aimed at inrproving fish passagc suuctures. We recommend ihat fishway or cuhert designers concemcd rith bull trlrul passage
maintain velociticr wilhin their sfucturcs al or below our estimates of L/.,,. thus taking a consen'ativc approach to ensurirg that
ihese Ush can asccnd misrabrv obstttcles sal-e]v.

lntroduction

The ability ofbull trofi (Salve lintrs tonfluentus)
to successfully pass dams. culvcfts. and other di-
version structures is a concem for fishery man-
agers. Concenr is warranted because little inlbr
mation exists on the perfomrance ofbull trout that
may provide insight into their ability to pass through
culverts or fishways. Specifically, no intirrrnation
is available on the s$imnring performance or
exercise physiology of bull trout, which is pre-
requisite to addrcssing questions concerning their
passage at various stluctures.In addition. bull trout
preferlow water temperatures, complex forms of
cover, and low velocity arcas (Fraley and Shepard
1989. Rieman and Mclntyre 1993, Goetz 1997,
Dambacher andJones 1997, Earle and McKenzie
2001). The combination ofthese preferences and
the presence of resident and lluvial life history
types may influence their performance at fish
passage structures! but this notion has not been
studied.

The U.S. Forest Service (USFS) is cut:rently
developing national protocols tbr adequate pas-
sage of aquatic organisms through culvefis. As
part of this effort, the USFS has developcd an
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analytical model that evaluates different culvefi
designs for f ish passage. Based on swimning
ability of various North American fish species
(determined previously in laboratory and field
studies), their potential pertbnnance in difl-erent
culvcrt types can be estimated using the model.
For  .pec ies  fo r  uh ich  there  , , r re  n r \  su i rnming
pedomance data (such as bull trout), this model
cannot be applied or must be applied using data
from a similar species. However because of spe-
cies and life stage-specitlc differences that deter-
mine the swimming performance of Iish, using
data from one species to predict the capabilities
ofanother is i11 ;rdvised (Berry and Pimentel 1985,
Mesa and Olson l993). For this reason, the USFS
is compiling data on the swimming perlirrmance
of various species oflishcs, particularly those listed
as imperiled. threatcned, orendangered. Bull tlout
in thc western United States are curently listed
as threlrtened under the Endangered Species Act.

For this study, we addressed the objectivc of
determining the cdtical swimming spced (q,,/)
ofjuvenile and adult bull trout at three tempera-
tures. The critical swimming speed of fish is an
impofiant measurc of their biological and physi
ological perfonnance because U .., is thought to
be a close measure of the maximurl aerobic ca-
pacity of f ish (Hammer 1995). Thus, at speeds
near ard above U ,,,. swimming involvcs increased
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recruitment of u,hite muscle fibers and cnelgetl-
cally costly anaerobic pathways for metabolism
(Burgetz et al. 1998). A knowledge of U,., indi-
cates water velocities where fish may have diffi-
culty srvimming for long periods of time. This
in lo rmal ion  u , )u ld  be  use iu l  io l  des ign ing  neu.
or modifying existing, llsh passage structurcs that
minimize impacts to bull ffout.

We uscd our estimates of U.,,, to assess the
potcntial of bull trout to pass through tishways.
cu l ren . .  o r  o ther  migra tor ]  ( 'h \ lac le \  in  a  mln-
ner similar to Jones et al. ( 1974) and Pe?ike et al
( 1996, 199?, 2000). Estimates of U,.., fiom these
studies have becn used to deteflnine fishway or
culvert velocities that would allow passagc of
diflerent species of fish within a certain period
of time. For example, Jones et al. (197'1) estimated
l h e { , , ,  r d e r i \ ( d i r o m U ,  t c : t s u i l h  l ( ) - m i n l i m e
in te r rJ i . . t  o f  .e \e ra l  spec ie : '  o I  l i sh  l ' rom the
McKenzie Rivcr to desoribe speeds that these tish
could maintain fbr 10 min. Thus. assuming a l0
min transit time through a culvefi with velocities
similartothe U.,,,,,, one could calculate the maxi
nrum length ofculvefi that fish could realistically
pass. Peakc et al. (1997) took this analysis to a
morc refined level by deriving models from U., ,,.
L . and U te\l\ for \ ariou\ \pecie. uf Neu -

t . ru id l rnd  'o im, 'n id t .  thu .  p ror  id ing  more  l le \ -
ibility in detcnr.ining culvefi lengths and veloci
ties that allow adequatepassagc offish. Ourresults
provide not only some basic biological intbrma
tion on bullfout. butalso prelirninary pedotmance
metrics needed for modeling and establishing
guidelines 1or their passage through culverts and
other structurcs.

Methods

Test Fish

Juvenile bull ffout wcre collectcd from a scre\\,
trap on the Metolius River. Oregon, from 28 March
to 2 May 2002 by personnel from the USGS
Westem Fisheries Research Center and the Port-
land General Electric Company (PGE) during their
ongoing fish trapping operations. InAugust 2002.
PGE personncl collected adult bull trout by an-
gling in the Metolius River arm of Lake Bil ly
Chinook. This lake was fonned by Pelton Dam.
a project that impounds thc Crooked, Deschutes,
and Metolius dvels in central Oregon. Fish from
the screw ffap were held initially in floating cages
within the river and transltned, once per week,

to the PGE owned and operated Round Butte
Hatchery at Pelton Dlm. Fish captured by an-
gling werc transported every day to the hatchery.
When sut'ficient numbers of bull fout had bcen
captured, we transported them to thc Columbia
River Rcsearch Laboratory (CRRL)using a truck
equipped with an insulated tank and aerated wa-
tcr. A hsh protector (Pond Polyaqua) was addcd
to the water (about 6 ppm) to nrinimize physiological
stress and maintain skin condition during transpon.
Dissolved oxygen levels and temperature were
checked routinely during the 4 hr trip.

Upon anival, fish were separated into 5 cm
size classes (all lengths reported herein are tbrk
lcngths, FL) and held indoors under a simulated
ambient photoperiod in circular tanks (0.76 m in
diameter,0.76 mdeep) receiving wcll water Sepa-
ruting nsh into size classes was necesslry to mlnt-
mize cannibalism, which occuned during some
of our ezrly holding. Larger, adult tish were held
outside in 1.5-m-diameter tanks. Init ially, water
tempcraturc in all tanks was the samc as water
dudng transport, about 9 I l'C. Thereafter, wa-
ter temperanue was adiusted at a mte of 2'Cld to
within I l'C of the selected experimental tem-
perature. The water was heated using single pass
electric heaters, and packed columns dissipated
exccss dissolved gases genented by heating. All
llsh were acclimated for at least 2 wk to the cx-
perimcntal temperaturc priorto testing. Small fish
(about l0 cm) were fed two earlhwoms or sev-
eral salmon eggs (obtained from a local hatch-
ery) two to three times each weck. Larger fish
were fed one to two live fish (sub-yearling hatch-
ery salmonids) two to three times each week.
Selected characteristics of our well water werc
measured hourly with an automated meter.

Cr i t i caL  Swimming Speed Tes ts

Critical swimming speed tests on bull troul were
conducted from early May to late September2002
at 6", 11'. and 15'C. These temperatures repre-
sent a range of water temperatures naturally 9n-
countered by bul) trout in the wild (RatlitT 1992,
Buchanan and Gregory 1997). Swimming tests
were conducted in 7,55, or 8,1 L Blazka-type
respirometers, depending on sjze of fish. Water
velocities in the respiromete$ were created by a
propeller driven by a variable-speed electric rno-
tor We used linear regressjon to describe the re-
lation between motor speed and water velocity
(measured with a f'low meter inside the tunncl)
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Thc resulting regression equatior'ls were used to
calculate the motor spged ncccssary fol each
rcspirometer to achieve a dcsired velocity. AII
relations bet$'een motor speed and \\,ater veloc-
ity had I values > 0.95.

Onc or two days befbre a U,,, tcst. a nsh was
netted from a holding tank and translerred to aD
isolation container. Fish < 30 cm were placed in
a  50 .8-cm- long.  26 .7-cm-wide ,  31 .7-cm-deep
aquarium and largcr fish were placed in a 0.76-
m-diameter. 0.76-rn-deep circular tank. Fish show-
ing signs of diseasc, injury. or other abnorntali-
ties $'ere not testcd. Food was withheld tiom
i :o l r ted  i i .h  lo  en \ r r r (  i l  po . t - rbsorp t ive  r t r te
(Bcamish 196.1. Bematchez and Dodson 1985).
On thc noming ofatest, a respironlcter was filled
\\ ith water of the appropriate tempcrature. A fish
was netted from an isolation aquarium or tank,
lightly anesthetized by placing it in a l9 L bucket
containing 50 mg/L ofbuff'ered tricaine (MS 222).
rapidly wcighed and measured, and placed into
the respirometer. The fish was allowed to adjust
for2 hat a water velocitl, ofabout 1.0 bodv length/
s (BL/s).

Following adiustment at 1.0 BL/s, we subiected
fish to a brief practice swin test. Based on pre-
liminary work, we noted that fish pedotmed some-
what better in the s$'im tunnels if they had prior
experiencc with U,., procedures. For this prac
tice swim, waler velocity was increascd by l0
cm/s and the fish was required to swim fbr a n.nxi
mum of 2 min (nomally 30 min in our standard
U,,., protocol). The water velocity was then in
creased by 10 cn/s every 2 min unti l the fish
stopped swimming. The velocity was retumcd to
1.0 BL/s and the fish was allo*ed to recover tbr
3 hr, after which we staftcd the actual U,, test.
For our tests, we modified thc ramped U,, , proto-
col described by Jain et al. (1997). Water veloc-
iLy was increased to 20 cm/s above the velocity

at I BL/s and the fish was required to svim tbr
30 min. Thcreafter, the velocity was increased by
l0 cm/s cvery 30 min until the fish tatigued. Fa-
tiguc was confirmed when a tish stopped swim-
ming and fell backon a downstream scrcen within
rhc  runne l  lh ree  l imes.  Rap iL l  Lhrngc .  in  u l te r
velocity (i.c.. quickly tuming the motor off and
on) were used to cncounge fish to leave the down-
steam screen. Following a test, lish were removed,
lightl l irne'thetizeJ u ith buffered MS 222. trgged
with a srnall passive integrated transponder (PIT)
tag to facilitate individual identification, and placed
in a holding tank fbr future testing.

Critical swimming spccd was calculated in BL/
s and absolute speed (cm./s) using the fbrmula
described by Beamish (1978). None of our fish
had a ginh that exceeded l07r of the cross sec-
tional areaofa swinr tunnel. thus we did not cor-
rect swim speed estirnates for solid blocking. To
assesr lhe inlluencc of f i.h length qn s\\ im per-
fbrmance, we plotted U , , against tish length at
each water temperuture. Within cach temperature,
we calculrted mean values for U,.., using pooled
data l iom similar sized individuals.

Co l lec t ion  and Ho ld  ng

In total, 160 bull trout were collected from the
Metolius River and Lake Billy Chinook (Table
l). All bull trout suNived the strcss associated
with capture, handling. and transportation and
arrived in good condition at our laboratory. Within
a couple days. bull trout were tecding aggressively.
Our t'ecding regime was successful in producing
growth in many fish. Wc measured 29 PlT-tagged
individuals from mid May to elLrly August i ind
again in early November On avcrage, fish gained
69 g in weight (range 0-2,16 g) and 4 cm in length
(range 0.2-7.3 cm).

Little is known about thc long-term mainte
nance of wild bull trout in laboratory tacilitics

TABLE 1. Bull trout collection daie\. sites. mclhods. sizes. and tdal nunber ol ish collcclcd durinP 2001.

Srze (cml

N{ethod < 20 t:O
Tolal

collcclcd

5 Apr
l9 Apl
I NIay
5 Jur

-l I Jul
l6 Aug

Nletol iu\  Ri \cr
Mc!ol lus Ri !e l
Nleiolius Ri!er

Lake Billy Clhinook
trletolius Ri!cr

Lake Billv Chinook

Scre$ trap
Scrcw trap
Screw trap

AngIng
Fyke net

55
21
t-)
t )
0

U
t-)

0
I
1

3 1

55
21

I
I

3 l
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and $'e encountcred two general problems. First,
early in the study we observed cannibalism and
agonistic behavior that was stresstirl to subordi-
nate fish and led to a few mortalities. To mini-
n.fze the effects ofthese behaviors, we sepanted
lish into 5-cm size intervals, held similar sizcd
tish together', andplaced several 15 to 30-cm-long
pieces of PVC pipe (5. 7.5. and l0 cm dianeter)
in each tank to provide cover Second, several tish
showed signs ofdisease or injury during the study
(e.g.. overtly lethargic behavior, unusually dark
coloration. danragcd snouts, frayed fins, cloudy
cyes. ertemal pustules or sores, orbleeding). These
lish were euthanized and given a complete bac-
terial. viral. and parasitic screening by personnel
from the USFWS Lower Columbia River Fish
Health Ccntcr.

Results

we attempted to swim 5 f-rsh at 6'C, 46 nsh at
I  l 'C ,  and 20  t i sh  a t  l5 'C .Of these7 l f i sh ,  16  o f
them successfully completed a U..ir test; no tests
were successful at 6'C. Svim specd was signifi-
cantly influenccd by fish length and, because therc
were no signitlcant difTcrcnces in slopes or el-
evations between lines fit fbr each tcmperature,
the data $,ere described by single regression lines
(Figure l). Estimates of U,, in BL/s for large
fish were lower than thosc of snaller fish. but
u  hen erprc .sc , l  in . rbso lu te .peeds.  'u imming
speed was positively related to tjsh size (Figure
l). Water tcmpenture had a minor, but signifi-
cant, influence on mean sll'im speed as evidenced
by lish 1l 19 cm at I l 'C having a lower U..i,
than those swunr at 15'C (Table 2; P < 0.05)

The behavior ofbull trcut in the enclosed swim
tunnels was ploblematic: only 22.57, of our fish
completed the U .., test. Wc denned a test as suc-
cessful if the fish sho$ed steady swimming with
minimal erratic behavior and provided the data
nceded to calculate a valid estimatc of U .,,. Spe
cifically, fish had to swim for 30 min for two ve-
locity stcps above the initial adjustment velocity

Iork Ldsln (cm)

Figure L Linerr rcgrcssio.s of U,,, (top fanel = BL/s: bot-

to'n panel= cnvs) as afunctionol lengthlbrelcvcn
fi\h swam ar 11"C (black circlc\) and fi\'e fish at
l5 'C (open c i rc lcs) .

(i.e., I BL/s). All 16 of the successful f ish did
this, and some also swam during a third or tbunh
velocity increment. The behavior of bull trout
resulting in a tailed U,., test typically consisted
of fish tlaring out their pectoral fins and main-
taining position on the bottom of the tunnel or
resting against the downstream screen iDstead of
swimming.As velocity was increased, fish showing
this type of behavior weuld usually maintain po-
sition on the bottom of the tunnel until the veloc-
ity was too high, at which point they began to
behave enatically and soon became impinged on
the back screen.

f

.i

TABLE 2. Mean (SE) iork length and estimares of U.. lbr $ree groups ofbull troul at mo temperatures.

Size nngc Sanple
TenperatuLe ("C) sizc t ' , ,  ( r rvn LI (BL/s)

Nlean length

Gm)

1 1  1 9
ll ,l2
l , l  2l

l l
t l
15

1 .1 .8  (1 .5 )
36 .2  (1 .5 )
1 9 . 1 ( 1 . 5 )

.18.21(6.10)
73.99 (1.67)
5.1.66 c.35)

3.22 (0.20)
2.05 (0.06)
2 .89  (0 . r7 )
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Discussion

Our cstimates of U,,,, fbr wild bull trout reprc-
sent the first Irboratory based swimming petfot'-
mance metrics for these tlsh and a good first step
toward understanding thcir capacity tbr exercise
and ability to negotirtc fish passage structures.
The crit ical swimrning speeds of wild bull trout
compare favorably with those from rainbow lrout
(Ontnrhynchus m;-kiss), but only fbrfish ofabout
30 cnr orgreater(Webb 1971. Pearson and Stevens
1991.  Ja in  e t  a l .  1997.  Burgetz  e t  a l .  19913) .  Be
cause of the different protocols used to estimate
U.,,, and the numerous tactors that can infltence
the svimmin-s performance of tjshes, it is diffi-
cultto compare estimates of U,,,, between orwithin
species. lndeed. we \r,ere unable to find many
rcsults from other studies on salmonids that we
could validly compare to the swimming pedor-
mancc of oul l2-20 cm fish. Brook trout (S.

Jbntindlis)of f,bo:ut I 1-12 cm had U.,i i  estimates
frcm 11.63 to,+.86 BL/s at l5'C (Petersen 197"1),
whichis much highcr than our estimates for smaller
bull trout. Also. thc U,.,,, of sockeye salmon (O.

rrei*a J 9- I 6 cm in length t!'as 3.3-4.,+ BL/s at | 0-
I 5'C (Brett and GIass 1973), which is also higher
than our estimates for smaller bull trout. Cdtical
swimming speed is influenced by the velocity
increments and the time bet$'ecn increments used
in a study (see Hammer 1995 lbr a review). Fur-
ther thc swimming pertbnnance of fish depends
on nunerous other factors. including species. life
history type, tempemture, body size, fish train-
ing, and metabolic condition. For example, di1-
t 'ercnces in stamina bctween coho salmon (O.
ftl.r&tcr, from different streams had a gcnetic ba
sis (Taylor and McPhail 1985). Also, anadromous
sockeye salmon had a grcater mean U,..,, than non-
anadromous fbrms raised under identical condi-
tions (Taylor and Foote 1991). As alluded to by
Hammer (1995), a staDdardization of protocols
for crit ical swimming speed tests, and more un-
derstanding of the factors that inlluence these tests.
uould facilitate comparisons between species and
help makc U..,, a nrore complete measure of fish
pertormance.

The poor pcrlormance we observed in many
o l  our  bu l l  t rou t  rn r )  be  in  pun duc  to  con ' t ra in ts
of the swim tunnels and cefiain aspects of their
life history. Thc wild bull trout we used in our
study may have fbund lhe tunnels too confining.
perhaps eliciting abehavioral stless reaction leading

to poor perfomance. Juvenile bulltroutare closel)'
associated with stream substrates lrnd gxtensivc
in-stream cover. and prefer low velocity areas
(Fraley and Shcpard 1989, Goetz 1997. Dambacher
and Jones 1997, Earle and McKenzie 2001). This
cryptic, relalively inactive, life style ofbull trout
may make them less inclined to pelfotm adequately
in confined tunnels undel a forced swimming re-
gime, at least relative to other salmonids. On the
other hand. bull trout migrate long distances lbr
spawning and rearing (Fralcy and Shepard J989,
Swanberg 1997, Bur-ro\\"s et aJ.2001), indicating
thal their capacity tbr swimning can be substan-
tial. Further research will be necessary to eluct
date the tactors that may infl uencc the perfonnance
of bull trout in )aboratory expenments and pro-
vide a more complete understanding ofbull hout
swimming pertbrmance.

Fish managers and engineers can use oul data
lbr modeling and establishing guidelines tbr the
passage of bull trout through culvefis and other
structures. Using our U ,.,.,,model (Figure l) vould
yield conservative estimates of water velocities
in culvcns ofdifferent lengths that bull tout could
pass. Such an analysis, based on that ol Peake et
al. (2000), is shown in Figure 2. For exarnplc. at
l1 -15"C.  a  25  cm bu l l  t rou t  cou ld  pass  a  60  m

Culvd Ln3$ (m)

Figurc 2. N{axilnum $ater lclocities that lvill allow bull |rou!

of three sizc\ 1o pass culvefis ofvariou\ lcnglhs iD

11' to l5'C rater. The lines $crc determined as

fol lows:  maxinuln walcr  \c loci ty  wi th in a cuhe(

equals the highcst speed a fi\h c:m nainlajn for J[)

min (ar'.,,,r) minus the ninjmuin ground speed re
q ired ro pass lhe culvert in l0 min (culvedleng$/

1,800 s). The 1r.,,,.0 values x,ere calculaGd b! sub
, r i r , . r i n !  l c n E r h  \ r I r i .  n r .  r h e  t r p p r r p r i - r (  c q L .

tion iiom Figure L
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culvcn if water velocities were kept below 57
cn/s. Taking the most conser,/ative approach, the
models in Figurc 2 would predict that bull trout
from l5 to 40 cm FL could pass culverts up to
100 n in length provided water velocitics were
below 42 cm/s at I l-15'C. Furtherresearch would
be needed to include the influence of dift'erent
wNrter temperatures. lish sizes, and swim speeds
on our models of bull trout passage through cul-
vefis.

We belicvc our estimates of U .., for bull trout
reprgsent an important benchmark towards un-
derstanding thcir capacity fbr exercise. As such,
these estimates should serve as a good stafting
point tbr efforts aimed at designing or improving
passage structures tbr bull trout. Until more in-
fbnnation becomes available, we rcconmend that
fishway or culveft designers concerncd with bull
trout passage work to maintain velocities within
their structures at or below our estimates of U ,,, ,
thu .  tak ing : l  con \er \J l i \e  upprorch  to  ensur ing
that these fish can ascend migratory obstacles
safely.
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